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PREFACE 

The  volumes  of  the  International  Library  of  Technology  are 
made  up  of  Instruction  Papers,  or  Sections,  comprising  the various  courses  of  instruction  for  students  of  the  International 
Correspondence  Schools.  The  original  manuscripts  are  pre- 

pared ^  by  persons  thoroughly  qualified  both  technically  and  by 
experience  to  write  with  authority,  and  in  many  cases  they  are 
regularly  employed  elsewhere  in  practical  work  as  experts. 
The  manuscripts  are  then  carefully  edited  to  make  them  suit- 

able for  correspondence  instruction.  The  Instruction  Papers 
are  written  clearly  and  in  the  simplest  language  possible,  so  as 
to  make  them  readily  understood  by  all  students.  Necessary 
technical  expressions  are  clearly  explained  when  introduced. 

The  great  majority  of  our  students  wish  to  prepare  them- 
selves for  advancement  in  their  vocations  or  to  qualify  for 

more  congenial  occupations.  Usually  they  are  employed  and 
able  to  devote  only  a  few  hours  a  day  to  study.  Therefore 
every  effort  must  be  made  to  give  them  practical  and  accurate 
information  in  clear  and  concise  form  and  to  make  this  infor- 

mation include  all  of  the  essentials  but  none  of  the  non- 
essentials.  To  make  the  text  clear,  illustrations  are  used 
freely.  These  illustrations  are  especially  made  by  our  own 
Illustrating  Department  in  order  to  adapt  them  fully  to  the 
requirements  of  the  text. 

In  the  table  of  contents  that  immediately  follows  are  given 
the  titles  of  the  Sections  included  in  this  volume,  and  under 
eacli  title  are  listed  the  main  topics  discussed. 

INTERNATIONAL  TEXTBOOK  COMPANY 
B 
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LINK  MECHANISMS 
Serial  990 Edition  1 

RELATIVE  MOTIONS  OF  LINKS 

INTRODUCTION 

1.  Mechanics.—  The  science  that  treats  of  the  motions 
of  bodies  and  of  the  forces  that  produce  or  tend  to  produce such  motions  is  called  mechanics. 
Applied  mechanics  comprises  the  principles  of  pure mechanics  as  applied  to  the  design  and  construction  of 

machinery  or  to  works  of  engineering  The  part  of  applied mechanics  that  relates  to  machinery  is  called  the  mechanics of  machinery. 

The  mechanics  of  machinery  may  be  divided  into  two. 
chief  branches:  kinematics  of  machinery,  treating  of  the 
motions  of  machine  parts  without  regard  to  the  forces  acting- dynamics  of  machinery,  treating  of  the  forces  acting  on machine  parts  and  of  the  transmission  of  force  from  one part  to  another. 

2.  Free  and  Constrained  Motion.—  A  body  is  said  to 
be  free  when  it  may  move  in  any  direction  in  obedience  to the  forces  acting  on  it.  A  body  is  constrained  when  the nature  or  direction  of  its  motion  is  determined  by  its  con- nection with  other  bodies. 

Examples  of  free  bodies  are  the  moon,  the  sun,  and  other heavenly  bodies.  Examples  of  constrained  bodies  are  seen m  every  machine.  Thus,  the  crosshead  of  an  engine  is  con- 
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In  constrained  motion,  every  point  of  the  constrained 

body  is  forced  to  move  in  a  definite  path,  no  matter  what 
may  IDC  the  direction  of  the  force  that  causes  the  motion. 
Any  lorce  that  tends  to  give  the  body  some  other  motion  is 
at  once  neutralized  by  an  equal  and  opposite  force  developed 
in  the  constraining  members.  For  example,  the  block  a, 
Fig.  1,  is  enclosed  by  stationary  guides  b  and  c  and  its  only 
possible  motion  therefore  is  a  sliding  motion  along  the 
line  EF.  Suppose  that  the  acting  force  P  has  the  direction  of 

the  line  M N.  Then,  if 

a  were  free,  the  force  P 
would  cause  it  to  move 

along  the  line  M  N. 
Let  P  be  resolved  into 

the  components  H  and 
respectively,  acting 

parallel  and  perpendic- 
ular to  EF.  The  force 

H  causes  a  to  move  along  EF;  the  force  V,  on  the  other 
hand,  would  cause  it  to  move  vertically  downwards,  but  the 
downward  push  of  a  against  the  guide  c  develops  a  reaction  R 
in  the  guide  c  that  is  equal  and  opposite  to  V.  Hence,  V 
and  R  are  balanced,  the  net  vertical  force  is  zero,  and  as  a 
result  there  can  be  no  motion  vertically.  In  this  way,  any 
force  that  tends  to  cause  a  to  move  in  any  direction  except 

along  the  line  EF  creates  a  reaction  in  one  of  the  restrain- 
ing bodies  &,  c  that  exactly  neutralizes  that  tendency. 

3.     Definition    of    a    Machine. — A    machine    is    an 

assemblage  of  .fixed  and  moving  parts  so  arranged  as  to 
utilize  energy  derived  from  some  external  source  for  the 
purpose  of  doing  work. 

In  the  operation  of  machinery,  motion  and  force  are  com- 
municated to  one  of  the  movable  parts  and  transmitted  to 

the  part  that  does  the  work.  During  the  transmission,  both 
the  motion  and  the  force  are  modified  in  direction  and 

amount,  so  as  to  be  rendered  suitable  for  the  purpose  to 
which  they  are  to  be  applied. 
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The  moving  parts  are  so  arranged  as  to  have  certain 
definite  motions  relative  to  each  other,  the  effect  of  which  is 
to  compel  the  part  doing  the  work  to  move  in  the  required 
way.  The  nature  of  these  movements  is  independent  of  the 
amount  of  force  transmitted;  in  other  words,  in  a  model  of  a 
machine  operated  by  hand,  the  relative  motions  of  the  parts 
will  be  precisely  the  same  as  in  the  machine  itself,  although 
in  the  latter  case  a  great  amount  of  power  may  be  trans- mitted and  much  work  done. 

GENERAL  KINEMATIC   PKINCIPLES 

KINDS    OF    CONSTRAINED    MOTION 

4.  Plane  Motion.— All  constrained  motions  of  rigid 
bodies,  however  complicated,  may  be  divided  into  three 
classes;  viz.,  plane  motion,  spherical  motion,  and  screw  motion. 
A  body  is  said  to  have  plane  motion  when  all  its  points 

move  in  parallel  planes.  Nearly  all  the  motions  of  machine 
parts  belong  to  this  class.  For  example,  the  motions  of  all 
parts  of  the  steam  engine,  except  the  governor,  are  plane; 
all  points  of  the  piston,  piston  rod,  and  crosshead  move  in 
equal  parallel  straight  lines;  all  points  of  the  crank,  shaft, 
and  flywheel  move  in  circles  of  various  radii  that  lie  in  par- 

allel planes;  and  points  of  the  connecting-rod  describe  oval 
curves,  which  likewise  lie  in  parallel  planes.  There  are  two 
special  cases  of  plane  motion  of  much  importance,  namely, 
rotation  and  translation.  A  body  is  said  to  rotate  about  an 
axis  when  all  points  of  it  move  in  parallel  circles  whose 
centers  all  lie  on  the  axis;  this  motion  is  very  common. 
Thus,  a  flywheel  rotates  about  the  axis  of  the  shaft,  a  pulley 
about  the  axis  of  the  line  shaft,  etc.  A  body  has  a  motion  of 
translation  when  the  direction  of  a  straight  line  in  that  body 
is  always  parallel  to  or  coincides  with  its  original  direction. 
The  paths  of  any  points  in  the  body  may  be  either  straight 
or  curved.  The  motions  of  the  piston  of  a  steam  engine 
and  the  parallel  rod  of  a  locomotive  are  examples  of  trans- 

lation in  straight  and  curved  paths,  respectively. 
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5.  Spherical  Motion, — A  body  has  spherical  motion 
when  each  point  of  it  remains  always  at  a  definite  distance 
from  some  fixed  point  so  as  to  move  in  the  surface  of  an 
imaginary  sphere  with  the  fixed  point  as  a  center.  In 
machinery,  there  are  few  examples  of  spherical  motion;  the 

universal  joint  and  the  balls  of  the  steam-engine  flyball  gov- 
ernor are  two  familiar  examples  of  this  motion. 

6.  Screw  motion  consists  of  a  rotation  about  a  fixed 

axis  combined  with  a  translation  along  the  axis.     An  exam- 
ple is  the  motion  of  a  nut  on  a  bolt. 

Of  the  three  forms  of  motion,  plane  motion  occurs  most 

frequently  in  machinery.  Unless  the  contrary  is  stated,  it  is 
assumed  in  the  following  pages  that  the  motion  of  a  machine 
part  is  plane.   

PLANE    MOTION    OF    A    RIGID    BODY 

7.  Point  Paths. — During  the  motion  of  a  rigid  body, 
such  as  a  machine  part,  each  point  of  the  body  traces  a  line, 
which  is  called  the  path  of  the  point.     In  plane  motion,  the 
path  lies  in  a  plane,  and  in  the  case  of  a  machine  part  the 
path  is  usually  a  closed  curve;  that  is,  a  path  that,  if  fol- 

lowed  continuously,    will   bring   the    body    to   its    original 
position.     The  path  of  any  point  of  a  body  rotating  about 
a   fixed   axis   is    a  circle,  which    is    a    closed   curve.     The 
direction  in  which  a  point  is  moving  at  any  instant  is  the 
direction  of  the  tangent  to  the  path  of  motion  at  the  given 

point. 
Also,  in  plane  motion,  the  motions  of  any  two  points  of  a 

body  determine  the  motion  of  the  body  as  a  whole.  Thus, 
in  the  case  of  a  connecting-rod,  if  the  motions  of  any  two 
points  of  the  rod,  at  any  instant,  are  known,  the  motion  of 
the  entire  rod  for  that  instant  is  determined. 

8.  The  Instantaneous  Center. — In  Fig.  2,  A  and  B  are 
two  points  of  a  rigid  figure,  which  may  be  in  any  plane  sec- 

tion of  the  rigid  body  parallel  to  the  plane  of  motion,  and  m 
and  n,  respectively,  are  their  paths.     The  direction  of  motion 
of  A  at  a  certain  instant  is  the  tangent  a,  at  the  point  A,  to 
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the  path  m.  Similarly,  the  tangent  b  to  the  path  n  shows 
the  direction  of  motion  of  B  at  the  same  instant.  Let  the 

lines  e  and  /  be  drawn  through  A  and  B  perpendicular, 
respectively,  to  the  tangents  a  and  b,  and  let  O  be  their  inter- 

section. Suppose  that  some  point  be  chosen,  say  E,  on  the 
line  e,  and  that  the  figure  be  rotated  about  this  point.  For 
the  sake  of  clearness,  imagine  the  figure  to  be  a  disk  of  paper 
with  a  pin  stuck  through  it  at  the  point  E.  Evidently,  when 
the  disk  is  rotated,  the  direction  of  motion  of  A  will  be 
perpendicular  to  AE,  that  is,  in  the  direction  of  the  tan- 

gent a.  Hence,  a  rotation  about  any  point  on  the  line  e  will 
cause  A  to  move,  for  the  in- 

stant, in  the  direction  of  the 
tangent  a. 

In  the  same  way,  a  rota- 
tion about  any  point  in  the 

line  /  will  cause  B  to  move 

in  the  direction  of  the  tan- 

gent b.  Therefore,  by 
choosing  as  the  center  of 
rotation  the  point  <9,  which 
lies  on  both  e  and  /,  both  A 
and  B  will  be  caused  to 

move  for  the  instant  in  their  F*«-  2 

proper  directions.  But,  in  plane  motion,  the  motions  of  two 

points  of  a  body  determine  the  motion  of  the  whole  body. 
Hence,  the  actual  motion  for  the  instant  is  a  rotation  about 
the  point  (9,  which  for  this  reason  is  called  the  instan- 

taneous center  of  the  figure.  Whatever  may  be  the  motion 
of  a  figure  in  a  plane,  it  is  possible  to  find  a  point  about 
which  a  rotation  will,  for  an  instant,  give  the  figure  the  same 
motion. 

Having  the  center  0,  it  is  easy  to  find  the  direction  of 

motion  of  any  third  point,  as  C.  Since,  for  the  instant,  the 
whole  figure  is  rotating  about  0,  the  point  C  is  moving  in 
a  direction  perpendicular  to  CO.  In  general,  at  a  given 
instant,  any  point  of  the  figure  is  moving  in  a  direction  per- 
Dendicular  to  the  line  joining  it  to  the  center  O. 
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9.  The  instantaneous  center  can  always  be  found  if  the 
motions  of  two  points  are  known.  Through  the  two  points 
lines  are  drawn  perpendicular  to  the  directions  in  which  the 
points  are  moving,  and  the  intersection  of  these  two  lines  is 
the  instantaneous  center.  In  Fig.  3,  for  example,  there  are 

two  links  a,  b  that  turn 
about  the  fixed  points 
A  and  B  and  are  pinned 
at  C  and  D  to  a  body  c. 
The  center  of  the  pin 

D  is  a  point  of  c  as 
well  as  of  #,  and  it  is 
moving  in  a  direction 
at  right  angles  to  the 
link  a;  hence,  a  line 
drawn  from  D  at  right 

angles  to  this  direction 
is  the  center  line  of 
the  link.  Likewise, 
the  link  b  stands  at 

right  angles  to  the  direction  of  motion  of  C  and  therefore 

the  intersection  P  of  the  center  lines  of  the  links,  extended, 

is  the  -instantaneous  center  for  the  motion  of  the  body  c. 
To  find  the  direction  of  motion  of  any  other  point  of  c,  as  £, 
join  E  to  P;  then  the  direction 
of  motion  of  E  is  perpendicular 
to  PE. 

In  Fig.  4,  the  motion  of  the 

connecting-rod  B  C  is  consid- 
ered. All  points  in  the  crank 

A  B  describe  circles  about  the 

fixed  point  A.  The  end  B  of 

the  connecting-rod  B  C  rotates 
about  the  fixed  point  A,  while 

the  end  C  moves  to  and  fro  in  the  straight  line  A  X.  Evi- 
dently, the  perpendicular  to  the  direction  of  motion  of  B  is 

the  crank  A  B,  and  the  perpendicular  to  the  motion  of  C  is  a 
line  perpendicular  to  AX  at  C;  therefore  the  instantaneous 

FIG.  4 
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center  P  lies  at  the  intersection  of  the  center  line  of  the 
crank  A  £,  extended,  and  a  perpendicular  to  A  X  at  the point  C. 

10.  If  two  points  A,  B,  of  a  body,  Fig.  5,  are  moving-  in 
the  same  direction,  the  perpendiculars  m  and  n  are  parallel. In  this  case,  the  body  has  a 
motion  of  translation,  and  all 
points  of  it  are  moving  in  the 
same  direction  with  the  same 
speed. 

11.     Angular  Telocity. 
A  body  rotating  about  a  fixed 
axis  is  said  to  have  unit  angular 
velocity  when  the  distance  moved  through  in  1  second  by 
any  point  is  equal  to  the  distance  between  the  point  and  the 
axis.  Hence,  if  the  point  chosen  is  1  foot  from  the  axis, 
the  angular  velocity  of  the  body  is  unity  when  this  point 
travels  1  foot  in  1  second,  that  is,  when  its  speed  is  1  foot 
per  second;  if  the  point  has  a  speed  of  5  feet  per  second, the  angular  velocity  is  5;  and  so  on. 

Suppose  that  a  point  at  a  distance  of  r  feet  from  the  axis 
has  a  speed  of  v  feet  per  second.  Then,  as  the  speeds  are 
proportional  to  the  radii,  a  point  at  a  distance  of  1  foot  from 

the  axis  has  a  speed  of  1  x  v  =  ̂   feet  per  second,  and  the 

angular  velocity  is  therefore  -_  units.     Let  w  denote  the  angu- 
lar velocity;  then, 

*>  =  -  (1) 
r 

and  v  -  rw 

Formula  1  may  be  used  to  determine  the  angular  velocity 
of  a  body  rotating  about  an  instantaneous,  instead  of  a  fixed, 
axis,  or,  what  is  the  same  thing,  the  angular  velocity  of  a 
point  of  a  plane  figure  rotating  about  an  instantaneous 
center.  Thus,  in  Fig.  3,  suppose  that  the  velocity  of  the 
point  D  is  20  feet  per  second  and  the  distance  from  D  to  the 
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instantaneous  center  P  is  4  feet;  then  the  angular  velocity  of 

the  body  c  about  the  center  of  rotation  P  is,  by  formula  1- 
v       20       - 

^  _____  5 
r       4 

Having  the  angular  velocity  of  the  body,  the  linear  velocity 
of  any  other  point,  as  Cor  E,  is  easily  found  by  formula  2; 
thus, 

linear  velocity  of  C  —  angular  velocity  X  P  C 
linear  velocity  of  E  —  angular  velocity  X  PE 

In  the  foregoing  consideration  of  angular  velocity,  the  unit 
is  based  on  the  angle  subtended  by  an  arc  equal  to  the  radius 
of  the  circle  forming  the  path  of  the  point  in  motion;  this 
angle  is  called  a  radian.  In  other  words,  a  radian  is  the 
angle  subtended  by  an  arc  equal  in  length  to  its  radius. 
The  length  of  the  circumference  of  a  circle,  that  is, 

the  arc  subtending  the  angle  of  one  complete  revolution, 

or  360°,  is  2  nr.  This  angle,  measured  in  radians,  is  there- 

fore  equal  to    =  2rc  radians.     It  follows,  therefore,  that r 

one  radian  is  equal  to  ~-  =  57.296°. 

12. 

F< 

RELATIVE    MOTION 

Two  bodies,  each  of  which  is  moving  relative  to 

some  fixed  body,  have,  in  general,  rela- 
tive motion.  For  example,  the  crank 

and  the  connecting-rod  of  an  engine 
have  each  a  certain  motion  relative  to 

the  frame;  each  has  also  a  motion 
relative  to  the  other,  which  motion  is 
a  turning  about  the  axis  of  a  crankpin. 
An  illustration  of  the  principle  of 

relative  motion  is  shown  in  Fig.  6.  A 
block  b  is  constrained  to  slide  on  a 

rod  a,  and  this  rod  is  pinned  at  A  to  a 
fixed  body,  so  that  the  only  possible 
motion  of  a  is  a  rotation  about  A.  Now, 

it  a  does  not  move,  the  block  b  simply  slides  along  a;  if, 

FIG.  6 
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however,  a  rotates  while  b  slides  along  it,  the  actual  motion 
of  b  will  have  the  direction  P  G,  but  its  motion  relative  to  a 
is  in  the  direction  P E,  just  as  though  a  were  at  rest.  That  is, 
the  motion  of  b  relative  to  a  is  not  in  the  least  affected  by  the 
motion  of  a.  In  general,  the  relative  motion  of  two  bodies 
is  not  affected  by  any  motion  they  may  have  in  common. 
This  is  a  principle  of  great  importance,  and  may  be  further 
illustrated  by  the  following  familiar  examples:  The  relative 
motions  of  the  parts  of  a  marine  engine  are  not  influenced  by 
the.  rolling  of  the  ship.  The  relative  motions  of  the  moving 
parts  of  a  locomotive  are  not  affected  by  the  motion  of  the 
locomotive  on  the  track. 

From  this  principle,  it  follows  that  in  studying  the  relative 
motions  of  two  bodies,  any  motion  common  to  both  may  be 
neglected;  also,  if  desirable,  a  common  motion  may  be  given 
them  without  affecting  their  relative  motions. 

LEVERS 

13.  Use  of  Levers. — Levers  are  used  in  mechanisms 
to  guide  a  moving  point,  as  the  end  of  a  moving  rod,  or  to 
transfer  motion  from  one  line  to  another.  There  are  three 
kinds  of  levers:  (1)  Levers  whose  lines  of  motion  are 

parallel;  (2)  levers  whose  lines  of  motion  intersect;  and 
(3)  levers  having  arms  whose  center  lines  do  not  lie  in  the 
same  plane. 

In  proportioning  levers,  the  following  points  should  in 
general  be  observed;  they  apply  to  all  three  cases  just 
mentioned: 

1.  When  in  mid-position,   the  center  lines  of  the   arms 
should  be  perpendicular  to  the  lines  along  which  they  give 
or  take  their  motions,  so  that  the  lever  will  vibrate  equally 
each  way. 

2.  If  a  vibrating  link  is  connected  to  the  lever,  its  point 
of  attachment  should  be  so  located  as  to  move  equally  on  each 
side  of  the  center  line  of  motion  of  the  link. 

3.  The  lengths  of  the  lever  arms  must  be  proportional 
to  the  distances  through  which  they  are  to  vibrate. 

I  L  T  374B— 2 
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14.  Reversing  Levers.— An  example  of  a  lever  that 

illustrates  the  foregoing  principles  is  shown  in  Fig.  7.  The 

crank  SR  is  the  driver,  and  through  the  connecting-rod  RH 

gives  a  motion  to  the  point  H  approximately  along  the  center 

line  A  JB,  which  is  transferred  by  the  lever  E  H  to  the 

line  CD.  The  lever  vibrates  equally  each  way  about  its 

fulcrum  or  center  0,  as  indicated  by  the  lines  cb  and  da. 

When  in  mid-position,  its  center  line  EH  is  perpendicular 

to  the  lines  of  motion  CD  and  A  B.  The  horizontal  distances 

traversed  by  the  points  E  and  H,  respectively,  are  propor- 
tional to  the  arms  E  0  and  H  O,  or  y  :  E  0  =  x  :  HO.  The 

j> 

I           ̂ r  I |_   as   M 

FIG.  7 

vibrating  link  EK  connects  the  point  E  with  the  rod  KD, 

which  is  constrained  to  move  in  a  straight  line  by  the 

o-uide  g>  and,  in  accordance  with  principle  2,  the  lever  is  so 

proportioned  that  the  point  E  will  be  as  far  above  the  center 

line  of  motion  CD,  when  in  mid-position,  as  it  will  be  below 

it  in  the  two  extreme  positions;  that  is,  the  points  c  and  d  are 

as  far  below  the  line  as  the  point  E  is  above  it. 

At  the  bottom  of  the  lever,  where  the  rod  HR  connects 

with  the  crank,  the  same  principle  holds,  the  point  H  being 

as  far  below  the  line  A  B  as  the  points  a  and  b  are  above  it. 

Frequently,  the  distance  between  the  center  lines  CD  and  A  B 

is  given,  and  the  extent  of  the  motion  along  these  lines, 
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from  which  to  proportion  the  lever.  A  correct  solution  to 
this  problem  is  troublesome  by  calculation,  because  it  is  not 
known  at  the  start  how  far  above  and  below  their  respective 
lines  of  motion  the  points  E  and  H  should  be. 
A  graphic  solution  is  shown  in  Fig.  8.  Draw  the  center 

lines  of  motion  CD  and  A  B>  and  a  center  line  S  T  perpen- 
dicular to  them.  Draw  ME  parallel  to  ST  at  a  distance 

from  it  equal  to  •§•  y, 
or  half  the  stroke 
along  CD;  also,  the 
parallel  line  HN,  on 

the  other  side  of  5  71, 
and  at  a  distance  from 
it  equal  to  i  x,  or  half 
the  stroke  along  A  B. 
Connect  points  Mand. 
N  by  a  straight  line; 
where  this  line  inter- 

sects 6*  T,  as  at  Os  will 
be  the  center  or  ful- 

crum of  the  lever. 
With  0  as  a  center, 
find  by  trial  the  radius 
of  an  arc  that  will  cut 
ST  as  far  below  the 
line  AB  as  it  does 
H  N  above  this  line, 
or  so  that  the  distance  Pie- 8 

n  will  be  equal  to  the  distance  m.  As  an  aid  in  determining 
the  correct  radius,  describe  an  arc  cutting  S  T,  with  O  as  a 
center  and  a  radius  ON.  The  distance  n  will  be  a  little  more 
than  i  /.  Now,  draw  a  straight  line  through  points  H  and  O. 
The  part  included  between  H  N  and  ME  determines  the 
length  of  the  lever.  In  this  case,  the  length  of  the  shorter 
arm  is  equal  to  0  E,  and  that  of  the  longer  arm  to  OH. 

15.     Noii- Re  versing  Levers.— Fig.  9  shows  the  same 
construction  applied  to  a  lever  in  which  the  center  O  is  at 
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one  end  of  the  lever.  This  lever  does  not  reverse  the  motion 

like  the  previous  one,  since,  when  the  motion  along  A  B  is  to 

the  right  or  left,  the  motion  along  CD  will  be  in  the  same 
direction.  The  figure  is 
lettered  like  the  preceding 

one,  so  that  the  construc- 
tion will  be  easily  under- 

stood. 

16.  Reducing  Mo- 
tions.— It  is  often  desir- 

able that  a  lever  mechanism 

shall  reproduce  on  a  greater 
or  smaller  scale,  along  one 

line,  the  exact  motion  that 
occurs  along  another  line; 
that  is,  for  every  change 
in  the  rate  of  the  motion 

along  one  line  a  corresponding  change  shall  be  produced 

along  the  other  line.  Figs.  10  and  11  illustrate  three  indi- 
cator reducing  motions  that  accomplish  this. 

In  Fig.  10,  the  lower  end  of 

the  lever  attaches  to  the  cross- 
head  of  the  engine  through  the 

swinging  link  H R.  The  indi- 
cator string  is  fastened  to  the 

bar  CD,  which  receives  its  mo- 
tion from  the  lever  through  the 

link  EK,  and  slides  through  the 

guides  g,g  in  a  direction  par- 
allel to  the  line  of  motion  A  B 

of  the  crosshead.  In  order  that 
the  bar  CD  shall  have  the  same 

kind  of  motion  as  the  cross- 
head,  it  is  necessary  that  the 

lengths  of  the  links  EK  and  FlG'10 

HR  shall  be  proportional  to  their  respective   lever  arms; 

thus  OH:  HR  =  OE\  Elf     The  pins  must  be  so  placed 
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that  the  connecting;  links  will  be  parallel;  if  parallel  at  one 
point  of  the  stroke,  they  will  be  so  at  all  points.  When  the 
links  JSKand  HJt  are  parallel,  OK\  OR  =  O£:OH,and 
the  length  of  the  indicator  diagram  will  bear  the  same  ratio 
to  the  length  of  the  stroke  as  O E  bears  to  OH. 

It  is  to  be  observed  that  the  pins  O,  K,  and  R  are  in  one 
straight  line,  and,  in  general,  it  may  be  said  that  any  arrange- 

ment of  the  lever  that  will  keep  these  three  pins  in  a  straight line  for  all  points  of  the  stroke  will  be  a  correct  one. 
In  Fig.  11,  two  such  arrangements  are  shown.  In  the 

first,  the  pins  K  and  R  are  fast  to  the  slide  and  crosshead, 

FIG.  11 

respectively,  and  slide  in  slots  in  the  lever.  In  the  second, 
they  are  fast  to  the  lever,  the  slots  being  in  the  slide  and 
crosshead.  In  both,  the  pins  K  and  R  are  in  a  straight  line with  the  pin  O  during  the  whole  stroke. 

17.  Bell-Crank  Levers.— Levers  whose  lines  of  motion 
intersect  are  termed  bell-crank  levers;  they  are  used  very 
extensively  in  machine  construction  for  changing  the  direc- 

tion and  the  amount  of  motion.  The  method  of"  laying  out a  lever  of  this  kind  to  suit  a  given  condition  is  as  follows: 
In  Fig.  12,  suppose  the  angle  CAB,  made  by  the  lines  of 

motion,  to  be  given,  and  that  the  motion  along  A  B  is  to  be 
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twice  that  along  A  C.  Draw  c  d  parallel  to  A  C  at  any  con- 
venient distance  from  A  C.  Draw  a  b  parallel  to  A  B  and  at  a 

distance  from  A  B  equal  to  twice  the  distance  otcd  from  A  C. 

FIG.  12 

Through  the  intersection  of  these  two  lines  and  the  apex  A 

of  the  angle,  draw  the  line  A  F.  The  center  (9  of  the  bell- 

crank  may  be  taken  at  any  point  on  A  F  suited  to  the  design 

FIG. 13 

of  the  machine.  Having  chosen  point  (9,  draw  the  perpen- 
diculars C^and  OH,  which  will  be  the  center  lines  of  the 

lever  arms. 
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In  Fig.  13,  a  construction  is  shown  that  may  be  employed 
when  the  two  lines  CD  and  A  B  do  not  intersect  within  the 
limits  of  the  drawing.  In  Fig.  14,  the  same  construction  is 

PIG.  14 

applied  to  a  non-reversing  lever,  in  which  the  center  O  falls 
outside  of  the  lines  A  B  and  CD.  The  figures  are  lettered 
alike,  and  the  following  explanation  applies  to  both.  Draw 
cd  parallel  to  CD  and  a  b 

parallel  to  A  B,  as  before, 
so  that  the  distance  of  cd 
from  CD  :  distance  of  a  b 
from  A  B  =  amount  of  mo- 

tion along  CD  :  amount  of 
motion  along  A  B.  Again, 
draw  lines  gh  and  ef  in 
exactly  the  same  way,  but 
taking  care  to  get  their 
distances  from  CD  and  A  B 
different  from  those  of  the 

lines  just  drawn.  Thus,  if  FIG.  15 
cd  should  be  6  inches  from  CD,  make  gh  some  other  dis- 

tance, as  4  inches  or  8  inches,  and  then  draw  <-/  at  a  propor- 
tionate distance  from  A  B.  Through  the  intersections  of  a  b 
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with  cd  and  ef  with  ght  draw  the  line  IF,  which  will  be  the 
line  of  centers  for  the  fulcrum  0. 

Levers  falling  tinder  the  third  classification  are  usually 

bell-crank  levers,  with  their  arms  separated  by  a  long  hub, 

so  as  to  lie  in  different  planes.  They  introduce  no  new 

principle.  Fig-.  15  shows  the  general  construction  of  a  lever 
of  this  kind. 

18.  Blow-Motion  Mechanism. — A  mechanism  consist- 

ing of  two  connected  levers,  or  of  a  crank  and  lever,  is 

sometimes  used  to  secure  slow  motion  in  one  of  the  levers. 

Such  an  arrangement  is  shown  in  Fig.  16  where  two  levers, 

PIG.  16 

a  and  b,  are  arranged  to  turn  on  fixed  centers  and  are  con- 
nected by  the  rod  r.  The  lever  a  is  actuated  by  the  handle  h 

secured  to  the  same  shaft.  If  h  and  the  lever  a  be  turned 

counter-clockwise,  the  lever  b  will  turn  clockwise,  but  with 
decreasing  velocity,  which  will  become  zero  when  the  lever  a 
and  the  rod  r  lie  in  the  same  line.  Any  further  motion  of  a 
will  cause  b  to  return  toward  its  first  position,  its  motion 
being  slow  at  first  and  then  faster. 

To  obtain  the  greatest  advantage,  the  lever  b  should  be 
so  placed  that  it  will  occupy  a  position  perpendicular  to  the 
link  r  at  the  instant  when  a  and  r  are  in  line.  To  lay  out 

the  motion,  therefore,  supposing  the  positions  of  the  centers 
and  lengths  of  the  levers  to  be  known,  describe  the  arc  B  A 
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about  the  center  0,  with  a  radius  equal  to  the  length  of  the 
lever  b.     Through  C,  the  center  of  the  lever  a,  draw  the  line 
MN  tangent  to  the  arc  just  drawn;  r  and  a  must  then  be  in 
line  along  the  line  MN,  and  the  lever  b  must  be  perpendicu- 

lar to  this  line  when  in  position  b,.     Generally,  there  will  be 
a  certain  required  amount  of  movement  for  the  lever  b.     To 
secure  this,  draw  b  in  its  extreme  left-hand  position;  then 
with  C  as  a  center  and  a  radius  equal  to  the  length  of  a, 
draw  the  arc  ED.     Set  the  compasses  to  the  length  AD, 
and  from  B  as  a  center  draw  an  arc  cutting  the  arc  ED 
&  E.     CE  will  be  the  second  position  of  the  levers.     In 
this  combination,  if  the  parts  were  proportioned  to  allow  a 
to  rotate  like  a  crank,  r  and  a  would  come  into  line  twice during  each  revolution. 

This  mechanism  has  been  used  to  operate  platen  printing 
presses,  in  which  oscillation  of  the  handle  k  moves  the  platen 
to  and  from  the  type  through  the  lever  b.  It  is  also  used  to 
operate  the  exhaust  valves  in  Corliss  engines. 

THE    STEAM-ENGINE    MECHANISM 

19.     Relative   Positions   of  Crank   and   Crosshead. 
ihe  frame,  connecting-rod,  crosshead,  and  crank  of  a  steam 
engine    form   what  is    called    a   four-link   slider-crank 
mechanism.      This   mechanism   is   shown  in    diagrammatic 
form  m    Fig.  17,  with  the  frame  at  «,   the  crank  at  b    the 
connecting-rod  at  ,,  and  the  crosshead  at  D.     It  is  cus'tom- ary  to  speak  of  these  parts  as    links,    the    frame   a    being termed  the  fixed  link,  since  it  is  stationary,  and  the  motions of  the  other  links  are  considered  with  respect  to  the  fixed 
link.     The  crank  rotates  about  the  point  O  with  a  uniform motion,  and  the   crankpin  E  describes   the  crankpin  circle The  crosshead  moves  to  and  fro  in  a  straight  line,  and  the connecting-rod  has  a  rather  complex  motion,  since  one  end 
moves  m  a  circle,  while  the  other  reciprocates  in  a  straight me.      The  object  of   this  mechanism   is    to    transform   Ihe 
tp-and-fro  motion  of    the   piston    and   crosshead  into    con- tinuous rotary  motion  of  the  crank  and  shaft,  and  thereby 
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enable  the    energy  of  the   steam  to   be   utilized   in  doing 
useful  work. 

In  the  study  of  the  steam-engine  mechanism,  there  are 

two  points  to  be  investigated:  (1)  the  position  of  the  cross- 

head,  or  piston,  in  the  case  of  the  actual  engine,  for  any 

crank  position;  and  (2)  the  velocity  of  the  crosshead  or 

piston  at  any  position  of  the  crank.  In  Fig.  17,  let  m  be 

the  crankpin  circle.  From  the  dead  centers  F  and  G,  with 

a  radius  equal  to  the  length  DE  of  the  connecting-rod, 
draw  arcs  at  H  and  K.  Then  H  and  K  are  the  extreme 

FIG.  17 

positions  of  the  crosshead  pin.  To  find  the  position  of  the 
crosshead  for  any  crank  position,  as,  for  example,  OL,  take 
L  as  a  center,  and  with  a  radius  equal  to  D  E  draw  an  arc 

cutting  H  K  &\.  IV.  Then  -N  is  the  position  of  the  crosshead 
when  the  crank  is  at  0  L.  To  find  the  position  of  the  crank 
for  a  given  crosshead  position,  as  R,  take  R  as  a  center, 
and  with  D  E  as  a  radius  draw  an  arc  cutting  the  crankpin 
circle  at  S  and  T.  Then,  when  the  crosshead  is  at  R  the 

crank  may  be  at  OS  or  at  O  T. 

20.     Relative  Velocities   of  Crosshead  and   Crank- 

pin. — The    crankpin    moves    with    a    practically    uniform 
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velocity,  while  the  crosshead  has  a  variable  velocity      Start- 
ing from  rest,  at  the  beginning  of  the  stroke,  the  velocity  of the  crosshead  increases  to  a  maximum,  and  then  decreases 

to  zero  at  the  end  of  the  stroke  before  starting  on  the  return 
When  the  velocity  of  the  crankpin  is  known,  the  velocity 
of    the  crosshead  can   be  easily  determined  for  any  crank 
position.     In   Fig.  17,   produce  the  center  line  OE  of  the 
crank  indefinitely,  and  at  D  erect  a  line  perpendicular  to  HO 
Ihis  perpendicular  will  intersect  the  center  line  of  the  crank 
at  a  point  V,  which,  according  to  Art.  9,  is  the  instantaneous center  for  the  connecting-rod  D  E,  since  the  points  D  and  E 
are  rotating,  for  the  instant,  about  U.     For  the  instant,  then the  Imear  velocities  of  D  and  E  are  proportional  to  their 
distances  from  U,  since  the  linear  velocities  of  points  in  a 
rotating  body  are  proportional  to  their  radii.     Hence, 

E  __   UE _          __ 

the  linear  velocity  of  D  ~  ~U~D 
^  Extend  the  center  line  of  the  connecting-rod  until  it 
intersects  the  vertical  line  OL  at  V.  By  geometry,  it  may be  proved  that  the  triangle  VOE  is  similar  to  the  tri- 

angle D  UE,  and  that  their  corresponding  sides  are  pro- portional. That  is, 

O  E   _  UE  _  the  linear  velocity  of  E 
O  V        UD       the  linear  velocity  of  D 

Therefore,  the  velocity  of  the  crankpin  is  to  the  -velocity  of 
the  crosshead  as  the  length  of  the  crank  is  to  the  intercept  that the  connecting-rod,  or  the  connecting-rod  produced,  cuts  off  on  the perpendicular  through  the  center  of  the  main  bearing. 
21.  Velocity  Diagrams  for  Crosshead.—  The  con- 

clusion reached  in  the  last  article  may  be  used  in  constructing a  diagram  that  will  represent  the  velocities  of  the  crosshead 
at  different  points  of  its  travel.  Such  a  diagram  is  shown by  the  curve  1-2'  -3',  etc.,  Fig.  18. 

It  is  assumed  that  the  crankpin  of  an  engine  moves  with 
a  constant  velocity,  and  the  length  AB  of  the  crank  may  be assumed  to  represent,  to  some  scale,  this  velocity      Then 
by  placing  the  center  of  the  crosshead  pin  in  each  of  the 
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positions  1,  2,  3,  etc.  and  extending  the  center  lines  of  the 

corresponding  connecting-rod  positions  until  they  intersect 

the  vertical  line  A  C,  the  points  1",  2",  3",  etc.  are  located. 
At  the  position  1,  the  velocity  of  the  crosshead  is  zero,  and  at 

the  position  2  its  velocity  is  represented  by  the  distance  A  2". 
This  distance  is  laid  off  vertically  above  2,  making  2-2' 
=  A  2".  Similarly,  the  distances  3-3f,  4-4',  etc.  are  equal, 
respectively,  to  A3",  A 4",  etc.,  and  represent  the  velocities 
of  the  crosshead  at  the  points  3,  4,  etc.  By  locating  from 
eight  to  twelve  crosshead  positions,  enough  points  will  be 
obtained  to  permit  a  curve  to  be  drawn  through  them,  and 
this  curve  l-2f-3'-4',  etc.  is  the  velocity  diagram  of  the 
crosshead.  The  height  of  any  point  on  this  curve  above  the 
horizontal  line  1-10  gives  the  velocity  of  the  crosshead,  and 

321 
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hence  of  the  piston  also,  for  the  corresponding  position  of 
the  crank,  to  the  same  scale  that  the  length  of  the  crank 
represents  the  linear  velocity  of  the  crankpin. 

Instead  of  laying  off  the  velocities  vertically  above  1-10, 
they  may  be  laid  off  on  the  corresponding  crank  positions. 
That  is,  in  the  position  A  D  of  the  crank,  the  velocity  A  E 

of  the  crosshead  is  laid  off  equal  to  A-5";  on  AF,  the 
velocity  A  G  is  laid  off  equal  to  A-2";  and  so  on  for  each 
crank  position.  By  taking  several  crank  positions,  a  number 
of  points,  A,G,E,  etc.,  are  obtained,  through  which  a 
smooth  curve  m  may  be  drawn.  This  curve  is  then  the  dia- 

gram of  crosshead  velocities  for  the  forward  stroke. 
To  determine  the  crosshead  velocity  at  any  position  of  the 

crank,  simply  draw  the  crank  in  the  desired  position  and 
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note  the  distance  from  the  center  A  to  the  point  where  the 
crank-line  intersects  the  curve  m.  For  example,  if  the  crank is  at  AH \  AK  represents  the  corresponding  crosshead velocity.  If,  now,  the  crosshead  velocities  be  determined 
for  the  positions  10  to  1  on  the  return  stroke,  they  will  be tound  to  be  equal  to  the  corresponding  velocities  on  the  for- ward stroke.  Hence,  if  the  curve  n  is  plotted  in  the  same 
manner  as  «,  but  below  the  center  line,  as  shown,  it  will represent  the  velocity  diagram  for  the  return  stroke  More- 

over the  two  curves  m  and  *  will  be  exactly  alike,  and will  be  symmetrical  with  respect  to  the  center  line  The 
curve  l-4>-7'-io  may  also  be  used  to  find  the  crosshead velocity  at  any  point  on  either  stroke. 

22.  Crank  and  Slotted  Crosshead.-If  the  connect- 
ing-rod in  Fig.  17  be  increased  to  a  very  great  length,  an arc  drawn  through  L  will  be  nearly  a  straight  line  coinci- 

ding with  L  O,  and  the  horizontal  movement  of  the  crankpin will  therefore,  be  practically  the  same  as  that  of  the  cross- head.  If  the  connecting-rod  were  increased  to  an  infinite tength  the  two  movements  would  be  exactly  the  same -rig.  19  shows  the 
crank  and  slotted 
crosshead  mechanism 
by  which  this  is  ac- 

complished. Con- 
sider the  crank  o  b  as 

the  driver.  The  crank- 
pin  b  is  a  working  fit 
in  the  block  r,  which 
is  arranged  to  slide  in  PIG.  19 

the  slotted  link  /.  The  rods  /  and  k  are  rigidly  attached  to 
the  link,  and  are  compelled  to  move  in  a  straight  line  by  the 
guides  g,g>.  As  the  crank  rotates,  the  rods  /  and  h  are  given a  horizontal  motion  exactly  equal  to  the  horizontal  motion  of 
the  pin  b.  If  the  erank  rotates  uniformly,  the  motion  of  the 
sliding  rods  is  said  to  be  harmonic,  and  the  mechanism 
itself  is  often  called  the  Harmonic-motion  mechanism 
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Harmonic  motion  may  be  defined  as  the  motion  of  the  foot 

of  a  perpendicular  let  fall  on  the  diameter  of  a  circle  from  a 

point  moving  with  uniform  velocity  along  the  circumference. 

23.  The  Toggle  joint. — The  togglejoint,  shown  in 

Fig.  20,  is  a. mechanism  for  producing  a  heavy  pressure  by 

the  application  of  a  small  effort.  It  will  be  seen  that  it 

resembles  the  steam-engine  mechanism  with  crank  and  con- 

necting-rod of  about  the  same  length.  The  effort  F  is 

applied  at  the  joint  B  and  the  resistance  P  at  the  slide. 

The  mechanical  advantage,  that  is,  the  ratio  of  resistance 

to  effort,  depends  on  the  angle  between  the  links.  It  is 

evident  that  the  point  Q  is  the  instantaneous  center  of 

ri-    _       1H'      o  motion   of   the    link \—-~*  A  g      Now>    ag   the 

angle  ABQ  becomes 
smaller,  that  is,  as 
the  links  approach 

the  position  in  which 

they  would  form  a 
straight  horizontal 
line,  the  center  Q 

moves  toward  the  joint  A,  and  the  velocity  of  A  relative  to 
that  of  B  grows  less. 

Since  Q  is  the  instantaneous  center  and  QA  is  per- 

pendicular to  the  direction  of  the  force  /*,  the  product 
PX  QA  is  the  moment  of  P  about  Q.  The  moment  of  F 
about  Q  is  FX.  QC.  Considering  the  mechanism  to  be,  for 
the  instant,  in  equilibrium,  and  neglecting  friction,  PX  QA 
=  FX  QC,  or 

(1) 

FIG  .  20 

This  formula  may  be  used  to  calculate  the  pressure  P  when 
the  force  acts  vertically  at  B. 

If  the  force  acts  at  some  other  point  than  B,  as,  for 

example,  F'  at  E,  it  becomes  necessary  to  find  the  equiva- 

lent pressure  at  the  joint  B.  Assuming  that  F'  and  F  are 

parallel,  and  taking  moments  about  O,  F'  X  O  D  =  F'X  O  G, 
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or  p  =  pt          j         TW    OD  • 

OG'          '  ~0~G  =  ~O&  SmCe 

and  0^  are  similar.     Hence,  F=  F>  X  ||.     Substituting this  value  of  fin  formula  1, 

OBY.QA 

In  case  the  force  acts  other  than  vertically,  it  is  necessary to  find  its  vertical  component,  which,  when  substituted 
for  ForF'  m  the  proper  formula,  will  give  the  value  of  />. The  distances  QC  and  QA  will  vary  according  to  the  posi- tion of  the  toggle.  However,  by  laying  out  the  mechanism 
accurately  to  a  fairly  large  scale,  these  distances  may  be measured  with  sufficient  accuracy,  so  that  the  pressure  /may be  calculated  for  any.  position. 

*AM«JC  i.-m  Fig.  20,  let  ̂ equal  80  pounds;  Q  C,  24  inches-  and 
,  5  inches;  find  the  pressure  P.   .  mcnes,  and 

SOLUTION.— Applying  formula  1, 
24 

P  =  80  X  ~  =  384  Ib.    Ans. 

-ceX^isL322'~lQ  a   t0gglejoint   like    that   shown   in   Pig.   20,   the 

d  QA,  6  inches;  what  is  the  pressure  P?'  '          '        ln°  SS> 
SoLimoN.-Applying  formula  2  and  substituting  the  values  given, 

~  19  v  «"  =  400  lb.    Ans. 

EXAMPLES    FOR    PRACTICE 

In  Fig.  20,  if  ̂ ^  is  8  inches  and  Q  C  is  36  inches,  what  force be  applied  vertically  at  B  to  produce  a  pressure  P  of  180  pounds? 
Ans.  40  Ib. 

2  In  a  togglejoint  similar  to  that  in  Fig.  20,  the  arms  OB,  AH and  BQ  are  equal,  each  being  14  inches  in  length;  the  height  B  G* 4  inches;  and  the  force  F  is  2,800  pounds.  Find  the CQ  equais Ans.  4,695.74  Ib 

QC>  24  inches!   ̂ ^-  16 

Ans.  462  Ib. 
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4.  In  case  a  force  F  of  200  pounds,  Fig.  20,  should  act  at  right 

angles  to  OB  at  JB,  find  the  pressure  P  when  Q  C  equals  32  inches; 

QA,  8  inches;  and  OQ,  60  inches,  remembering  that  the  angle  that  P 
makes  with  the  vertical  is  equal  to  thp  ingle  Q  O  A. 

Ans.  793  lb.,  nearly 

5.  A  point  revolves  about  an  axis  at  a  speed  of  4,200  feet  per 

minute;  if  the  point  is  5  feet  from  the  axis,  what  is  its  angular  velocity 

in  radians  per  second?  Ans.  14  radians  per  sec. 

6.  The  angular  velocity  of  a  point  is  25  radians  per  second  and  its 

distance  from  the  axis  of  revolution  is  8  feet;  what  is  its  linear  velocity?  • 
Ans.  200  ft.  per  sec. 

7.  A  flywheel  having  an  outside  diameter  of  24  feet  makes  56  revo- 

lutions per  minute;  find  the  angular  velocity  of  the  wheel,  in  radians 

per  second.            Ans-  5-86  radians  per  sec. 

QUICK-RETURN    MOTIONS 

24.     Vibrating-Link    Motion. — Quick-return 

motions  are  used  in  shapers,  Blotters,  and  other  machines, 

where    all    the   useful 
J  JJ— LL         s           - — ~™     work   is    done   during 

the  stroke  of  a  recip- 
rocating piece  in  one 

direction.  During  the 

working  stroke,  the 
tool  must  move  at  a 
suitable  cutting  speed, 

while  on  the  return 
stroke,  when  no  work 

is  performed,  it  is  de- 
sirable that  it  should 

travel  more  rapidly. 

The  mechanism  shown 

in  Fig.  21,  known  as  a 

vibrating-link  mo- 
tion, is  applied  to 

shaping  machines 
operating  on  metal. 
Motion  is  received 

FlGl21  from  the  pinion  pt 

which  drives  the  gear  g.     The  pin  b  is  fast  to  the  gear,  and 
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pivoted  to  it  is  the  block  /,  which  is  fitted  to  the  slot  of  the 
oscillating  link  CD.  As  the  gear  rotates,  the  pin  describes 
the  circle  bedc,  the  block  slides  in  the  slot  of  the  link  CD 
and  causes  CD  to  oscillate  about  the  point  D,  as  indicated  by 
the  arc  CC',  the  path  of  the  joint  C  The  rod  /  connects  the upper  end  of  the  link  with  the  .tool  slide,  or  ram,  r,  which  is 
constrained  by  guides  (not  shown)  to  reciprocate  in  a  straight horizontal  line. 

During   the    cutting    stroke,   the   pin  b  travels    over   the 
arc  deb,   or  around  the   greater  arc  included  between  the 
points  of  tangency  of  the  center  lines  CD  and  CD      During the  return  stroke,  the  pin  passes  over  the  shorter  arc  bed 
and  as  the  gear  f  rotates  with  a  uniform  velocity,  the  time, of  the  forward  and  return  strokes  will  be  to  each  other  as  tha length  of  the  arc  deb  is  to  the  length  of  the  arc  bed      The throw  of  the  slotted  link  and  the  travel  of  the  tool  can  be varied  by  the  screw  s,  which  moves  the  block  /  to  and  from 
the  center  of  the   gear.     The   rod   /,   instead  of  vibrating equally  above    and   below  a   center   line  of  motion    is  so 
arranged  that  the  force  moving  the  ram  during  the  cutting stroke  will  always  be  downwards,  causing  it  to  rest  firmly  on the  guides.  

y 

25.     To  lay  out  the  motion,  proceed  as  follows:     Draw 
he  center  line  S  T,  Fig.  22,  and  parallel  to  it  the  line  mn, he  distance  between  the   two  being  equal  to   one-half  the ongest  stroke  of  the  tool.     About  0,  which  is  assumed  to be  the  center  of  the  gear,  describe  the  circle  bdc  with  a radius  equal  to  the  distance  from  the  center  of  the  pin  b  to 

the  center  of  the  gear  #,  Fig.  21,  when  set  for  the  longest stroke.     Divide  the  circumference  of  the  circle  at  b  and  d  into upper  and  lower  arcs  extending  equally  on  each  side  of  the 
center  linear,  and  such  that  their  ratio  is  equal  to  that  of the  times  of  the  forward  and  return  strokes.     In  this  case  the time  of  the  forward  stroke  is  double  that  of  the  return  stroke and  the  circle  is  divided   into  three  equal  parts,  as  shown at  6,d,  and  c,  thus  making  the  arc  db  equal  to  one-half  the 
arc  deb.     Draw  the  radial  lines  Ob  and  O d.     Through  b I  L  T  374B-3 
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Z?  where  it  inter- 

point  Cohere  it 
,tt  c  .  the  upper  end  of  the  slotted  .eve. 

 ™h  C 

draw  the  horizontal  line  CO,  ma
king  C'-E  equal  to  CA. 

Draw  C'A  which  will  be  tangent
  to  the  orde  at  rf.  thus 

the  other  extreme  position  of  
the  lever. 

FIG.  22 

on  the 

of  intersection  on  me  ate  c  c 
IL 

the  line 

,. 
h  oyn  intersections  so  that  they  will ine  R  L  and  numoei  LU  »- 

the 



LINK  MECHANISMS 

27 

point  2  to  3,  etc.,  on  the  forward  stroke.  On  the  return 
stroke,  from  point  9  to  10,  11,  12,  and  1,  the  motion  is  much less  uniform. 

A  property  of  this  motion  is  that,  as  the  radius  Ob  is 
diminished  to  shorten  the  stroke,  the  return  becomes  less 
rapid,  as  can  be  seen  from  the  figure  by  comparing  the 
motion  when  Ob  is  the  radius  with  the  motion  when  Ob'  is the  radius. 

26.  Whitworth  Quick-Return  Motion.— This  mech- 
anism is  shown  in  principle  in  Fig-.  23.  The  pin  d,  inserted 

in  the  side  of  the  gear  /,  gives  motion  to  the  slotted 
8 

PIG.  23 

link  CD,  as  in  the  vibrating  link  motion.  This  motion 
closely  resembles  the  previous  one,  the  difference  being  that the  center  D  of  the  slotted  link  lies  within  the  circle  described 
by  the  pin  6,  while  in  the  previous  case  it  lies  without  it 
To  accomplish  this  result,  a  pin^  is  provided  for  the  gear 
to  turn  on,  and  is  made  large  enough  to  include  another 
pin  D  placed  eccentrically  within  it,  which  acts  as  the  center 
for  the  link  CD.  With  this  arrangement,  the  slotted  link, 
instead  of  oscillating,  follows  the  crankpin  during  the  com- 

plete revolution,  and  thus  becomes  a  crank.  The  stroke 
line  RL  passes  through  the  center  D,  which  is  below  the 
center  O  of  the  pin  p.  The  forward  or  working  stroke  occurs 
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- 
pin  describes  the  shor

ter 

that  it  will  divide 
n  r  fr P   IIILU    uvvw    t*iv<vj,  Ui  c  g  A 

times  of  the  forward  'and  return  s
trokes.  The  point  D  where 

Us  line  cuts  the  center  line  S
T  is  the  position  for  the 

center  of  the  slotted  crank.  The
  motion  is  plotted  as  m 

F>  24  Divide  the  crankpin  cir
cle  dcge  into  a  number 

o  equal  parts.  From  the  center
  of  the  slotted  crank,  draw 

radtaTlines  through  these  points
  to  the  outer  circle,  which 

represents  the  path  of  pin  C,  Fig.  2
3,  using  the  latter  point,  of 

8 

13 
FIG.  24 

intersection  as  centers,  and,  with  a 
 radius  equal  to  the 

length- of  the  connecting-rod,  strike  of
f  points  on  the  stroke 

line  which  will  show  the  movement  
of  the  tool  for  equal 

amounts  of  rotation  of  the  driving  gear.   

Fie  25  shows  the  mechanism  as  pra
ctically  constructed. 

The  gear .g  is  driven  with  a  uniform  v
elocity  in  the  direction 

of  the  arrow  by  the  pinion  h.  It  rotates  on
  the  large  pin  A 

which  is  a  part  of  the  frame  of  the  machi
ne,  and  carries  the 

pin  b  which  turns  in  the  block  k.  This  bl
ock  is  capable  of 

sliding  in  a  radial  slot  in  the  piece  /,  as  is
  shown  m  the 

sectional  view.  This  piece  /  is  supported  by 
 the  shaft  d, 

which  turns  in  a  bearing  extending  throu-gh
  the  lower  part 
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of  the  large  pin.  The  line  R  L  drawn  through  the  center  of  d 
is  the  line  of  motion  of  the  tool  slide.  The  connecting-rod 
that  actuates  the  tool  slide  is  pinned  to  the  stud  t,  which  in turn  is  clamped  to  the  piece  /. 

28.  The  radial  slot  t,  in  Fig.  25,  holds  the  stud  c,  to 
which  the  connecting-rod  is  attached;  the  slot  provides  for 
the  adjustment  of  the  length  of  the  stroke,  and  if  the  point 

PIG.  25 

of  Attachment  of  the  rod  to  the  tool  slide  is  also  made 
adjustable,  the  position  of  the  stroke,  as  well  as  its  length, 
can  be  changed.  Thus,  in  the  case  of  a  shaping  machine,  it  is 
not  only  desirable  to  regulate  the  distance  passed  over  by  the 
tool,  but  to  have  the  stroke  extend  exactly  to  a  certain  point. 
These  two  adjustments  are  often  required  in  mechanisms 
where  reciprocating  pieces  are  employed. 

STRAIGHT-LINE    MOTIONS 

29.  Parallel  Motion.— A  parallel  motion,  more 
properlv  called  a  straight-line  motion,  is  a  link  mecha- 

nism designed  to  guide  a  reciprocating  part,  as  a  piston  rod 

in  a  straight  line.  In  the  early  days  of  the  steam  engine,' parallel  motions  were  extensively  used  to  guide  the  pump 
and  piston  rods;  but  they  are  now  seldom  met  with,  except 
on  steam-engine  indicators,  where  they  are  employed  to  give 
a  straight-line  motion  to  the  pencil.  Very  few  parallel 

v: 
6095 
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motions  produce  an  absolutely  straight  line,  and  it  is  custom- 

ary to  design  them  so  that  the  middle  and  two  extreme  posi- 
tions of  the  guided  point  will  be  in  line. 

30.  Tlie  Watt  Parallel  Motion.— The  best-known 

motion  is  the  one  shown  in  Fig.  26,  which  was  invented  by 

James  Watt  in  1784.  The  links  AB  and  CD  turn  on 

fixed  centers  A  and  D.  The  other  ends  B,  C  are  connected 

by  the  link  CB,  which  has  the  point  0  so  chosen  that  it  will 

pass  through  three  points  0,,  O,  0,  in  the  straight  line  55 

perpendicular  to  the  links  CD  and  A  B  when  in  their  middle 

positions.  When  the  point  0  is  at  the  upper  extremity  of 

its  motion  at  Olt  the  linkage  assumes  the  position  AB,  C^D; 

at  the  lower  extremity  it  assumes  the  position  A  B,  C,D. 

Having  given  the  length  0,  03  of  the  stroke,  the  middle 

position  0  of  the  guided  point,  the  center  of  one  lever  A, 

and  the  perpendicular  distance  between  the  levers  when  in 
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mid-position,  the  motion  may  be  laid  out  as  follows:     Let 
SSbe  the  path  of  the  guided  point,  0  its  middle  position,  A 
the  given  center,  and  A  B  and  CD  indefinite  parallel  lines, 
representing:  the  middle  positions  of  the  levers.     From  m, 
where  AB  intersects  6"  5,  lay  off  on  55  the  distance  ma, equal  to  one-fourth  of  the  stroke.     Join  A  with  a  and  draw 
an  indefinite  line  aB,  perpendicular  to  A  a.     The  point  £}, 
where  a  B  intersects  line  A  B,  is  the  right-hand  extremity  of 
lever  AB,  and  the  lower  extremity  of  the  link   CJB.     The 
point  C  is  obtained  by  drawing  an  indefinite  line  through  B 
and  O;    this  intersects  the  line  CD  in  the  required  point. 
To  find  the  center  D,  lay  off  nb  equal  to  one-fourth  stroke; 
connect  Cand  t,  and  from  b  draw  an  indefinite  line  perpendic- 

ular to  Cb\  the  center  will  be  at  its  intersection  with  CD. 
If  the  positions  of  both  centers  should  be  known,  mark 

points  a  and  b  as  before.  Draw  A  a  and  bD,  and  through  b 
and  a  draw  perpendiculars  to  these  lines;  the  points  B  and  C, 
where  they  intersect  the  center  lines  of  the  levers,  are  the 
extremities  of  these  levers.  Join  B  and  C  by  the  link  B  C, 
and  the  point  Ot  where  the  center  line  of  this  link  cuts  the 
line  of  motion  55,  is  the  position  of  the  guided  point  O  on the  link  B  C. 

UNIVERSAL,    JOINT 

31.     Hooke's  coupling,  or  the  universal  joint,  shown 
in  Fig.  27,  is  used  to  connect  two  shafts,  the  center  lines  of 

PIG. 27 

which  are  in  the  same  plane,  but  which  make  an  angle  with each  other.  It  is  generally  constructed  in  the  following manner:  Forks  /,  /  are  fastened  to  the  ends  of  the  shafts  « 
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and  5,  and  have  bosses  c,c  tapped  out  to  receive  the 

screws  s,s.  The  ends  of  these  screws  are  cylindrical,  and 

are  a  working  fit  in  corresponding  beatings  in  the  ring  r. 

The  details  of  construction  may  be  seen  in  the  right-hand 
part  of  this  figure.  In  heavy  machinery,  the  forks  are  forged 
and  welded  to  the  shafts.  The  ring  r  furnishes  an  example 

of  spherical  motion,  and  the  point  of  intersection  of  the  two 
axes  is  the  center.  The  motion  transmitted  by  the  universal 

joint  is  not  uniform;  that  is,  if  the  driving  shaft  turns  uni- 
formly, the  driven  shaft  will  make  the  same  number  of 

revolutions,  but  it  will  have  alternately  greater  and  less 
angular  velocities  at  different  points  of  a  single  revolution, 

and  there  are  only  four  positions  of  the  joint  in  one  revolu- 
tion in  which  the  two  shafts  have  the  same  speed. 

32.  The  maximum  and  minimum  speeds  may  be  found  as 
follows:  In  Figs.  28  and  29,  let  m  be  the  driving  shaft  and  n  the 
driven  shaft,  the  center  lines  of  both  shafts  being  in  the  plane 
of  the  drawing;  also,  let  the  center  lines  of  the  two  shafts 
intersect  at  O,  and  denote  by  e  the  acute  angle  between 
them.  In  Fig.  28,  the  fork  of  the  shaft  n  is  in  the  plane  of 
the  two  shafts,  and  in  this  position  it  is  evident  that  the 

PIG.  28 

plane  of  the  ring  connecting  the  two  forks  is  perpendicular 

to  the  shaft  n,  for  in  this  position  both  arms  S S'  and  R  R' 
are  perpendicular  to  n. 
From  formula  2,  Art.  11,  v  =  rw;  that  is,  the  linear 

velocity  of  a  rotating  point  equals  the  radius  times  its  angular 
velocity.  Let  v  denote  the  linear  velocity  of  the  point  S, 

and  wn  the  angular  velocity  of  the  shaft  n\  then,  since  ,5* 
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is  at  a  distance   OS  from  the  shaft  n,  the  linear  velocity equals   OS  times   the  angular  velocity  of  n,   or  v   =    OS 
X  w       Now,  when  the  ring:  is  in  this  position,  it  is  moving tor  the  instant,  as  if  it  were  rigidly  attached  to  shaft  m   and 
hence  J>  may  be  considered  for  this  instant  as  a  part  of  m 
Prom  S,  therefore,  let  the  perpendicular  5  T  be  dropped  on the  shaft  m,  and  since  the  velocity  of  5  is  v,  the  relation  of 
the  Imear  velocity  to  the  angular  velocity  wm  of  the  shaft  m 
is  v  -  S  Tx  wm.     But,  as  the  linear  velocity  v  of  the  point  ̂  is  the  same  in  both  cases, 

OS  X  wn  =  STX  wm<  or  wn  =  wm  V  ~ 
OS 

But  in  the  triangle  O  S  T,  ||=  cos  O  S  T,   and  the  angle 
OST  keeps  changing  as  the  shafts  revolve.     Let  x  denote 
this  variable  angle  OST.     Then,          =  cos  *,  and 

wn  —  wm  X  cos  x          (1) 

When  the  fork  on  m  is  in  the  plane  of  the  shafts,  as  in 
A  the  same  course  of  reasoning  will  apply.     Hence, 

FIG.  29 

in  this  position,  v  =  OR  x  wm  and  v  =  R  T X  w       There fore,  RTXWn  =  O  R  x  wm,  or 

1 
wn  = 

x 

=  Wm  x 

cos^r 

These  two  formulas  give  the  extremes  of  angular  velocity of  the  driven  shaft,  formula  1  being  for  the  minimum,  and tormula  A  for  the  maximum,  angular  velocity  of  n 
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33.  From  the  foregoing-  formulas,  it  is  apparent  rhat 
when  the  shaft  m  rotates  at  a  uniform  speed,  the  shaft  n  is 
given  a  variable  speed,  which  is  alternately  less  and  greater 
than  the  speed  of  the  driving  shaft.  However,  there  are  four 
positions  in  each  revolution  at  which  the  angular  velocities 
of  the  driving  and  driven  shafts  are  equal,  and  these  are  the 

positions  in  which  the  distances  of  the  points  6"  or  R  from 
the  two  axes  are  exactly  equal.  In  the  positions  shown  in 
Figs.  28  and  29,  the  angles  e  and  x  are  equal,  and  the  driven 
shaft  n  has  its  least  and  greatest  angular  velocities,  respect- 

ively. If  the  driving  shaft  rotates  uniformly,  the  least  speed 
of  the  driven  shaft  is  equal  to  the  speed  of  the  driving  shaft 
multiplied  by  the  cosine  of  the  angle  between  the  two  axes, 
and  the  greatest  speed  is  equal  to  the  speed  of  the  driver 

1 
multiplied  by Thus,  if  the  shafts  revolve  at  the  rate cos  x 

of  100  revolutions  per  minute,  and  the  angle  e  between  them 

is  30°,  the  least  speed  of  the  driven  shaft  will  momentarily 
be  100  X  cos  30°  =  100  X  .866  =  86.6  revolutions  per  min- 

ute, and  the  greatest  speed,   —  =  — — -  =  115.47  revolu- 

tions per  minute. 

34.     To  obviate  the  variation   in   angular  velocity,   the 
double  universal  joint  is  used,  as  shown  in  Fig.  30.     Let 

FIG.  30 

a  and  b  be  the  two   shafts   to  be  connected.     Draw  their 
center  lines,  intersecting  at  0  and  bisect  the  angle  A  OB  by 
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the  line  O  C.     The  center  line  MN  of  the  connecting  shaft  d must  now  be  drawn  perpendicular  to  0  C.    Care  must  be  taken 
that  the  forks  on  the  intermediate  shaft  He  in  the  same  plane Thus  constructed,  a  uniform  motion  of  a  will  result  in  a 
uniform   motion  of    the   driven  shaft  b,   though    the  inter- 

mediate shaft  will  have  a  variable  motion.     Let  x  =  angle between  a  and  d  =  angle  between  d  and  6,  and  denote  the 
three  angular  velocities  by  wa,  wd,  and  w6.     Then,  with  the 
forks  as  shown  in  the  figure,  --*  =  cos  x,  and  ̂   =      1 

Multiplying,  Wa  
'  Wd       cosx' 

"Wd  ..    Wh  1  „„ 

-X-  =  «»*X—  ,  or^  =  1,  whence  «,,  =  «,. 
It  can  be  proved  that  this  law  holds  good  for  all  positions. 
//,  therefore,  the  forks  on  the  intermediate  shaft  are  in  the 

same  plane,  and  the  intermediate  shaft  makes  the  same  angle with  the  driving  and  driven  shafts,  the  angular  velocity  of  the driven  shaft  is  equal  to  that  of  the  driving  shaft. 
This  arrangement  is  often  employed  to  connect  parallel shafts,  as  would  be  the  case  in  Fig-.  30  if  OB  took  the  direc- 

tion 5  T.  In  such  a  case  it  makes  no  difference  what  the 
angle  x  is,  except  that,  if  the  joints  are  expected  to  wear well,  it  should  not  be  too  great.  If  the  forks  of  the  inter- 

mediate link  d  are  at  right  angles,  the  variation  of  motion  of the  shaft  b  is  greater  than  in  the  single  coupling.  In  this  case 
the  greatest  and  least  angular  velocities  of  B  would  be,' respectively,  wa  X  -~-  and  wa  X  cos2* COS    X 
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ROLLING  CURVES  AND  SURFACES 
1.  Direct-Contact  Transmission.-^  the  various ways  of  transmitting  motion  from  one  machine  Ja  to another  that  by  direct  contact  is  the  most  common  Thlt is,  a  surface  of  one  of  the  parts  is  in  contact  with  a  similar 

surface  of  another  part,  and  the  motion  of  the  first  ca™  es the  motion  of   the    second.      In   Fig.   1     for  examole    th, 
parts  a  and  b  are  in  con-  example,   the 
tact  at  P  and  the  rotation 
of  a  in  the  direction  shown 
by  the  arrow  will  cause  a 
rotation  of  b  in  the  same 
direction. 

2.      Condition    of 
Rolling.— The  relative 
motion  of  the  two  bodies 
in  contact  may  be:  (a] 
sliding  motion;  (b}  roll- 

ing motion;  (,)  combined  sliding  and  rolling  motion.  When the  point  of  contact  P  is  not  situated  on  the  line  joining  the 

":  2r7r°n  M^  *  there  wm  be  Slidin^  but  <*£ as  n  Fig.  2,  /Mies  in  the  same  line  with  M  and  N,  the  bodies will  roll  on  each  other  without  sliding.  The  condition  for rolling,  therefore,  is  that  the  point  of  contact  shall  lie  in  the line  of  centers. 
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3.     Natt-re    ol   Boiling    Curves.-In   
 order    that   two 

curves  may  rotate  about  fixed  points  
and  roll  together,  the 

known  as  rolling  curves,  must  be 
 .pecully  con- 

to    ive  the 

Bthese  are  not 

closed   curves;   that   is, 

it  is  impossible  to  start 

from  any  point  on  the 
curve  and,  by  following 

its  outline  in  one  direc- 

tion, return  to  the  start- 
ing point.      Hence,  the 

curve  CPE,  Fig.  2,  can- 
not be  used  to  transmit 

motion  continuously  to 

the  curve  £>/>^when  revolving  in  one  directi
on,  but  it  may 

reciprocate  through  a  partial  revolution,  an
d  the^two  curves 

will  remain  in  contact.     On  the  other  band,  
a  pair  of  closed 

curves,  as  the  circles  shown  in  Fig.  3,  wi
ll  roll  in  contac 

and  may  turn  continuously  in  one   direction
.     Two  equal 

ellipses  Fio-.  4,  will  roll  together  if  the  dista
nce  between  the 

axes  of  'rotation  is  equal  to  the  length  of  the  major 
 axis. 

FIG.  2 

FIG.  3 PIG.  4 

4.  Angular  Velocity  Ratio.— In  Fig.  1,  let  a  line  n  b
e 

drawn  through  P  at  right  angles  to  the  common  ta
ngent  t 

to  the  two  curves.  A  line  like  this,  perpendicular  to  
the  tan- 

gent, is  called  the  normal  to  the  curve  at  the  given  point, 
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Let  Q  denote  the  poipi  in  which  this  normal  n  cuts  the  line 
through  the  centers  M  and  N;  then  it  can  be  proved,  by  a 
rather  difficult  process,  that  the  segments  M  Q  and  N  Q  are  to 
each  other  inversely  as  the  angular  velocities  of  a  and  b; 
that  is, 

angular  velocity  of  b  _  M_Q          /-j\ 
angular  velocity  of  a        N  Q 

This  is  a  general  rule  that  applies  to  all  cases  of  transmis- 
sion by  direct  contact. 

In  Figs.  2,  3,  and  4,  the  normal  must  cut  the  line  M  N  in 
the  point  P  itself;  hence,  for  cases  of  pure  rolling, 

angular  velocity  of b  __  M  P          /o\ 
angular  velocity  of  a       N  P 

When  the  radii  M  P  and  N  P  remain  constant  throughout 
the  entire  revolution,  as  in  the  ease  of  circular  gears,  and  the 
motion  of  the  gears  is  uniform,  the  angular  velocities  may 
be  measured  in  revolutions  per  minute. 

Let  Na  —  angular  velocity  of  a,  in  revolutions  per  minute; 
and 

Nt  =  angular  velocity  of  b,  in  revolutions  per  minute. 

Then  formula  2  becomes 

Nj,  =  M_P  (3) 
Na  '     NP 

When  P  lies  between  M  and  N,  as  in  Figs.  2,  3,  and  4, 
the  curves  a  and  b  rotate  in  opposite  directions.  If  Q  or  P 
lies  outside  of  M  N,  as  in  Figs.  1  and  5, 

they  rotate  in  the  same  direction. 
When  the  rolling  curves  are  circles,  as 

in  Figs.  3  and  5,  the  point  of  contact  P 
will  always  be  at  the  same  distance  from 
the  centers  M  and  N;  but  for  any  other 
forms  of  curves,  the  position  of  P  will 

change.  It  follows  that  the  velocity  F*- 5 

ratio,  that  is,  the  fraction  — ?,  is  constant  for  rolling  circles, 

Na 

but  is  variable  in  other  cases.     Thus,  in  Fig.  4,  suppose  a 
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to  rotate  clockwise  about  M  with  a  constant  number  of  rev- 

olutions per  minute.     As  the  rotation  proceeds,  the  point  P 

moves  toward  N,  the  ratio  — —  increases,  and  in  consequence 

the  angular  velocity  of  b  increases  and  attains  its  maximum 
value  when  P  is  nearest  to  IV. 

5.     Boiling   Cones. — While    the  bodies  represented  in 

Figs.  1  to  5  are  shown  as  plane  figures  rotating  about  fixed 

points,  they  are,  in  reality,  representa- 
tions of  solids  with  definite  thicknesses 

rotating-  about  parallel  axes.  Cases  of 
parallel  axes  of  rotation  are  the  most 

0  common,  but  frequently  non-parallel 
axes  must  also  be  used.  Let  OM  and 

ON,  Fig.  6,  be  two  axes  of  rotation  in- 
tersecting in  the  point  0;  if  on  these 

axes  are  constructed  two  frustums  of 

cones,  a  and  If,  respectively,  these 
cones  will. roll  together  and  one  will 
transmit  motion  to  the  other. 

Assuming  that  there  is  no  slipping,  the  velocity  ratio  may 
be  found  in  the  same  manner  as  for  rolling  cylinders.     At  E, 

for  example,  the  circles  forming  the  bases  of  the  frustums 

Nb       EA are  in  contact,  and  the  velocity  ratio  is 

EB' 

since  the 

angular  velocities   are  inversely  proportional  to  the  radii. 

Similarly,  at  any  other  point,  as  F,  the  velocity  ratio  is  —  - 

J.  V  a 

FC_ 

FD' 

But  since  triangle  O  CFis  similar  to  triangle  OAE, 

and  triangle  ODF  is  similar  to  triangle  QBE,  EA  :  FC 

=  OE:  OF,  and  EB\FD  =  0  E :  OF,  so  that  /?/4  :  FC 
~  E  B  :  FD;  from  which,  by  transposing,  E  A  :  E  B 

FC 
=  FC'.FD. which  means  that,  for  a 

pair  of  cones  running  in  contact  without  slipping,  the 
velocity  ratio  is  constant  and  is  equal  to  the  inverse  ratio 
of  the  corresponding  radii  at  any  point. 
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SPUR  GEARING 

GENERAL    PRINCIPLES 

6.  Positive  Driving.— When  motion  is  transmitted  by 
friction  gearing,  that  is,  by  cylinders  or  cones  that  roll  in 
contact,  there  is  more  or  less  slipping  of  the  contact  surfaces; 
hence,  when  it  is  necessary  to  transmit  motion  with  a  definite 
and  unvarying  velocity  ratio,  friction  wheels  cannot  be  used 
and  some  means  must  be  employed  to  insure  positive  dri- 

ving. In  the  case  of  rolling  wheels  or  cylinders,  the  circum- 
ferences may  be  provided  with  projections  a,  a,  Fig.  7,  and 

PIG.  7 

with  corresponding  grooves  b,  bt  so  that  the  projections  of 
one  wheel  fit  into  the  grooves  of  the  other.  Evidently  the same  number  of  these  projections  pass  the  line  of  centers  in  a 
given  time  on  wheel  B  as  on  wheel  A,  so  that  a  given  number 
of  revolutions  of  the  driver  A  causes  a  definite  number  of revolutions  of  the  follower  B. 

7.  Condition  of  Constant  Telocity  Ratio.— The  pro- 
jections on  the  rolling  surfaces  insure  that  the  number  of 

revolutions  of  the  follower  per  minute  or  per  hour  is  the 
same  that  would  be  obtained  by  rolling  without  slipping,  but 

1  L  T  374B— 4 
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the  angular  velocity  from  projection  to  projection  will  not 
be  constant  unless  the  bounding  curves  of  the  projections, 

or  teeth,  as  they  are  called  in  gear-work,  have  certain  forms. 

The  shape  of  the  tooth  depends  on  the  principle  stated  in 

Art.  4,  namely,  that  when  the  driver  and  follower  have  direct 

contact,  the  angular  velocities  are  inversely  as  the  segments 

into  which  the  line  of  centers  is  cut  by  the  common  normal 

at  the  point  of  contact. 

In  Fig.  8,  a  pair  of  teeth  m  and  n  are  attached  to  the  parts 
a  and  b  and  are  in  contact  at  C.  The  common  normal  NN 

at  C  cuts  the  line  of  centers  A  B  in  the  point  P\  then  if  Va 

and  Vb  denote  the  angular  velocities  of  a  and  b,  respectively, 

Va    =    BJP 

Vb       AP 

In  order,  therefore,  that  this  ratio  of  the  velocities  may  be 

strictly  constant,  the  point  P  must  always  lie  in  the  same 

position  on  the  line  of  centers.  Hence  the  following  law: 

Law.—-  />z  order  that  toothed  wheels  may   have  a  constant 

-velocity   ratio,  the   common   normal   to  the   tooth  curves  must 

.always  pass  through  a  fixed  point  on  the  line  of  centers. 

8.  Pitch.  Surfaces  and  Pitch  lanes.  —  In  Fig.  8  let 
the  circles  e  and  /,  with  centers  A  and  B,  be  the  outlines  of 

two  rolling  cylinders  in 
contact  at  P.  Let  the 
tooth  curves  m  and  n 
be  so  constructed  that 
their  common  normal 
shall  always  pass 

through  P.  The  veloc- 
ity ratio  produced  by 

the  rolling  of  these 
cylinders  is  precisely 

the  same  as  that  caused  by  the  teeth  m  and  n\  for  in  the  case 

of  rolling  cylinders  the  velocities  are  inversely  proportional 
to  the  radii,  that  is, 

V,       Nb       AP 
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The  bounding  surfaces  e  and  /  are  called  pitch  surfaces, 
and  the  lines  e  and  /  are  called  pitch  lines  or  pitch 
curves,  or,  in  the  case  of  circular  gears,  pitch  circles. 
The  point  of  tangency  P  of  the  pitch  lines  is  called  the 
pitch  point,  and  it  must  lie  on  the  line  of  centers.  This 

is  the  meaning  of  the  term  as  generally  used  by  designers, 
and  is  the  meaning  intended  wherever  the  term  pitch  point  is 
mentioned  in  this  treatise  on  gearing.  In  the  machine  shop, 
however,  this  term  is  frequently  used  in  a  different  sense, 
being  there  considered  as  any  point  in  which  the  tooth  out- 

line intersects  the  pitch  circle,  as  indicated  in  Fig.  9. 
In  the  case  of  circular  pitch^lines,  the  pitch  point  P  lies 

in  a  fixed  position;  but  if  the  pitch  lines  are  non-circular, 
as  in  the  case  of  rolling  ellipses,  Fig.  4,  the  pitch  point 
moves  along  the  line  of  centers.  In  order  to  include  non- 
circular  wheels,  the  law  of  Art.  7  may  be  made  general,  as 
follows: 

Law. — In  order  that  the  motion  prod^lced  by  tooth  driving 
shall  be  equivalent  to  the  rolling  of  two  pitch  surfaces,  the 
common  normal  to  the  tooth  curves  must  at  all  times  pass 
through  the  pitch  point. 

The  object,  then,  in  designing  the  teeth  of  gear-wheels  is 
to  so  shape  them  that  the  motion  transmitted  will  be  exactly 
the  same  as  with  a  corresponding  pair  of  wheels  or  cylinders 
without  teeth,  which  run  in  contact  without  slipping.  In 
actual  work,  two  general  systems  of  gear-teeth  are  used. 
The  one  is  known  as  the  involute  system  and  the  other  as  the 
cycloidal  system,  both  of  which  will  be  discussed  in  succeeding 
paragraphs. 

9.  Definitions. — Referring  to  Fig.  9,  which  shows  part 

of  a  circular  gear-wheel,  the  following  definitions  apply  to 
the  lines  and  parts  of  the  tooth. 

The  circle  drawn  through  the  outer  ends  of  the  teeth  is 
called  the  addendum  circle;  that  drawn  at  the  bottoms  of 
the  spaces  is  called  the  root  circle.  In  the  case  of  non- 

circular  gears,  these  would  be  called,  respectively,  the 
addendum  line  and  the  root  line. 
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The  addendum  is  the  distance  between  the  pitch
  circle 

and  the  addendum  circle,  measured  along  a  radial  li
ne.  The 

root  is  the  distance  between  the  pitch  circle  and  t
he  root 

circle,  measured  along  a  radial  line.  The  term  adden
dum  is 

also  frequently  applied  to  that  portion  of  a  tooth 
 lying 

between  the  pitch  and  addendum  circles,  and  the  ter
m  root 

to  that  portion  of  the  tooth  lying  between  the  pitc
h  and 

root  circles. 

FIG.  9 

The  working  surface  of  the  addendum,  that  is,  the  part  of 

the  working  surface  outside  of  the  pitch  circle,  is  called  the 

face  of  the  tooth.  The  working  surface  of  the  root  is  called 

the  flank  of  the  tooth. 

The  diameter  of  the  pitch  circle  is  called  the  pitch  diam- 

eter. When  the  word  diameter  is  applied  to  gears,  it  is 

always  understood  to  mean  the  pitch  diameter  unless  other- 

wise specially  stated— as  outside  diameter,  or  diameter 
at  the  root. 



The  distance  from  a  point  on  one  tooth  to  a  corresponding- 
point  on  the  next  tooth,  measured  along-  the  pitch  circle,  is the  circular  pitch. 

The  fillet  is  a  curve  of  small  radius  joining-  the  flank  of 
the  tooth  with  the  root  circle,  thus  avoiding  the  weakening 
effect  of  a  sharp  corner. 

THE    INVOLUTE    SYSTEM       ' 

10.  Production  of  the  Involute  Curve. — In  general, 
the  involute  of  any  curve  may  be  defined  as  the  curve  that 
is  described  by  a  point  in  a  cord  as  it  is  unwound  from  the 
original  curve,  keeping  the 
unwound  portion  of  the  cord 
straight.  Thus,  suppose  that 
a  cord  is  wound  around  the 
curve  a,  Fig.  10,  and  let  P  be 

any  point  on  the  cord.  Then, 
as  the  cord  is  unwound,  the 
point  P  will  describe  a  curve 
m  that  is  an  involute  of  the  curve 
position  of  the  cord  shown. 

In  the  case  of  an  involute  to  a  circle,  it  is  convenient  to 
conceive  the  curve  described  as  follows:    Suppose  a,  Fig.  11, 

FIG.  10 

Pi  A  being  the  last 

FIG. 11 

to  be  a  circular  pulley  having  a  cord  wound  around  it,  and 
let  the  pulley  be  pinned  at  a  fixed  point  0.  At  the  end  P 
cf  the  cord  a  pencil  is  attached,  and  there  is  a  fixed  groove 
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or  guide  e  tangent  to  the  pulley  at  P.  Suppose  also  that  the 

pulley  has  attached  to  it  a  sheet  of  paper  or  cardboard  c. 

Now  take  hold  of  the  pencil  and  pull  it  along  the  groove  e. 

The  pulley  and  paper  will  thus  be  caused  to  rotate  about  O, 

and  the  pencil  will  trace  on  the  moving  paper  the  involute 

Pi  Pt,  or  m.  If  now  the  pulley  is  turned  backwards,  so  that 

the  string  is  wound  up,  the  pencil  will  move  from  P,  to  P 

and  will  retrace  the  curve  PsPi  on  the  moving  paper,  the 

point  Pl  moving  to  P,  its 

original  position, 
Let  t  be  a  tangent  to 

the  curve  m  at  the  point 

P,.  From  the  manner  in 

which  the  curve  is  pro- 
duced, it  is  evident  that 

the  tangent  is  perpendic- 
ular to  P  P*.  Similarly, 

the  tangent  tt  at  any  other 

point  <2i  is  perpendicular 

to  Qi  Q,  and  in  general 

any  tangent  to  the  cir- 
cle a  is  a  normal  to  the 

involute  m. 

11.  Involute  Tooth 

Curves.  —  Let  0  and  0', 
Fig.  12,  be  the  centers  of 
two  cylinders  that  are  a 
short  distance  apart,  and 
D  E  a  cord  that  has  been 

wound  several  times  around  them  in  opposite  directions.  If 

the  cylinder  D  Df  be  turned  in  the  direction  of  the  full  arrow. 
the  cord  D  E  will  cause  the  cylinder  E  E'  to  turn  in  the  oppO' 
site  direction,  as  shown  by  the  full  arrow,  and  points  on  the 
cord  D  E  will  describe  portions  of  the  involute  curve.  In 
order  to  better  comprehend  this,  imagine  a  piece  of  paper  to 
be  attached  to  the  bottom  of  each  cylinder,  as  shown,  and  that 
the  width  of  each  piece  is  the  same  as  the  distance  between 

12 
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the  cylinders.    Now,  suppose  that  a  pencil  is  attached  to  the 
cord  at  E,  the  point  of  tangency  of  the  line  DE  with  the  cylin- 

der EE',  in  such  a  manner  that  it  can  trace  a  line  on  the  piece 
of  paper  attached  to  the  cylinder  EEf  if  a  proper  motion  be 
given  to  the  cord  D  E.     Turn  the  cylinder  D  D'  in  the  direc- 

tion of  the  full  arrow,  that  is,  rotate  it  counter-clockwise.    The 
point  E  will  travel  toward  the  cylinder  D  D'  in  the  straight 
line  ED,  and  will  gradually  move  away  from  the  cylinder 
EEf.     During  this  movement,  the  pencil  attached  at  E  will 
trace  on   the  piece  of  paper  the  involute  curve  m.     In  the 
same  manner,  if  the  pencil  be  attached  at  D  and  the  cylin- 

der EE'  be  rotated  in  the  direction  of  the  dotted  arrow,  the 
involute  mf  will  be  traced  on  the  piece  of  paper  attached  to 
the  cylinder  D  D' .     Suppose  that  those  parts  of  the  pieces 
of  paper  to  the  right  of  the  curve  m  and  to  the  left  of  the 
curve  m'  be  lemoved,  and  that  E  E'  be  rotated  until  curve  m 
takes  the  position  ed\  also,  that  D  D'  be  rotated  until  m1 
takes  the  position  gh,  the  two  curves  being  in  contact  at  k 
on  the  line  D  E.     The  cord  D  E,  being  tangent  to  the  circle 
D  D',  is  normal  to  the  involute  gh,  and  being  also  tangent 
to  the  circle  EE',  it  is  normal  to   the  involute  de.     This 
would  be  true  for  any  positions  in  which  the  curves  de  and 
gh  could  be  moved  into  contact  by  rotating  the  cylinders. 
Moreover,   this   line  DE   always    passes    through    a   fixed 
point  C  on  the  line  of  centers.     Therefore,  de  and  gh  are  two 
curves  whose  common  normal  at  the  point  of  contact  always 
passes  through    one  fixed  point   C  so   long  as   the  curves 
remain  in  contact.     If,  now,  the  pitch  circles  A  A'  and  B  B' 
be  drawn  through  this  point  C,  the  motion  transmitted  by 
the  involutes  de  and  gh  used  as  the  outlines  of  teeth  will 
be  precisely  equivalent  to  that  produced  by  the  rolling  of 
these  circles  without  slipping. 

12.  Properties  of  Involute  Teeth. — The  circles  D  D' 
and  EE',  Fig.  12,  to  which  DE  is  tangent,  are  called  base 
circles.  It  will  be  noted  as  a  characteristic  of  involute 
teeth  that  the  whole  of  the  face  and  the  part  of  the  flank 
between  the  pitch  and  base  circles  is  a  continuous  curve. 
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For  this  reason,  involute  gears  are  sometimes  called  single- 
crurve  gears. 

If  the  centers  0.  and  O',  Fig.  12,  be  moved  apart  so  that 

the  pitch  circles  do  not  touch,  the  relative  velocities  of  D  D' 
and  BE'  evidently  remain  unchanged,  since  the  cylinders 

are  connected  by  the  cord  D  E.  The  curves  described  by 

the  point  k  are  also  the  same,  because  they  are  still  involutes 

of  the  same  circles.  From  this,  it  follows  that  the  distance 

between  the  centers  of  involute  gears  may  be  varied  with- 

out disturbing  the  velocity  ratio  or  the  action  of  the  teeth— 

a  property  peculiar  to  the  involute  system. 

In  Fig.  12  let  TT  be  drawn  through  C  at  right  angles  to 

the  line'of  centers  O  0'\  then  TT  is  the  common  tangent  to 
the  pitch  circles  A  A'  and  B  B> .  As  already  stated,  the 
line  ED  is  the  common  normal  of  the  tooth  curves,  and  is 

therefore  the  line  of  action  of  the  pressure  between  the  teeth. 

The  angle  between  the  common  normal  to  the  tooth  surfaces 

and  the  common  tangent  to  the  pitch  circles  is  called  the 

angle  of  obliquity.  In  the  case  of  involute  teeth,  this 
angle  is  constant. 

13.  Angle  and  Arc  of  Action. — The  angle  through 
which  a  wheel  turns  from,  the  time  when  one  of  its  teeth 

comes  in  contact  with  a  tooth  of  the  other  wheel  until  the 

point  of  contact  has  reached  the  line  of  centers  is  the  angle 

of  approach;  the  angle  through  which  it  turns  from  the 

instant  the  point  of  contact  leaves  the  line  of  centers  until  the 

teeth  are  no  longer  in  contact  is  the  angle  of  recess. 

The  sum  of  these  two  angles  forms  the  angle  of  action. 

The  arcs  of  the  pitch  circles  that  measure  these  angles 

are  called  the  arcs  of  approach,  recess,  and  action, 
respectively. 

In  order  that  one  pair  of  teeth  shall  be  in  contact  until  the 

next  pair  begin  to  act,  the  arc  of  action  must  be  at  least 
equal  to  the  circular  pitch. 

The  path  of  contact  is  the  line  described  by  the  point  of 
contact  of  two  engaging  teeth.  In  the  case  of  involute  gears 

the  path  of  contact  is  part  of  the  common  tangent  to  the  base 
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circles.  The  arc  of  action  depends  on  the  addendum,  or  what 
amounts  to  the  same  thing,  on  the  length  of  the  tooth.  With 
short  teeth,  the  arc  of  action  must  necessarily  be  small;  and 
if  a  long  arc  is  desired,  the  teeth  must  be  made  long. 

14.  Standard  Interchangeable  Gears. — In  order  that 
two  gears  may  run  properly  together,  two  conditions  must 
be  satisfied:  (1)  They  must  have  the  same  circular  pitch, 
and  (2)  they  must  have  the  same  obliquity.  If,  therefore, 
all  involute  gears  were  made  of  the  same  obliquity,  any  pair 
of  wheels  having  teeth  of  the  same  pitch  would  work  properly 
together,  and  such  gears  would  be  said  to  be  interchangeable. 

The  tooth  selected  for  the  standard  is  one  having  an  angle 

of  obliquity  of  15°;  that  is,  in  Fig.  12,  angle  T C E  —  angle 
CO' E  =  15°.  With  this  obliquity,  then,  in  the  triangle  0' EC, 
0' E  =  O'C  cos  CO1  E  =  O1  C  cos  15°  =  .966  O>  C;  that  is, 
the  radius  of  the  base  circle  equals  .966  times  the  radius  of 
the  pitch  circle.  The  distance  between  the  base  circle  and 

pitch  circle  is  thus  about  one-sixtieth  of  the  pitch  diameter. 
In  the  interchangeable  series  of  standard  gears,  the  small- 
est number  of  teeth  that  a  gear  may  have  is  twelve,  for  with  a 

smaller  number  the  arc  of  contact  will  be  smaller  than  the  cir- 
cular pitch,  in  which  case  one  pair  of  teeth  will  separate  before 

the  next  pair  comes  into  contact,  and  the  gears  will  not  run. 

15.     The  Involute  Hack. 

teeth  described  on  a 

straight  pitch  line. 
It  is  usually  a  metal 
bar,  in  which  the 

teeth  are  cut,  al- 
though they  may  be 

cast.  A  rack,  there- 
fore, may  be  consid- 
ered as  a  portion  of  „ 

the  circumference  of 

a  gear-wheel  whose 
radius  is  infinitely  long,  and  whose 
sequentlv  be  regarded  as  straight. 

-A  rack  is  a  series  of  gear- 

E 

FIG.  IS 

pitch   line  may   con- 
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In  the  involute  rack,  Fig.  13,  the  sides  of  the  teet
h  are 

straight  lines  making  an  angle  of  90°  -  15°  =  
75°  with  the 

pitch  line  EF.  Thus,  on  the  contact  side,  the  toot
h  outlines 

are  perpendicular  to  the  line  of  action  N ' N.  To  avoid  inter- 
ference, the  ends  of  the  teeth  should  be  rounded  to  run  with 

the  12-tooth  pinion.  A  pinion  is  a  small  gear  mesh
ing 

with  a  rack  or  with  a  larger  gear. 

16.  Involute  Internal  Gears. — An  annular,  or 

internal,  gear  is  one  having  teeth  cut  on  the  insi
de  of 

the  rim.  The  pitch  circles  of  an  annular  gear  and  its  pinion
 

have  internal  contact,  as  shown  in  Fig.  5. 

FIG.  14 

The  construction  of  an  annular  gear  with  involute  teeth  is 

shown  in  Fig.  14.  The  obliquity  of  15°  is  shown  by  the 

angle  TCN,  and  the  base  circles  EE'  and  D  D1  are  drawn 

tangent  to  the  line  of  action  NN't  with  0  and  O',  respect- 
ively, as  centers.  The  addendum  circle  for  the  internal  gear 

should  be  drawn  through  F,  the  intersection  of  the  path  of 

contact  NN'  with  the  perpendicular  OF  drawn  from  the 

center  of  the  pinion.  The  teeth  will  then  be  nearly  or  quite 

without  faces,  and  the  teeth  of  the  pinion,  to  correspond, 
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may  be  without  flanks.  If  the  two  wheels  are  nearly  of  the 
same  size,  points  c  and  d  will  interfere;  this  interference  may 
be  avoided  by  rounding  the  corners  of  the  teeth. 

.  15 

THE    CYCLOIDAL    OR    ROLLED-CURVE    SYSTEM 

17.  Tlie  Cycloid. — The  name  cycloid  is  given  to  the 
curve  traced  by  a  point  on  the  circumference  of  a  circle  as  it 
rolls  on  a  straight  line.  Thus,  in  Fig.  15  the  circle  m  rolls  on 
the  line  A  B,  and  the 

point  P  on  the  cir- 
cumference traces  the 

path  A  CB,  which  is 

a  cycloid.  The  roll- 
ing circle  is  called 

the  generating  cir- 
cle, the  point  P  the  tracing  point,  and  the  line  AB  the 

base  line. 

If  the  base  line  AB  is  an  arc  of  a  circle,  the  curve  traced 

by  the  point  P  is  called  an  epicycloid  when  the  generating 
circle  rolls  on  the  convex  side,  and  a  hypocycloid  when  it 

rolls  on  the  concave  side.  Fig.  16  shows  an  epicycloid,  and 

Fig.  17  a  hypocycloid. 
The  one  property 

of  cycloidal  curves 
that  makes  them 

peculiarly  suitable  for 
tooth  outlines  is  that 
the  common  normal 

through  the  point  of 
contact  will  always 

pass  through  the  pitch 
point.  In  Figs.  15, 
16,  and  17,  P  is  the 

tracing  point  in  each  case  and  E  is  the  point  of  contact  of  the 
generating  circle  and  the  line  on  which  it  rolls.  Now,  it  is 
clear  that  the  generating  circle  m  is  for  the  instant  turning 

about  E  as  a  center,  and  the  pQfflt  P  is  therefore  moving  in  a 

Pm'16 
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direction  at  right  angles  to  PE.     In  other  words,  the  tangent 

to  the  curve  at  P  is  perpendicular  to  PE,  or  PE  is  normal 
to  the  curve. 

A  particular  form  of 
the  hypocycloid  is 

i*  shown  in  Fig.  18.  The 
generating  circle  m  has 
a  diameter  equal  to  the 
radius  of  the  circle  n. 

In  this  case,  a  point  P  of  m  describes  a  straight  line  ACB, 

which  passes  through  the  cen- 
ter C  of  n  and  is  therefore  a 

diameter. 

18.  Generation  of  Tooth 
Outlines. — In  Fig.  19  let  a 
and  «!  be  two  pitch  circles  in 
contact  at  E  and  suppose  a 
third  circle  m  to  be  in  contact 
with  them  at  E.  If  the  circle 
m  rolls  on  the  outside  of  the 
circle  a,  the  tracing  point  P  describes  the  epicycloid 
If,  however,  it  rolls  on  the  inside  of  circle  al,  P  describes  the 
hypocycloid  C  P  d.  Now  let  an  arc  of  the  curve  B  P  B±  be 
taken  as  the  outline  of  the  face  of  a  tooth  on  a,  and  let  an  arc 
of  the  hypocycloid  CPd  be  taken  as  the  outline  of  the  flank 
of  a  tooth  on  a-,.  These  curves  are  in  contact  at  P,  and,  more- 

over, PE  is  normal  to  each  of  them.  Hence,  the  common 
normal  through  the  point  of  contact  passes  through  the 
pitch  point,  and  the  curves  satisfy  the  condition  required  of 
tooth  outlines. 

The  one  rolling  circle  m  generates  the  faces  of  the  teeth  of 
a  and  the  flanks  of  the  teeth  of  a*.  A  second  circle  mit  rolling 
on  the  inside  of  a  and  on  the  outside  of  a^  may  be  used  to 
generate  the  faces  of  gear-teeth  for  a^  and  the  flanks  for  a. 
While  not  necessary,  it  is  customary  that  the  generating  cir- 

cles shall  have  the  same  diameter.  If  a  series  of  gears  of  the 
same  pitch  have  their  tooth  outlines  all  generated  by  rolling 

FIG.  18 
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circles  of  the  same  diameter,  any  gear  will  run  with  any  other 
gear  of  the  series;  that  is,  the  gears  are  interchangeable. 

PIG.  19 

19.     Size  of  Generating  Circle. — In  Figs.  20  to  22  is 
shown  the  effect  of  different  sizes  of 
generating  circles  on  the   flanks  of 

FIG.  20  FIG.  21  FIG.  22 

the  teeth.     In  the  first,  the  generating  circle  has  a  diameter 
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equal  to  the  radius  of  the  pitch  circle,  the  hypocycloid  is 
a  straight  line,  and  the  flanks  described  are  radial.  In  the 
second,  with  a  smaller  circle,  the  flanks  curve  away  from 

the  radius,  giving  a  strong  tooth,  and  in  the  third,  with 
a  larger  circle,  the  flanks  curve  inwards,  giving  a  weak 
tooth,  and  one  difficult  to  cut.  It  would  seem,  therefore, 
that  a  suitable  diameter  for  the  generating  circle  would  be 

one-half  the  pitch  diameter  of  the  smallest  wheel  of  the  set, 
or  one-half  the  diameter  of  a  12-tooth  pinion,  which,  by  com- 

mon consent,  is  taken  as  the  smallest  wheel  of  any  set. 

It  has  been  found,  however,  that  a  circle  of  five-eighths 
the  diameter  of  the  pitch  circle  will  give  flanks  nearly 
parallel,  so  that  teeth  described  with  this  circle  can  be  cut 

with  a  milling  cutter.  For  this  reason,  some  gear-cutters 
are  made  to  cut  teeth  based  on  a  generating  circle  of  five- 
eighths  the  diameter  of  a  12-tooth  pinion,  or  one-half  the 
diameter  of  a  15-tooth  pinion. 

It  is  more  common  practice  to  take  the  diameter  of  the 

generating  circle  equal  to  one-half  the  diameter  of  a  12- 
tooth  pinion  rather  than  one-half  the  diameter  of  a  15-tooth 
pinion;  this  size,  therefore,  is  taken  in  this  discussion  of  the 
subject  of  gearing. 

20.  Obliquity  of  Action. — Neglecting  friction,  the 
pressure  between  two  gear-teeth  always  has  the  direction  of 
the  common  normal.  In  the  case  of  involute  teeth,  this 
direction  is  always  the  same,  being  the  line  of  action  ED, 
Fig.  12.  With  cycloidal  teeth,  however,  the  direction  ot  the 
normal  is  constantly  changing,  and  hence  the  direction  of 
pressure  between  the  teeth  is  likewise  variable.  In  Fig.  19, 
let  the  tooth  curves  be  just  coming  into  contact  at  the 
point  P.  The  direction  of  the  pressure  between  them  at 

that  instant  is  PE,  since  P ' E  is  the  common  normal  at  P. 
As  the  gears  rotate,  however,  the  point  of  contact  P 
approaches  E,  moving  along  the  arc  PPi  E,  and  the  common 
normal  PE,  therefore,  makes  a  greater  angle  with  O^  0,  until, 
when  P  reaches  E,  the  common  normal  is  at  right  angles 
to  0,  0. 
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Beyond  the  point  E,  the  point  of  contact  follows  the 
arc  EQ  until  the  teeth  leave  contact,  and  the  direction  of  the 
common  tangent  gradually  changes  from  a  position  at  right 
angles  to  Ol  0  to  the  position  EQ.  Hence,  with  cycloidal 
teeth,  the  obliquity  of  the  tooth  pressure  is  greatest  when 
the  teeth  first  come  in  contact,  decreases  to  zero  at  the  pitch 
point,  and  increases  again  to  a  maximum  at  the  final  point 
of  contact.  As  a  rule,  the  greatest  obliquity  should  not 
exceed  30°. 

-In  Fig.   23   is    shown  a   rack 

FIG. 23 

21.  Rack  and  Wheel. 

and  12-tooth  pinion. 
Tooth  outlines  for  the 
rack  in  the  cycloidal 
system  are  obtained 
by  rolling  the  gener- 

ating circles  oo'  on 
the  straight  pitch  line 
B  B;  the  curves  are 
therefore  cycloids. 
The  generating  cir- 

cle o  passes  through 
the  center  O  of  the 
pinion  and  rolls  on 
the  pitch  circle  A  A,  and  therefore  describes  radial  flanks. 

22.  Epicycloidal  Annular  Gears.— Annular  gears,  or 
internal  gears,  as  already  explained,  are  those  having  teeth 
cut  on  the   inside   of   the  rim.     The   width  of  space  of  an 
internal  gear  is  the  same  as  the  width  of  tooth  of  a  spur 
gear.     Two   generating  circles  are  used,   as  before,   and  if 
they  are  of  equal  diameter,  the  gear  will  interchange  with 
spur  wheels  for  which  the  same  generating  circles  are  used. 

In  Fig.  24  is  shown  an  internal  gear  with  pitch  circle  A  A, 
inside  of  which  is  the  pinion  with  pitch  circle  B  B.  The 
generating  circle  o,  rolling  inside  of  B  B,  will  describe  the 
flanks  of  the  teeth  for  the  pinion,  and  rolling  inside  of  A  A, 
the  faces  of  the  teeth,  for  the  annular  wheel.  Similarly,  the 
corresponding  faces  and  flanks  will  be  described  by  o'.  The 
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only  special  rule  to  be  observed  in  regard  to  epicycloidal 

internal  gears  is  that  the  difference  between  the  diameters 

FIG.  24 

of  the  pitch  circles  must  be  at  least  as  great  as  the  sum  of 
the  diameters  of  the  generating  circles. 

This  is  illustrated  by  Fig.  25. 

a  is  the  pitch  circle  of  an  in- 
ternal gear  and  b  that  of  the 

pinion.  Then,  for  correct  ac- 
tion, the  difference  D  —  d  of  the 

diameters  must  be  at  least  as 

great  as  c,  the  sum  of  the  diam- 
eters of  the  generating  circles. 

To  take  a  limiting  case,  sup- 
pose a  to  have  36  teeth  and  b 

24  teeth.  A  wheel  with  a  diam- 

eter equal  to  D  —  d,  as  shown 
FlG-  25  dotted  at  <?,  would,  therefore, 

have  36  —  24  =  12  teeth.     In  the  12-tooth  interchangeable 

system,  this  latter  would  be  the  smallest  wheel  of  the  series, 



GEARING  21 

and  the  generating  circles  would  be  half  its  diameter.  From 
this,  it  follows  that,  if  D-d,  the  diameter  of  <?,  is  not  to 
be  exceeded  by  the  sum  c  of  the  diameters .  of  the  genera- 

ting circles,  b  is  the  largest  wheel  that  can  be  used  with  a. 
Hence,  when  the  interchangeable  system  is  used,  the'  num- 

ber of  teeth  in  the  two  wheels  must  differ  by  at  least  the 
number  in  the  smallest  wheel  of  the  set.  If  it  is  desired, 
for  example,  to  have  18  and  24  teeth,  and  the  gears  are 
to  interchange,  generating  circles  of  half  the  diameter  of  a 
6-tooth  pinion  will  be  used,  this  being  taken  as  the  smallest wheel. 

23.  Formerly,  the  cycloidal  system  was  used  almost 
exclusively,  but  in  later  years  the  involute  system  has  largely 
taken  its  place.  The  distinctive  features  of  the  involute 
system  lie  in  the  great  strength  of  the  tooth  and  in  the  fact 
that  the  distance  between  the  centers  of  two  meshing  gears 
may  be  varied  somewhat  without  affecting  the  uniformity  of 
the  velocity  ratio.  The  chief  objection  that  has  been  raised 
against  involute  teeth  is  the  obliquity  of  action,  which  causes 
increased  pressure  on  the  bearings.  If  the  obliquity  does 
not  exceed  15°,  however,  this  objection  is  not  serious. 

PROPORTIONS    OF    GEAR-TEETH 

24.  Circular  Pitch.—  The  circular  pitch  of  a  gear  has 
been  denned  as  the  distance  between  corresponding  points 
on   adjacent   teeth  measured   along  the   pitch  circle.     It  is 
obtained   by  dividing  the  circumference  of  the  pitch  circle 
by  the  number  of  teeth  in  the  gear.     If  the  circular  pitch  is 
taken  in  even  dimensions,  as  1  inch,  f  inch,  etc.,  the  circum- 

ference of  the  pitch  circle  will   also  be   expressed  in  even 
dimensions;  but  the  diameter  will  be  a  dimension  that  can 
only  be  expressed  by  a  fraction  or  a  decimal.     Thus,  if  a  gear 
has  40  teeth  and  a  1-inch  circular  pitch,  the  pitch  circle  has  a 
circumference  of  40  inches  and  a  diameter  of  12.732  inches. 

25.  Diametral    Pitch. — Ordinarily   it  is   more   conve- 
nient to  have  the  pitch  diameter  a  dimension  easily  measured, 

I  L  T  374  B—S 
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and  for  this  reason  a  new  pitch,  called  the  diametral  pitcli, 
has  been  devised.     This  pitch  is  not  a  measurement  like  the 

circular  pitch,  but  a  ratio. 

It  is  the  ratio  of  the  num- 
ber of  teeth  in  the  gear 

to  the  number  of  inches 

in  the  diameter;  or  it  is 
the  number  of  teeth  on 
the  circumference  of  the 

gear  for  1  inch  of  the 

pitch-circle  diameter.  It 
is  obtained  by  dividing 
the  number  of  teeth  by 

the  pitch  diameter,  in 
inches. 

For  example,  take  a 
gear  that  has  60  teeth  and 
is  10  inches  in  diameter. 

The  diametral  pitch  is  the 

ratio  of    60  to   10  =  -~ 

=  6,  and  the  gear  is 
called  a  6-pitch  gear. 
From  the  definition,  it 
follows  that  teeth  of  any 

particular  diametral  pitch 
are  of  the  same  size,  and 
have  the  same  width  on 

the  pitch  line,  whatever 
the  diameter  of  the  gear. 

Thus  if  a  12-inch  gear  had 
48  teeth,  it  would  be  a 

4-pitch  gear.  A  24-inch 
gear,  to  have  teeth  of 
the  same  size,  would  have 
twice  48  or  96  teeth,  and 

96  -r-  24  =  4,  the  same  diametral  pitch  as  before. 
Fig.  26  shows  the  sizes  of  teeth  of  various  diametral  pitches. 

lOPitch 
FIG. 20 
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26.  Relation  of  Diametral  to  Circular  Pitch.— The 
relation  between  the  diametral  and  circular  pitches  of  a  gear may  be  readily  obtained. 

Let         p  =  diametral  pitch; 
A  =  circular  pitch,  in  inches; 
n  =  number  of  teeth; 
d  =  diameter  of  pitch  circle,  in  inches. 

TABJLE  I 

CIRCULAR    AND    DIAMETRAL    PITCHES 

Diametral 
Pitch 

Circular 
'      Pitch 

Inches 

Circular 
Pitch 
Inches 

Diametral 
Pitch 

2 
1 

I-57I 
2 

I-57I 21 

1 

1.396 

.  I* 

1.676 

a 

1.257 

if 1-795 

23 

1.142 

if 
1-933 

3 

1.047 

I  2"
 

2.094 

« 

.898 

irV 2.185 

4 
.785 

il 

2.285 

5 .628 

T    5 

ITS" 

2-394 

6 
.524 

ii 

2.513 

7 

•449 

IT\- 

2.646 

8 

•393 

ii 2-793 

9 

•349 
irV 

2-957 

10 
•314 

i 
3-142 ii .286 

JL5 

1  6 

3-351 
12 .262 I 

8 

3-590 

14 

.224 

Te 3-867 

16 .196 a 
4 

4.189 
18 

-175 

Tg 

4-570 
20 

<  C  *7 

5_ 
8 

5-027 

The  length  of  the  circumference  of  the  pitch  circle  is  TT  d 
inches;  hence,  from  the  definition  of  circular  pitch, 

(1) 
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From  the  definition  of  diametral  pitch, 

p  =  ±          (2) d 

Multiplying  these  equations  together,  member  by  member, 

~  =7i  =  3.1416 
d 

(3) 
Then, 

A  =  £,  and  p  = A 
(4) 

that  is,  the  product  of.  the  numbers  expressing"  the  two 

pitches  is  7t,  and  when  one  pitch  is  known,  the  other  may 

be  found  by  dividing  re  by  the  known  pitch. 

EXAMPLE— If  the  circular  pitch  is  2  inches,  the  diametral  pitch  is 

3. 1416 -r- 2  =  1.571,  nearly.  If  the  diametral  pitch  is  4,  the  circular 

pitch  is  3.1416  -s-  4  =  .7854  inch. 

Table  I  gives  in  the  first  two  columns  values  of  the  circular 

pitch  corresponding  to  common  values  of  the  diametral  pitch, 

and  in  the  last  two  columns  values  of  the  diametral  pitch 

corresponding  to  common  circular-pitch  values. 

27.  Backlash  and  Clearance.— Referring  to  Fig,  27, 

/  and  j  denote,  respectively,  the  thickness  of  tooth  and  width 

of  space  measured  on  the  pitch  line.  Evidently,  t  -{•  s  -  A> 
the  circular  pitch,  and 
s  must  be  at  least  equal 

to  /,  in  order  that  the 
tooth  on  the  other  gear 

may  enter  the  space 
without  binding.  In 

practice,  s  is  made 
somewhat  greater  than 

t,  to  provide  for  irregularities  in  the  form  or  spacing  of  the 

teeth,  and  the  difference  between  s  and  t  is  called  the 
backlash. 

The  root  r  is  also  made  greater  than  the  addendum  a,  so 

that  there  is  a  clearance  between  the  point  of  the  tooth  of 

one  wheel  and  the  bottom  of  the  space  of  the  engaging 

wheel.  This  space  is  shown  at  c,  Fig.  27  and  is  called 
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bottom  clearance,  or  simply  clearance.  When  the  wheels 
have  equal  addenda  and  equal  roots,  as  in  the  interchange- 

able system,  then  c  =  r  —  a. 
The  sum  r  +  a  is  the  whole  depth  of  the  tooth  and  the 

working  depth  is  e  =  2  a,  double  the  addendum. 

28.  Tooth  Proportions  for  Cut  Gears,  Using  Diam- 
etral Pitch. — Cut  gears  of  small  and  medium  size,  such 

as  are  used  on  machine  tools,  are.  invariably  based  on  the 
diametral  pitch  system.  For  gears  of  this  character  the 
following  proportions  are  used: 

p  =  diametral  pitch  =  - d 

a  =  addendum  =  -  inches 
P 

9    •     1 
r  =  root  =  — —  inches 

8^ 

17 
a  +  r  =  whole  depth  =  -—  inches 

8fi 

1  f?rr 

t  =  thickn
ess  

of  tooth 
 
=  =^-  inches

 

P 

c  =  clearance  =  —  inches 

»'/ 

EXAMPLE.— The  diametral  pitch  of  a  cut  gear  is  4;    what  are  the tooth  dimensions? 

SOLUTION— Addendum  =    i  =  \  in.;   root  =  •£-  =  j-  in.-    clear- 
P       4  Q  p       32        ' 

ance  =  87  =  32  in';  whole  dePthof  tooth  =  j^  =  j|j  in.;  thickness  of 
tooth  =  ̂   =  .39+  in.    Ans. P 

29.     Tooth  Proportions  for   Gears  Using   Circular 
Pitch.— With  gears  of  large  size,  and  usually  with  cast 
gears  of  all  sizes,  the  circular-pitch  system  is  used.  In  these 
cases,  it  is  usual  to  make  the  addendum,  whole  depth,  and 
thickness  of  tooth  conform  to  arbitrary  rules  based  on  the 
circular  pitch.  However,  none  of  these  rules  can  be  con- 

sidered absolute.  Machine-molded  gears  require  less  clear- 
ance and  backlash  than  hand-molded,  and  very  large  gears 

should  have  less,  proportionately,  than  smaller  ones.  Table  II 
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gives  the  proportions  that  have  been  used  successfully  and 

will  serve  as  an  aid  in  deciding  on  suitable  dimensions. 

Column  1  is  for  ordinary  cast  gears  and  column  2  is  for 

very  large  gears  having  cut  teeth.  Circular  pitch  =  pt. 

TABLE    II 

PROPORTIONS    FOR    GEAR-TEETH 

i 2 

Addendum            

•3°A 

•3% 

Root  .             
•40/>i 

•3S/i 

Whole  depth                      

•?oA 

•  65A 

Thickness  of  tooth       

•48A 
•495  A 

Width  of  space      

•  52  A 
•5°5A 

30.  Geai*-Blanks. — A  gear-blank  is  a  disk  of  metal 

along  the  circumference  of  which  gear-teeth  are  to  be  cut. 
The  blank  is  turned  in  a  lathe,  and  its  diameter  is  made 

equal  to  the  outside  diameter  of  the  desired  gear.  In 

making  a  gear-blank,  therefore,  the  outside  diameter 
rather  than  the  pitch  diameter  is  required. 

Let  D  =  outside  diameter; 
d  =  pitch  diameter; 
a  =  addendum. 

Then  for  any  gear, 

(1) 
n  1 

But,   in  the   case   of    diametral  pitch,    d  —  -  and  a  =  -. 
P  P 

Substituting  these  values, 
n 

D  = 
P (2) 

which  may  be  used  to  find  the  outside  diameter  when  the 
number  of  teeth  and  the  diametral  pitch  are  known. 

EXAMPLE  1.  —  A  wheel  is  to  have  48  teeth,  6  pitch;  to  what  diameter 
must  the  blank  be  turned? 

SOLUTION.—  By  formula  2,  D —  -  —  =  —  -  —  =  8.33   in.      Ans. 

p  h 



GEARING  27 

EXAMPLE  2.— A  gear-blank  measures  10i  inches  in  diameter  and  is 
to  be  cut  4-pitch;  how  many  teeth  should  the  gear-cutter  be  set  to 
space? 

SOLUTION.— From  formula  2,  D  =  n  +  2,  orn  =  £>Xp-2 
=  10|  X  4  -  2  =  42  -  2  =  40  teeth.  Ans.  P 

EXAMPLES    FOR    PRACTICE 

1.  (a)   How  many  teeth  has  a  2^-pitch  gear,  4  feet  in  diameter? 
(d)  What  is  the  circular  pitch  of  this  gear?  A       /  (a)  120  teeth AnM(£)  1.257  in. 

2.  What  is  the  outside  diameter  of  a  gear-blank  from  which  a  wheel 
is  to  be  cut  having  50  teeth  4-pitch?  Ans.  13  in. 

3.  The  pitch  diameter  of  a  gear  is  25  inches;  what  is  its  outside 
diameter,  supposing  it  to  be  6-pitch?  Ans.  25.333  in. 

4.  A  gear-blank  measures  10.2  inches  in  diameter  and  is  to  be  cut 
10-pitch;  how  many  teeth  should  the  gear-cutter  be  set  to  space? 

   Ans.  100  teeth 

CONSTRUCTION  OF  TOOTH  PROFILES 

31.  Approximate  Methods. — The  exact  construction 
of  the  outlines  of  gear-teeth  involves  a  great  amount  of  work, 
and  hence  is  seldom  employed  except  where  great  accuracy  is 
required.  In  laying  out  the  patterns  of  cast  gears,  especially 
if  the  pitch  is  small,  it  is  not  necessary  to  employ  exact 
constructions,  since  the  cast  teeth  will  depart  somewhat  from 
the  true  form,  however  carefully  the  pattern  may  have  been 
made.  The  part  of  the  curve,  whether  involute,  epicycloid, 
or  hypocyclpid,  used  as  the  tooth  outline  is  so  short  that  for 

practical  purposes  one  or  more  circular  arcs  closely  approxi- 
mating the  true  curve  may  be  used  for  the  profile. 

Many  systems  of  drawing  tooth  profiles  by  means  of  arcs 
of  circles  have  been  proposed,  among  which  may  be 
mentioned  especially  the  odontograph  and  the  odontograph 
table.  The  odoiitograph.  is  a  templet  for  drawing  tooth 
outlines.  Its  form  is  generally  determined  by  a  set  of  radii 
that  give  a  curve  that  closely  approximates  the  correct  tooth 

form.  Tables  of  radii  that  give  tooth  outlines  that  approxi- 
mate very  closely  to  the  correct  forms  are  also  used,  and 

these  are  called  odontograph  tables. 



TABLE  III 

INVOLUTE    ODONTOGRAPH    TABLE    FOR    STANDARD INTERCHANGEABLE    GEARS 

Number  of 
Divide  by  the  Diametral Pitch Multiply  by  the  Circular Pitch 

Teeth 

Face  Radiu Plank  Radius 3    Face  Radiu 
Flank  Radius 

10 2.28 

.69 

•73 

.22 
ii 2.40 

.83 

•76 

.27 

12 2.51 
.96 

.80 

13 

2.62 

•1.09 
•83 

•34 

14 
IS 

16 

2.72 

2.82 
2.92 

1.22 

1-34 

1.46 

'        .87 

.90 

•93 

•39 •43 

•47 

17 

18 
3.02 
3-12 

1.58 
1.69 

.96 

.99 

•So 

•54 

19 

3-22 

1.79 1-03 

•  57 

20 

3-32 

1.89 

1.  06 .60 21 

3.41 

1.98 

1.09 

•63 

22 3-49 2.06 
I.  II .66 

23 
24 

3-57 

3-64 

2.15 2.  '2  4 
1.13 

1.16 

.69 

•7i 
26 

3  7i 3.78 

2.33 

2.42 
1.18 

1.20 

•74 

77 

27 

o 

3.85 
2.50 

1.23 

•/  / 

.80 
28 

3-92 

2.59 
1.25 

.82 

29 

30 

3-99 

4.06 

2.67 

2.76 

1.27 
1.29 

•85 

.88 

31 

4-13 

2.85 
I.3I 

.91 

32 

4.20 

2.93 

i-34 

•93 

33 
34 

35 

36 

4.27 
4-33 
4-39 

4-45 3-01 

3-09 

3.16 
3-23 

1.36 
1.38 

i-39 

1.41 

.96 

•99 

1.  01 

1.03 

37-40 
4.20 

4 
41-45 4.63 

T      .  Q 
46-51 
52-60 61-70 

71-90 
91-120 

S-o6 

5-74 

6.52 

7-72 
9-78 

I  .48 

1.61 

1.83 

2.07 

2.46 

3T
  
  T 

121-180 
181-360 

~              — 

13-38 
21.62 

.1    I 

4.26 

6.88 28 
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32.  The  Involute  Odontograpli  Table.— Table  III 
is  an  involute  odontograph  table  that  gives  a  series  of  radii 
for  constructing  arcs  of  circles  for  approximate  tooth  out^ 
lines.  The  centers  of  these  arcs  all  lie  on  the  base  circle. 
For  gears  with  from  10  to  36  teeth,  the  tooth  profile  consists 
of  two  circular  arcs  of  different  radii,  one  for  the  face  of  the 
tooth  and  one  for  the  part  of  the  profile  between  the  pitch 
circle  and  base  circle.  For  gears  with  more  than  36  teeth, 
a  single  arc  is  used  for  the  curve  between  base  and  addendum 
circles.  The  flanks  from  the  base  line  to  the  bottoms  of  the 

A 

PIG.  28 

spaces  are   straight  radial    lines,  but  at  the  bottom  fillets 
should  be  put  in  to  avoid  sharp  corners. 

The  construction  of  tooth  outlines  by  the  odontograph  table 
is  illustrated  in  Fig.  28.  Suppose  that  it  is  required  to  draw 
a  gear  with  15  teeth,  3  diametral  pitch.  Then,  as  previously 

explained,  pitch  diameter  =  -  =  -^  =  5  inches;  addendum 

=    -  =  -g-  =  .333  inch;   root  = P 
9 

8  x  3 
=  .375  inch;  by 

Art.  14,  radius  of  base  circle  =  .966  X  2.5  =  2.415  inches; 

circular   pitch  =  -— -  =  1.047   inches;    and    thickness    of u 

tooth  =  -----  =  .523  inch.     With  these  data,  the  pitch,  base, 

222—3 
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addendum,   and   root  circles   are  readily  drawn,  as  shown 
at  H>  K,  M,  and  Nt  Fig.  28. 

Let  P  be  some  pitch  point.  Referring  to  the  odontograph 

table,  the  numbers  in  the  columns  for  the  face  and  flank 

radii  are,  respectively,  2.82  inches  and  1.34  inches;  but  these 

must  be  divided  by  the  diametral  pitch  3,  giving  .94  inch 

and  .45  inch,  respectively,  as  the  radii.  Take  points  O  and 

O,  on  the  base  circle,  so  that  OP  =  .94  inch  and  O,P 
=  .45  inch.  With  0  as  a  center,  strike  the  arc  PA,  and 

with  <9t  as  a  center,  strike  the  arc  PB.  From  B  draw  the 
radial  line  3C  and  finish  the  outline  with  the  fillet*.  The 

radius  of  this  fillet  differs  in  practice.  Some  authorities 

recommend  a  radius  equal  to  one-seventh  the  width  of  the 

space  between  two  teeth,  measured  along  the  addendum 

circle,  while  others  recommend  a  smaller  radius.  When  the 
form  of  the  tooth  is 
such  that  the  root  is 
liable  to  be  weak, 
the  radius  should  be 
made  as  large  as 
possible.  Knowing 
the  circular  pitch  and 
thickness  of  tooth, 

the  pitch  points  for  other  teeth  may  be  laid  off  and  the  pro- 
files constructed  in  a  similar  manner. 

The  construction  of  the  involute  rack  is  shown  in  Fig.  29. 
The  side  of  the  tooth  is  a  straight  line  A  B  inclined  at  an 

angle  of  15°  with  a  line  at  right  angles  to  the  pitch  line  L. 
To  correct  for  interference,  the  points  of  the  teeth  are  cut 
away  as  follows:  From  a  point  B  midway  between  the 
pitch  line  L  and  the  addendum  line  F,  strike  a  circular 
arc  B  C  from  a  center  O  on  the  pitch  line  with  a  radius 

2.10 

FIG.  29 

OB  = P 
inches,  or  .67  A  inch. 

33.     The    Cycloidal    Odontograph    Table. — For    the 
cycloidal  system   of  interchangeable  gears  Table  IV  gives 
the  radii  of  circular  arcs  for  faces  and  flanks,  and  also  the 
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distances,  from  the  pitch  circle,  of  the  circles  on  which  the 
centers  lie. 

For  the  12-tooth  gear,  as  previously  stated,  the  flanks  are 

radial;  hence,  the  infinite  values  in  Table  IV,  denoted  by  °o . 
The  manner  of  using  the  odonto graph  table  is  shown  by 

tin  example  in  Fig;.  30,  which  shows  the  layout  of  the  teeth 

FIG.  30 

of  a  16-tooth  gear,  2  diametral  pitch.     For  tnis  gear,  the  fol- 

lowing- data  are  readily  obtained:     Pitch  diameter  =  —  =  ir P 

—  8  inches;  addendum  =  —  =  5  inch;  root  =  -—  =  A  inch. 
P  %P 

From  these  dimensions,  the  addendum,  pitch,  and  root 
circles  can  be  drawn.  From  Table  IV,  the  distance  for  faces 
is  .09  inch,  and  that  for  flanks  is  3.46  inches,  which  divided 
by  2,  the  diametral  pitch,  gives,  respectively,  .045  inch  and 
1.73  inches;  hence,  the  circle  of  face  centers  is  drawn 
.045  inch  inside  the  pitch  circle,  and  the  circle  for  flank 
centers  1.73  inches  outside  the  pitch  circle.  The  radii  in 
Table,  IV  are  2,10  and  7.86,  and  these  divided  by  2  give 
1.05  inches  and  3.93  inches,  respectively,  for  face  radius  and 
flank  radius.  Let  P  be  chosen  as  a  pitch  point.  Then  with 
OP  =  1.05  inches,  locate  the  center  0  on  the  circle  of  face 
centers  and  describe  the  arc  PA;  and  with  0,  P  =  3.93  inches 
locate  Oi  on  the  circle  of  flank  centers  and  describe  the 

arc  P B.  At  the  bottom  of  the  space  put  in  a  fillet,  as  usual. 

The  name  three-point  odontograph  is  sometimes  given  to 
this  system,  from  the  fact  that  the  arc  constructed  by  it  passes 
.through  three  points  on  the  true  cycloidal  curve. 
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BEVEL,  GEARING 

34.  Relation  of  Bevel  to  Spur  Gearing-. — It  has  been 
shown  that  motion  may  be  transmitted  by  rolling  cylinders 
when  the  axes  are  parallel,  or  by  rolling  cones  when  the  axes 
intersect.  If  rolling  cylinders  are  used  as  pitch  surfaces  and 
are  provided  with  teeth,  spur  gears  are  the  result;  if  frustums 
of  rolling  cones  are  used  as  pitch  surfaces  and  provided  with 
teeth,  the  gears  so  formed  are  called  bevel  gears.  Bevel 
gears  are  used  to  transmit  motion  from  one  shaft  to  another 
making  an  angle  with  the  first.  In  case  the  shafts  are  at 
right  angles,  and  the  gears  have  equal  pitch  diameters,  they 
are 'known  as  miter  gears. 

35.  Generation  of  Bevel-Gear  Teeth. — In  the  gen- 
eration of  cycloidal  tooth  outlines  for  spur  gears,  generating 

circles  were  caused  to  roll  on  pitch  circles.  The  tooth  sur- 
faces, however,  are  produced  by  the  rolling  of  generating 

cylinders  on  pitch  cylinders.  The  generation  of  tooth  sur- 
faces for  bevel  gears  is 

accomplished,  in  a  sim- 
ilar manner,  by  the  roll- 
ing of  a  generating  cone 

in  contact  with  the  pitch 
cone. 

In  Fig.  31,  let  COB 
represent  a  pitch  cone, 
the  part  CDEB  being 
the  pitch  surface  of  a 
bevel  gear,  and  let 
A  OC  be  the  generating 
cone.  If  the  genera- 

ting cone  is  supposed  to 
describe  the  tooth  sur- 

face M N  G  P  by  rolling  on  the  pitch  cone,  the  line  NG 
representing  the  outer  edge  of  the  tooth  will  lie  on  the 
surface  of  a  sphere  whose  radius  is  ON.  The  point  N 
that  describes  this  line  is  always  at  a  fixed  distance  from 

FIG.  31 
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the  center  0;  hence,  every  point  in  the  line  NG  is  equally 

distant  from  O,  and,  as  all  points  in  a  spherical  surface 

are  equally  distant  from  a  point  within  called  the  center, 

it  follows  that  NG  must  lie  on  a  spherical  surface. 

The  curve  N  G,  therefore,  may  be  called  a  spherical  epi- 

cycloid, and  by  rolling  the  generating  cone  on  the  concave 

surface  of  the  pitch  cone  a  spherical  liypocycloid  is 

obtained.  A  spherical  involute  may  be  obtained  b> 

unwrapping  an  imaginary  flexible  sheet  from  a  base  cone 

lying  within  the  pitch  cone.  A  point  on  the  edge  of  this 

PIG.  32 

sheet  will  describe  a  curve  on  the  surface  of  a  sphere,  and 

this  curve  will  be  a  spherical  involute. 

To  be  theoretically  exact,  therefore,  the  tooth  curves  for  a 

bevel  gear  should  be  traced  on  the  surface  of  a  sphere,  as 

shown  in  Fig.  32.  This  method  is  not  a  practical  one,  how- 

ever, and  in  practice  is  replaced  by  what  is  known  as  Tred- 
gold's  approximation,  which  is  much  simpler  and  is 
universally  used. 

By  this  method,  the  tooth  curves  are  drawn  on  cones  tan- 
gent to  the  spheres  at  the  pitch  lines  of  the  gears,  as  shown 
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in  Fig.  33.  The  process  is  simply  to  develop  or  unwrap 

the  surfaces  of  the  cones,  the  unwrapped  surfaces  being-  rep- 
resented by  ABC  and  CDE  in  the  figure.  The  length  of 

the  arc  A  B  C  is  equal  to  the  length  'of  the  pitch  circle  A1  C, 
and  the  length  of  the  arc  CDE  is  equal  to  that  of  the 

pitch  circle  CE'.  The  gear-teeth  are  then  drawn  on  the 

FIG.  33 

unwrapped  surfaces,  precisely  as  for  spur  gears  of  the  same 
pitch  and  diameter. 

The  teeth,  as  laid  out  by  Tredgold's  method,  will  vary 
somewhat  from  the  shape  of  the  spherical  teeth.  But 
although  the  tooth  curves  may  not  be  exactly  the  same  as 
the  curves  on  the  sphere,  the  difference  is  so  slight  that  it 
has  no  appreciable  effect  on  the  uniformity  of  the  motion 
transmitted. 
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36.     Laying   Out   Bevel    Gears. — Let    OA    and    OB, 

Fig1.  34,  be  the  axes  of  the  pitch  cones,  intersecting  at  O,  and 
assume  O  C  to  be  the  line  of  contact  of  the  two  cones.  Then,  if 
CD  is  the  radius  of  one  cone,  CE  is  the  radius  of  the  other, 

and  the  velocity  ratio  is 
the  ratio  CD  :  CE. 

Through  C  a  line  is 
drawn  at  right  angles 

to  0  C)  cutting  the  axes 
in  the  points  A  and  B. 

With  A  and  B  as  cen- 
ters and  A  C  and  B  C  as 

radii,  circular  arcs  CG 
and  CH  are  drawn. 

Suppose,  now,  that  CJis 
chosen  as  the  length  of 

the  rolling  conical  frus- 
tum, or,  what  is  the  same 

thing,  the  length  of  the 
face  of  a  tooth.  Through 
J  draw  a  line  parallel  to 

ABt cutting  OA  and  OB 
in  K  and/,,  respectively. 
Then,  with  A  as  a  center, 
and  A  M  =  K  J  as  a 

radius,  draw  the  arc 
MR,  and  with  B  as  a 

center,  and  B  N  =  L  J 
as  a  radius,  draw  the  arc 
NS.  The  four  arcs  CG, 

CH,  MR,  and  NS  are 
then  considered  as  pitch  circles  of  spur  gears,  and  the  tooth 
outlines  are  drawn  according  to  the  methods  already  given. 

Let  na  —  the  number  of  teeth  in  the  gear  whose  axis 
is  OA;  then,  as  in  spur  gearing,  the  diametral  pitch  for  the 
outside  diameter  of  the  cone  is 

PIG.  35 

p  = 

diameter 

I  L  T  374B— 6 
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From  this  value  of  p,  the  addendum,  the  root,  and  the 
radii  for  the  circular  arcs  of  the  tooth  outline  are  obtained. 

Similarly,   for  the   inside  radius,  p  =  ̂ 77:;   and  from  this 

2  J  Q 

value  of  p,  the  teeth  on  the  pitch  circles  MR  and  N S  are 
constructed.  In  making  wooden  patterns  for  cast  gears,  the 
teeth  may  be  laid  out  on  strips  of  thin  sheet  metal,  and  these 

strips  may  then  be  fastened  to  the  ends  of  the  rolling- 
frustums.  The  spaces  in  the  metal  strips  will  form  guides 
at  the  ends  of  the  teeth,  so  that  the  wood  in  the  spaces  may 
be  cut  away  accurately.  In  Fig.  35  is  shown  a  section  of  the 
gears  laid  out  in  Fig.  34. 

37.  Bevel-Gear  Angles. — In  Fig.  36,  O  C  is  an  element 
of  the  pitch  cone,  OF  marks  the  top  and  O E  the  bottom  of 
the  working  portion  of  a  tooth.  The  angles  «,  b,  c,  e,  f,  andg 
are  named  as  follows:  a  is  the  center  angle;  b,  the  face 
angle;  c,  the  cutting  angle;  e,  the  cutting  decrement,  or  angle 

of  bottom;  /,  the  face 
increment,  or  angle 

of  top;  g,  the  angle 
of  edge. 

In  turning  up  a 

gear-blank  to  size,  it 
is  necessary  to  know 
the  outside  diameter, 
face  angle,  and,  also, 
the  angle  of  edge 
The  face  angle  b  is 
found  by  subtracting 

FrG- 36  the  sum  of  the  angles 

a  and  /  from  90°.  The  angle  of  edge  g  is  equal  to  the 
center  angle  a.  The  center  angle  is  determined  from  the 
ratio  between  the  outside  pitch  radii  CD  and  0  D  of  the  two 

gears.  Thus,  CD  and  O  D  represent  the  outside  pitch  radii 
CD 

of  the  two  gears,  and  tan  a  =  — But  CD  and  OD  are 

proportional  to  the  number  of  teeth  in  their  respective  gears1, 
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hence,  the  number  of  teeth  may  be  substituted  for  the  pitch 
radii.  Having:  the  value  of  the  tangent,  the  corresponding 
angle  may  easily  be  found  from  a  table  of  natural  tangents. 
The  cutting  angle  c  is  found  by  subtracting  the  angle  e  from 
the  angle  a.  The  angles  e  and  /may  be  obtained  by  trigo- 

nometry, as  follows:  Let  r  be  the  outside  pitch  radius  CD, 

Fio-   36      Then    tan  /  -  --—  -          v -  '  tan  f  ~  o  c  -  CD  x  oc'        CD CD 
and  —  -  =  sin  a.     Substituting  these  values, 

tan/  =  —-sin  a  (1) r 

Now,  CF  is  the  addendum,  and  when  diametral  pitch  is 
1        2  r 

used,  CF  =-  =  --,  where  n  equals  the  number  of  teeth. 
p         n 

Hence,  for  diametral  pitch,  formula  1  reduces  to 

n  2 
tan  /  =  —  sin  a  =  -  sin  a  (2) 

r       •  n 

In  terms  of  the  circular  pitch,  the  addendum  CF  =  .3  A 
and  consequently,  when  the  circular  pitch  is  used,  formula  1 
becomes 

tan  /  =  :M  sin  a  (3) r 

Having  determined  the  value  of  tan  /,  the  corresponding 
angle  may  readily  be  found  by  reference  to  a  table  of  natural 
tangents. 

In  cutting  bevel  gears,  the  clearance  is  made  constant  for 
the  entire  length  of  the  tooth,  and  the  cutting  angle  is  there- 

fore taken  at  the  working  depth  of  the  tooth,  allowance  for 
clearance  being  made  on  the  cutter.  Then  C  E  =  CF,  and 
it  follows  that  the  angle  e  must  equal  the  angle  /. 

The  outside  diameter  is  equal  to  2  B  D.     But, 

ZBD  =  2(J5C  +  CD)  (4) 

The  angle  B  CF  =  angle  £•  =  angle  a.     Then  —  -  =  cos C  F 

BCF  =   cos    a,    or   B  C  =   CF  cos    a.     But,    CF  is    the 
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2  r 
addendum  which  rs  equal  to  —  for  diametral  pitch,  and  .3/>l n 2  r 

for  circular  pitch.    Hence,  for  diametral  pitch,  B  C  =  —  cos  a\ n 

and  for  circular  pitch,  B  C  =  .8/1  cos  a.  The  radius  CD  =  r. 
Substituting  these  values,  formula  4  becomes,  for  diametml 
pitch, 

outside  diameter  =  2  ( —  cos  a  +r\  (5) 

and  for  circular  pitch, 

outside  diameter  =  2  (.3  p^  cos  a  +  r)  (6) 

The  following  example  will  show  how  to  calculate  the 
various  angles: 

EXAMPLE.—  ^-Suppose  that  two  bevel  gears  have  70  teeth  and 
30  teeth,  respectively,  and  that  the  diametral  pitch  at  the  outer  ends 
of  the  teeth  is  3;  find  the  center,  face,  and  cutting  angles,  the  angles 
of  top,  bottom,  and  edge,  and  the  outside  diameter,  for  each  gear. 

SOLUTION.  —  Since  the  shafts  are  at   right  angles,   use  the  above 

CD formulas,  referring  also  to  Fig.  36.    Tan'fl  =      —.,  =  f{y  =  2.33338,  from 

which  «  =  66°  48'  for  the  larger  gear.     For  the  smaller  gear,  a  =  1)0° 
-  66°  48'  =  23°  12'.    Ans. 

By  formula  2,  tan  /  =  ,-%  X  sin  66°  48'  =  -&  X  .91914  =  .02626;  from 
which  /  =  1°  30'.  Hence,  e  =  1°  30',  also,  and  these  angles  are  the 
same  for  both  bevel  gears.  Ans. 

For  the  large  gear,  a  +  f  =  66°  48'  -4-  1°  30'  =  68°  18'.  Hence,  b  for 

this  gear  is  equal  to  90°  -  68°  18'  =  21°  42';  also,  c  =  a  -  e  =  66°  48' 
-  1°  30'  =  65°  18',  while  g  =  a  =  66°  48'.     Ans. 

For  the  small  gear,  a  +  f  =  23°  12'  +  1°  30'  =  24°  42'.  Hence, 

b  for  this  gear  is  equal  to  90°  -  24°  42'  =  65°  18';  also,  c  -  a  -  e 
=  23°  12'  -  1°  30'  =  21°  42',  and^'  =  a  =  23°  12'.  Ans. 

/2  r  \ 
For  larger  gear,  using  formula  5,  outside  diameter  =  2    —  cosa-f-r) 

Now,  r  =  Hj  =  |  (^)  =  ̂ ;   n  =*  70;  cos  a  -  cos  66°  48'  =  .39394. 

(2  ^  70        1  70\ 
-^  —  X  ™  X  .39394  +  ~r     =  23.6  in 6           70  6/ 

nearly.    Ans. 
ln\ 

For  the  smaller  gear,  r  =  i    -    =  £  (4£)  =  5;  n  =  30;   cos  a  =  cos 
\PI 

23°  12'  =   .91914.     Then,    outside    diameter  =   2  l^~-  X  .91914  + 

V   oO 

<=  10.61  in.     Ans. 
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SPIRAL  AND  WORM-GEARING 

38.     Spiral    Gearing. — The  name   spiral   gearing  is 
given  to  a  system  of  gearing  in  which   the   wheels  have 
cylindrical    pitch    surfaces,    as   in 
.spur  gears,  but  in  which  the  teeth 
are  not  parallel  to  the  axes.    Each 
tooth  winds  helically  like  a  screw 
thread,    hence    spiral    gearing    is 
sometimes  called  screw  gearing. 

In  Fig.  37,  suppose  a  and  b  to     T 
be  two  cylinders  having  axes  A  A   A 

and  B  B,  respectively.     The  cylin- 
ders may  be  made  to  touch  at  a 

single  point  P.     Let  a  helix  .y  be 
traced  on  the  surface  of  b,  passing 
through  P,  and  let   TP  T  be  the 
tangent  to  the  helix  at  P.     Now, 
through   P,   let   a   helical    line  be 

traced  on  the  cylinder  a,  having  such  an  angle  that  its  tan- 
gent is  likewise  T  P  T.  If,  now  the  helix  on  b  be  replaced 

by  a  projection  similar  to  a  screw 
thread,  and  that  on  a  by  a  groove  made 
to  fit  this  projection,  a  rotation  of  b 
about  the  axis  B  B  will  cause  a  rotation 
of  a  about  the  axis  A  A.  In  order  that 

the  motion  may  be  continuous,  succes- 
sive grooves  on  a  must  be  so  spaced  as 

to  engage  properly  with  the' thread  on  b. 

•JB 

FIG.  37 

39.  Relation  of  Spiral  to  Worm- 

Gearing. — The  cylinder  b  may  be  pro- 
vided with  only  one  thread  or  with 

several  threads.  Thus,  in  Fig.  37,  the 

helix  6-  may  be  used  alone,  or  the 
helixes  sltsa,  and  s3  may  be  added.  If 
from  one  to  three  helixes  are  employed, 

the  projections  are  called  threads  rather  than  teeth;  the 

FIG. 38 
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cylinder  and  thread  (or  threads)  together  are  called  a  worm 

and  the  other  cylinder  is  called  the  worm-wheel.  " 
When  each  cylinder  has  several  helixes,  as  shown  i 

Fig.  38,  the  term  tooth  is  used  instead  of  thread;  that  is,  i 

is  said  to  be  a  spiral  gear,  having  a  certain  number  o 
teeth.  It  must  be  understood,  however,  that  the  numbe 

of  teeth  is  the  number  of  helixes  wound  around  the  cylindrics 

pitch  surface,  and  that  a  worm  with  a  single  thread  is  i: 
reality  a  spiral  gear  with  one  tooth. 

40.  Pitches  in  Spiral  Gearing. — The  distance  betwee 

corresponding  points  on  two  consecutive  teeth,  measure- 
around  the  cylindrical  pitch  surface  at  right  angles  to  th 

axis,  is  the  circular  pitch,  a 
shown  at  A  B,  Fig.  39.  This  i 
also  sometimes  called  the  cir 
cumferential  pitch.  The  dis 
tance  measured  at  right  angle 

-I —  to  the  teeth,  as  A  C,  is  called  th 
normal  pitch.  The  distanc 
measured  parallel  to  the  axis,  a 
A  D,  is  the  axial  pitch.  Le 
these  pitches  be  denoted  by  p^  p, 

and pa,  respectively.  If  m  denote 
the  angle  between  the  helix  an 

a  line  on  the  pitch  surface  parallel  to  the  axis,  the 
m  =  B  AC,  and  A  C  =  A  B  cos  BA  C;  that  is, 

pn  =  p^  cos  m  (1) 

The  number  of  teeth  n  on  the  gear  is  equal  to  the  circurr 
ference  of  the  pitch  circle  divided  by  the  circular  pitch;  hence 

2rrr       %n  r  cos  m  /o\ 
n  =  — —  =  —   — —  (A) 

Pi  Pn 

where  r  denotes  the  pitch  radius. 
In  a  pair  of  gears  that  run  together,  the  normal  pitche 

must  be  the  same  in  both,  but  the  circular  pitches  may  c 
may  not  be  the  same.  If  the  axes  of  the  two  gears  are  £ 
right  angles,  the  circular  pitch  of  one  must  be  equal  to  th 
axial  pitch  of  the  other,  and  vice  versa. 

FIG. 39 
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41.     Computation  of  Spiral  Gears  for  Given  Teloc- 
ity Ratio. 

Let  na  and  nb  —  number   of   teeth   in  a  and    b,   Fig.   40, 
respectively; 

ra  and  rb  =  radii  of  pitch  cylinders  o£  a  and  b] 
Na  and  N»  =  speeds  of  a  and  b,  in  revolutions    per minute; 

ma  =  angle  of  teeth  of  a  with  axis  of  a] 
mb  =  angle  of  teeth  of  b  with  axis  of  b; 

e  —  angle  between  axes  of  a  and  b; 
h  =  distance  between  axes  of  a  and  b. 

In  the  case  of  spiral  gears,  the  revolutions  per  minute  of 
the  shafts  are  inversely  as  the  num- 

bers of  teeth,  that  is, 

N6       na  • The  radii  ra  and  r,n  however,  have  no 
direct  influence  on  the  velocity  ratio 
of  the  gears,  and  within  certain  limits 
may  be  made  of  any  length. 

From  Fig.  40,  angle  ma  -\-  angle 
mi,  =  angle  e.  The  relative  magni- 

tudes of  angles  ma  and  mb  depend  on 
the  location  of  the  tangent  TPT. 
Having  fixed  this  tangent  and  the 
angles  ma  and  mb,  the  radii  ra  and  rb 
may  be  obtained  as  follows: 

From  formula  2  of  Art.  40, 
2  TT  ra  cos  ma 

and 2  Ttrb  cos  mb 
ffl .     rrz   

Dividing, 
nb 

~na 

rb  cos  mb 

ra  cos  ma 

(1) 

(2) 

(3) 

It  will  be  seen  from  this  formula  FlG-  40 
that  the  values  of  ra  and  rb  may  be  assumed  if  desired  and 
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the  corresponding;  values  of  ma  and  m/,  calculated.  In  prac- 
tice, however,  the  method  given  above  is  generally  preferred. 

The  speed  ratio  —  -?  being  given,  and  angles  ma  and  mi, 

Jvt 

having  been  decided  on,  the  ratio  —  can  be  found.     Further, 

ra 

the  sum  ra  +  r/,  =  /z,  the  distance  between  the  axes  is 
known,  and  from  the  two  equations  thus  at  hand  the  pitch 
radii  ra  and  rt  may  be  calculated.  An  example  will  show 
the  method. 

EXAMPLE.  —  A  pair  of  spiral  gears  with  axes  at  75°  are  to  transmit 
a  velocity  ratio  of  2|  to  1,  and  the  distance  between  their  axes  is 
14  inches;  find  the  pitch  radii 

SOLUTION.  —  Any  number  of  solutions  may  be  obtained,  since  it  is 

possible  to  divide  75°  into  two  angles  in  an  infinite  number  of  ways. 

Suppose,  first,  ma  =  mt  =  37|°;    then  ̂   =  2.5  =  ~-  °°S  ̂!f-°,  or  —  * AV                  ra  cos  37-2-  ^a 
—  2.5.     But,  ra  +  rt,  —  14";  whence  rb  =  10"  and  ra  =  4".     Ans. 

For  a  second  solution,  let  ma  =  30°  and  mt  =  45°;  then 

2.5  =  =  .817      ,  or       -  =  3.06. 
ra  cos  30°  ra  '       ra       .817 

Solving,  ra  =  3.45"  and  r6  =  10.55".    Ans. 

WORM-GEARS 

42.     Threads  of  Worms  and  Teeth  of  Worm-Wheels. 

When  the  angle  m  of  the  helix,  Fig.  39,  is  so  great  that  the 
tooth  becomes  a  thread  winding  entirely  around  the  pitch 
cylinder,  the  combination  is  called  a  worm  and  worm- 

wheel.  Usually,  the  axes  of  worm-gears  are  at  right  angles. 
The. screw  may  have  a  single  thread  or  two  or  three  threads 
With  a  single  thread,  the  velocity  ratio  of  the  gears  is  equal 
to  the  number  of  teeth  in  the  worm-wheel;  thus,  if  the  wheel 
has  40  teeth,  40  turns  of  the  worm-shaft  are  required  for 
1  turn  of  the  wheel. 

Fig.  41  shows  a  worm  and  worm-wheel.  It  will  be  noticed 
that  in  the  longitudinal  section,  taken  through  the  worm,  the 
threads  appear  to  be  like  involute  rack  teeth.  The  worm  is 
usually  made  in  a  screw-cutting  lathe,  and  as  it  is  easier  to 
turn  the  threads  with  straight  sides,  it  is  better  that  they 
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should  be  of  the  involute  form.  Involute  teeth,  then,  should 

be  used  on  the  wheel,  and  should  be  of  a  pitch  to  correspond 
with  the  threads  on  the  worm. 

The  circular-pitch  system  is  used  for  worm-gearing  because 
lathes  are  seldom  provided  with  the  correct  change  gears  for 
cutting  diametral  pitches.  The  circular  pitch  is  not  so  incon- 

venient, however,  in  the  case  of  worm-gearing  as  with 

FIG.  41 

spur  gearing.  If  the  diameter  of  the  worm-wheel  should 
come  in  awkward  figures,  the  diameter  of  the  worm  can  be 
made  such  that  the  distance  between  centers  will  be  the 

dimension  desired.  The  circular  pitch  of  the  gear  must  be 
equal  to  the  axial  pitch  of  the  worm. 

43.     Close-Fitting    Worm    and    Wheel. — To   make   a 
close-fitting  wheel,  a  worm  is  made  of  tool  steel  and  then 



46  GEARING 

fluted  and  hardened  like  a  tap.  It  is  almost  a  duplicate  of 
the  worm  to  be  used,  being  of  a  slightly  larger  diameter  to 
allow  for  clearance.  This  cutter,  or  hob,  is  placed  in  mesh 

with  the  worm-wheel,  on  the  face  of  which  notches  have  been 
cut  deep  enough  to  receive  the  points  of  the  teeth  of  the  hob. 
The  hob  is  then  made  to  drive  the  wheel  and  is  dropped 

deeper  into  it  at  each  revolution  of  the  latter  until  the  teeth 
are  finished. 

Fig.  41  represents  a  close-fitting  worm  and  wheel.  The 
pitch  circles  are  in  contact  at  P.  The  outside  diameter  D  of 
the  worm  may  be  made  four  or  five  times  the  pitch.  The 
arcs  C  JC  and  E F  are  drawn  about  O  and  limit  the  addendum 

and  root  of  the  wheel  teeth,  the  distance  between  them  being 
the  whole  depth  of  the  teeth.  Clearance  is  allowed  just  as 
in  spur  gearing.  The  angle  a  is  generally  taken  as  either 

60°  or  90°.  The  whole  diameter  of  the  wheel  blank  can  be 
obtained  by  measuring  the  drawing. 

The  object  of  nobbing  a  wheel  is  to  get  more  of  the  bearing 
surface  of  the  teeth  on  the  worm-thread,  making  the  outline 
of  the  teeth  something  like  the  thread  of  a  nut. 
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GEAR    TRAINS 

1.  Use  of  Trains. — Motion  may  be  transmitted  between 
two  parallel  shafts  by  a  single  pair  of  gear-wheels  or  by  a 
-single  pair  of  pulleys  and  a  belt.  However,  it  is  often  pref- 

erable to  replace  the  single  pair  by  a  series  of  such  gears 
or  pulleys,  especially  if  the  required  velocity  ratio  is  great. 
Thus,  in  Fig.  1,  it  would  be  possible  to  transmit  motion 
from  shaft  A  to  shaft  F  by  means  of  two  pulleys  only,  but 
to  give  the  desired 

velocity  ratio,  pul- 
ley a  would  be  very 

large  and  pulley  / 

very  small.  By  inter- 
posing the  intermedi- 

ate shafts  B  and  E 
and  the  pulleys  b,  c,  d, 
and  e,  the  velocity 
ratio  is  obtained  with 

pulleys  that  do  not 
vary  greatly  in  size. 
In  the  same  way, 
motion  may  be  transmitted  by  a  single  pair  of  gears,  but 
it  is  often  better  to  introduce  intermediate  gears  to  avoid 
inconvenient  sizes. 

In  general,  a  series  of  pulleys,  gear-wheels,  worms  and 
worm-wheels,  etc.,  interposed  between  the  driving  and  driven 
shafts,  is  called  a  train  of  mechanism.  If  all  the  members 
are  spur  gears,  the  train  is  called  a  gear  train  or  train  of 
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gears;  with  bevel  gears  for  members,  it  is  called  a  bevel- 
gear  train. 

2.  Velocity  Katio  of  Two  Wheels. — In  Fig.  2,  let  a 
and  b  be  two  gear-wheels  turning  on  the  shafts  A  and  B, 

and  let  P  be  the  pitch  point  or  point  of  contact  of  the  roll- 
ing pitch  circles.  Evidently,  since  these  pitch  circles  roll 

together,  points  on  their  circumferences  have  the  same 
velocity.  Let  ra  denote  the  radius  of  the  wheel  a,  and  Na 
the  speed  of  «,  in  revolutions  per  minute,  frequently  written 
R.  P.  M.  Then  a  point  on  the  circumference  of  a  travels, 

FIG.  2 

in  1  minute,  ̂ ^r^Na.  feet,  and  a  point  on  the  circumference 
of  b  travels  ̂ icrtNt  feet.     Hence,  InraNa  —  2  n  rb  Nb, 
or  raNa  =  rbNb          (1) 

whence  ^  =  ̂   (2) 
Nb        ra 

That  is,  the  revolutions  per  minute  of  two  wheels  running 
together  are  inversely  as  their  radii. 

The  radii  of  the  wheels  are  directly  proportional  to  the 
diameters  and  to  the  number  of  teeth;  hence  it  is  allowable 
to  use  the  ratio  of  either  the  radii,  diameters,  or  numbers 
of  teeth,  as  is  most  convenient.  Furthermore,  in  any  one 
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train,  the  radii  of  one  pair,  the  diameters  of  another  pair, 
and  the  numbers  of  teeth  in  a  third  pair,  may  be  used. 

3.  Velocity  Ratio  of  a  Train  of  Gears. — Suppose 
that  there  is  a  train,  as  shown  in  Fig.  3,  in  which  the  pairs 
are  a  and  b,  c  and  d,  and  e  and  /.  From  formula  2  of  Art.  2, 

—?  =  -*  =  __*,  where  rand  D  denote,  respectively,  the  radius 2V i,       ra       JJ 

FIG.  3 

and  the  diameter  of   the   gear.     For  the   second  pair 

=  ̂   =  ̂ ;  and  for  the  third  pair,  -  *  =  ̂   =  ±2. ^       A:  TV/       re       A 

ing  together  the  left-hand  and  the  right-hand  members, 
respectively,  of  these  three  equations,  and  placing  the  prod- 

ucts equal  to  one  another, 

A/"  y  TV  v  /V        TL  v  r^  v  •»-•,       71   v  D   v  /") -*  v  a   /*x   -t  v  ̂   /\  -t  v  e         A  ̂   /\    r  d  /\   /  /  JLs &  /^   /-/^  /\   -^-^/ 

TV*  V   A/J  V    /Vf         ̂ VrVy  yOv/lvA) ^VAA.-iVar/\YV/  r  a   S\   f(  /\   re  J-J  a  A   /-/<:  A  -t-'e 

But  gears  <5  and  c  are  fixed  to  the  same  shaft,  as  are  gears  d 

and  e,  hence  A7*  =  Nc  and  TVrf  =  A7",;  therefore  the  first  frac- 

tion reduces  to  — ?,  which  is  the  ratio  between  the  speeds  of 

Nf 



4  GEAR  TRAINS  AND  CAMS 

the  first  and  last  shafts.     Therefore  the  preceding  formula 

may  be  expressed  thus: 
product  of   radii,  diameters, 
or  number  of  teeth  of  all  the 

R.  P.  M.  of  the  driving-  shaft       followers 

R.  P.  M.  of  the  driven  shaft       product  of  radii,  diameters, 
or  number  of  teeth  of  all  the 
drivers. 

EXAMPLE. — In  Fig.  4  is  shown  a  train  of  six  wheels  on  four  shafts. 

Four  of  the  wheels  are  gear-wheels,  and  two  are  pulleys  connected  by 

a  belt.  Let  d1}  d,,  etc.  denote  the  drivers,  and  /i, /"a,  etc.  the  fol- 
lowers, A"  the  number  of  revolutions  of  di,  and  n  the  number  of 

revolutions  of  /3.  Suppose  that  the  pulley  A  is  40  inches  in  diameter, 

FIG.  4 

and  /!  35  inches;  dz  has  54  teeth,  and  /2  60  teeth;  d3  is  1  foot  in  diam- 

eter, and  /3  2  feet.  What  is  the  speed  of  fa  if  N  =  100  revolutions  per 
minute? 

SOLUTION.—  The  product  of  the  drivers  X  the  speed  of  the  driving 

shaft  =  the  product  of  the  followers  X  speed  of  the  driven  shaft;  that 

is,  100  X  40  X  54  X  1  =  «  X  35  X  60  X  2.  Hence, 

The  drivers  and  followers  may  be  arranged  in  any  order  without 

changing  the  result;  that  is,  they  may  be  interchanged  among  them- 
selves, It  should  be  noticed,  however,  that  if  the  diameter  of  one 

driver  be  given  in  inches,  the  diameter  of  its  follower  must  also  be 

given  in  inches. 

4.  [Direction  oi  notation.  —  Axes  connected  by  gear- 
wheels rotate  in  opposite  directions.  Hence,  in  a  train 

consisting  solely  of  external  gear-wheels,  if  the  number  of 
axes  be  odd,  the  first  and  last  wheels  will  revolve  in  the 
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same  direction;  if  the  number  be  even,  they  will  revolve  in 
opposite  directions. 

It  is  evident  that  in  the  case  of  a  pinion  working  in  an 
internal  gear  the  two  wheels  will  turn  in  the  same  direction. 

5.  Idlers.— In  the  train  in  Fig.  3,  shaft  B  carries  two 
gears,  one  being  driven  by  gear  a  and  the  other  driving  gear  d. 
Sometimes,  however,  only  one  intermediate  gear  is  used, 
serving  both  as  a  driver  and  a  follower.  Such  a  wheel  is 
called  an  idler,  or  idle  wheel,  and  while  it  affects  the  relative 
direction  of  rotation  of  the  wheels  it  is  placed  between,  it 
does  not  affect  their  velocity  ratio. 

The  following  examples  will  illustrate  this  statement, 
and  show  a  few  ways  in  which  idlers 
are  used.  In  Fig.  5  is  shown  one 
method  of  arranging  the  change 
gears  on  the  end  of  an  engine  lathe 
for  changing  the  speed  of  the  lead 
screw,  which  is  used  to  feed  the  tool 

in  screw  cutting.  The  driver  d^  re- 
ceives motion  from  the  lathe  spindle, 

and  the  follower  f,  drives  the  lead 
screw.  The  middle  wheel,  which  is 
an  idler,  acts  both  as  a  driver  and 
follower,  or  as  dz  and  flf 

Let  N!  and  N*  represent,  respectively,  the  number  of 
revolutions  of  dl  and  /„  and  let  the  letters  d,,  d*,  /,,  and  f,  be 
used  to  denote  either  the  radii,  diameters,  or  numbers  of 
teech  of  the  wheels,  as  well  as  the  wheels  themselves.  Then, 

~  =  -7   ~-     But,  as  da  and  /j  represent  the  same  wheel, •L  V  i  I\    /\    /2 

they  have  the  same  value,  and  —  =  — ,  or  Na  —  — — .    That 

is,  the  speed  of  /,  is  exactly  the  same  as  though  no  idler 
were  used. 

To  change  the  speed  of  the  lead  screw,  a  different  size  of 

wheel  is  put  on  in  place  of  rfx  or  /„  or  both  are  changed. 
The  idler  turns  on  a  stud  clamped  in  the  slot  in  the  arm  a. 

PIG-  5 
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This  stud  can  be  moved  in  the  slot  to  accommodate  the  dif- 
ferent sizes  of  wheels  on  /.  To  bring  the  wheel  in  contact 

with  the  gear  on  s,  the  arm  is  swung  about  /  until  in  the 
right  position,  when  it  is  clamped  to  the  frame  by  the  bolt  b. 

The  way  in  which  an  idler  changes  the  direction  of  rotation 
is  shown  in  Fig.  6,  which  is  a  reversing  mechanism,  some- 

times placed  on  the  headstock  of  a  lathe  for  reversing-  the 
feed.  Here  the  idler  / 
is  in  contact  with  gears  d 
and/,  making  three  axes, 
an  odd  number,  so  that 
d  and  /  turn  in  the  same 
direction.  Wheels /and 

/',  however,  are  pinned 
to  the  plate  p,  which 
can  swing  about  the 

axis  of  /,  and  they  re- 
main always  in  contact. 

Moreover,  as  plate  p 

swings  about  its  center  gear,  7  must  necessarily  remain  in 
contact  with  gear  /.  If  the  lower  end  of  the  handle  //  be  drawn 
upwards,  the  plate  will  be  turned  clockwise  about  the  shaft 
of  /,  by  means  of  the  pin  working  in  the  slot  in  the  lever  /. 
The  two  idlers  will  take  the  dotted  positions  shown,  and  d 
will  drive  /  through  both  of  them.  The  number  of  axes  will 
then  be  even,  so  that  d  and  /  will  turn  in  opposite  directions. 

PIG.  6 

ENGINE-LATHE   GEAR  TRAINS 

THE     BACK-GEAR    TRAIN 

6.  Some  of  the  best  examples  of  gears  in  trains  are  to 
be  found  in  engine  lathes.  Fig.  7  shows  the  headstock  of  an 
engine  lathe,  the  spindle  S  turning  in  bearings,  as  shown, 
and  having  a  face  plate  p  and  a  center  on  the  right  end  for 
placing  the  work.  The  lead  screw  /,  used  in  screw  cutting, 
is  connected  with  the  spindle  by  the  train  of  gears  on  the 
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left,  which  will  be  described  later.  The  back  gears  F^ 
and  Da,  on  the  shaft  m  n,  have  been  drawn  above  the  spindle 
for  convenience  of  illustration,  instead  of  back  of  it,  where 
they  are  really  placed. 

It  is  important  to  keep  the  cutting  speed  within  limits 
that  the  tool  will  safely  stand.  For  turning  work  of 
different  diameters  and  materials,  therefore,  the  spindle 
must  be  driven  at  different  speeds.  This  is  accomplished 
by  means  of  the  cone  pulley  c  driven  by  a  similar  pulley 
on  the  countershaft  by  means  of  a  belt,  and  by  means  of 
the  back  gears. 

The  gear  F,  is  fastened  to  the  spindle  S*  and  always  turns 

FIG.  7 

with  it.  The  cone  <r,  however,  is  loose  on  the  spindle,  but  can 
be  made  to  turn  the  latter  by  means  of  a  lug,  or  catch,  operated 
by  a  nut  under  the  rim  of  F,.  When  the  nut  is  moved  out 
from  the  center,  the  lug  engages  with  a  slot  in  the  large  end 
of  the  cone.  The  cone  will  then  turn  with  the  spindle,  and 
as  many  changes  of  speed  may  be  had  as  there  are  pulleys 
on  the  cone.  As  ordinarily  constructed,  however,  the  cone 
alone  does  not  give  a  range  of  speed  great  enough  to  include 
all  classes  of  work,  nor  is  the  belt  power  sufficient  for  the 
larger  work  and  heavier  cuts.  It  makes  the  lathe  more  com- 

pact and  satisfactory  to  construct  the  cone  for  the  higher 
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speeds  and  lighter  work,  and  to  obtain  the  speeds  f
or  the 

heavier  work  by  means  of  back  gears.  Referring  t
o  the 

figure,  it  will  be  seen  that  the  back  gears  are  connecte
d  by 

the  sleeve  s,  and  so  form  one  rigid  piece.  The  gear  F
, 

meshes  with  A,  and  A,  which  is  loose  on  the  spindl
e  but 

fastened  to  the  cone,  meshes  with •  F>.  To  get  the  slo
wer 

speeds,  the  nut  mentioned  before  is  moved  in  towar
d  the 

center  of  Flt  disengaging  the  gear  from  the  cone,  whic
h  is 

now  free  to  turn  on  the  spindle.  Hence,  if  the  back  gea
rs 

are  in  mesh  with  the  gears  on  the  spindle,  the  belt  will  d
rive 

the  spindle  at  a  slower  speed  through  the  cone  and 
 the 

train  A,  Fl}  A,  F*. 

The  back  gears  cannot  remain  in  gear  when  the  cone  an
d 

gear  F,  are  connected;  if  they  do,  the  lathe  will  not  start,
  or 

teeth  will  be  broken  out  of  the  wheels.  To  provide  f
or 

throwing  them  in  and  out  of  gear,  as  required,  the  rod  on 

which  are  the  back  gears  and  sleeve  j  is  provided  with  ecc
en- 

tric ends  at  m  and  n,  fitting  in  bearings  in  the  frame.  By 

turning  the  rod  part  way  round  by  means  of  the  handle  /*, 

the  gears  can  be  thrown  either  in  or  out  of  gear. 

A  lathe  is  spoken  of  as  running  back-geared  when  the 

back  gears  are  in,  and  as  being  in  single  gear  when  they  are 

out  of  gear.  This  arrangement,  or  a  modification  of  it,  is 

used  on  upright  drills,  boring  mills,  milling  machines,  .and 
other  machine  tools. 

EXAMPLE.— The  four  steps  of  the  cone  pulley  of  a  lathe,  as  in 

Fig.  7,  have  diameters  of  15,  12,  9,  and  6  inches,  respectively,  and  the 

cone  on  the  countershaft  is  the  same  as  that  on  the  lathe.  Suppose 

the  gears  A,  Flt  &„  and  Ft  to  have,  respectively,  30,  108,  24,  and 

84  teeth.  The  countershaft  makes  105  revolutions  per  minute.  Deter- 

mine the  eight  speeds  of  the  spindle  that  may  be  obtained. 

SOLUTION.— With  the  back  gear  thrown  out,  the  following  speeds 
are  obtained: 

1.  With  the  belt  on  the   first    pair   of   steps,    the   spindle    speed 

=  ̂   X  105  =  262|  R.  P.  M. 

2.  With  the  belt  on  the  second  pair,  the  speed  =  ir  X  105  =  140 
R.  P.  M. 

3.  With  belt  on  third  pair,  the  speed  =  '&  X  105  =  78f  R.  P.  M. 
4.  With  belt  on  fourth  pair,  the  speed  =  &  X  105  =  42  R.  P.  M. 
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30  X  24         5 
The  velocity  ratio  of  the  train  is  7^5-77-57  =  p^.     Hence,  with  the 

IUo    X    O*  DO 

back  gear  thrown  in,  the  speeds  for  the  various  pairs  of  steps  will  be 
those  given  above  multiplied  by  i^3.     Thus, 

5.  262|  X  &  =  20f  R.  P.  M. 

6.  140  X  <fe  =  1H  R-  P.  M. 

7.  78f  X  A  =  6i  R-  P.  M. 
8.  42  X  A  =  3*  R.  P.  M. 

THE    SCREW-CUTTING    TRAIN 

7.  Screw  Cutting.  —  The  engine  lathe  is  .frequently  used 
for  screw  cutting.  Referring  to  Fig.  7,  the  screw-cutting 
mechanism  is  driven  from  the  gear  dlt  which  is  fastened  to 
the  spindle;  this  connects  with  the  lead  screw  /,  through  the 
gears  /n  da,  the  idler  /,  and  the  gear  /2.  To  cut  a  screw 
thread,  the  work  is  placed  between  the  centers  of  the 
lathe  and  made  to  turn  with  the  face  plate  by  the  dog  b 
clamped  to  the  end  of  the  work.  The  spindle  runs  toward 
the  operator,  or  clockwise,  as  looked  at  from  the  outer  end 
of  the  headstock,  and  the  carriage,  tool  post,  and  tool,  all 
of  which  are  here  represented  by  the  pointer,  are  moved  by 
the  lead  screw  along  the  lathe  bed  parallel  to  the  axis  of 
the  spindle. 

In  cutting  a  right-hand  thread,  the  tool  must  move  from 
right  to  left,  and  from  left  to  right  in  cutting  a  left-hand 
thread. 

Suppose  that  the  lead  screw  has  a  left-hand  thread,  as 
shown  in  Fig.  7;  then,  to  move  the  tool  from  right  to  left, 
the  lead  screw  must  turn  counter-clockwise,  regarded  from 

the  outer  end  'of  the  headstock;  to  move  the  tool  from  left 
to  right,  it  must  turn  clockwise.  Hence,  to  cut  a  right-hand 
thread,  the  spindle  and  lead  screw  must  turn  in  opposite 
directions  and  the  number  of  axes  in  the  train  connecting 
them  must  be  even;  while  to  cut  a  left-hand  screw,  the 
spindle  and  lead  screw  turn  in  the  same  direction  and  the 
number  of  axes  in  the  train  must  be  odd.  If  the  lead  screw 

has  a  right-hand  thread,  these  movements  must  be  reversed. 
In  Fig.  7,  the  lead  screw  has  a  left-hand  thread,  and  there 

are  four  axes  in  the  train.  To  cut  a  left-hand  screw,  another 
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axis  must  be  added  and  with  this  form  of  lathe  provision  is 
made  for  a  second  fixed  stud,  on  which  is  placed  a  second 

idler  between  wheels  d,  and  /. 
An  arrangement  frequently  adopted  is  shown  in  Fig.  8, 

The  driving  gear  d1  on  the  spindle  and  the  follower  /t  on  the 
stud  do  not  mesh  directly  together,  but  the  idlers  /i  and  / 

PIG.  8 

are  interposed  as  explained  4n  connection  with  Fig.  6. 
These  two  gears  are  always  in  mesh,  and  rotate  on  studs 
carried  by  an  arm  of  the  lever  a,  which  is  pivoted  on  the 
same  stud  as  d-  and  /,.  Otherwise,  the  train  is  the  same  as 

that  of  Fig.  7.  When  d,  drives  A -through  the  single  idler  7t 
there  are  five  axes  in  the  train,  but  when  the  lever  a  is 
moved  downwards  ^  drives  7a,  7a  drives  Ilt  and  A  drives  /,; 
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there  are  thus  six  axes  in  the  train.  Hence,  by  merely 
shifting  the  lever  a,  the  number  of  axes  may  be  made  odd  or 

even  as  desired.  A  right-hand  lead  screw  is  generally  used 
with  this  train;  hence,  to  cut  a  right-hand  thread,  /.,  is  thrown 
out  of  gear,  and  to  cut  a  left-hand  thread  it  is  thrown  in 
gear.  With  a  left-hand  lead  screw,  the  reverse  would  be 
true. 

8.     Gears  for  Cutting  Thread  of  Given  Pitch.  —  The 
pitch  of  the  thread  cut  depends  on  two  things,  namely,  the 
pitch  of  the  lead  screw  and  the  velocity  ratio  of  the  train 
connecting  the  lead  screw  and  the  spindle. 

Let  ,y  =  number  of  threads  per  inch  on  the  lead  screw; 
t  =  number  of  threads  per  inch  to  be  cut. 

Then,  while  the  carriage  moves  1  inch,  the  spindle  must 
make  /  turns  and  the  lead  screw  £  turns;  hence,  for  a  given 
travel  of  the  carriage, 

the  turns  of  spindle     _  t 
the  turns  of  lead  screw        .y 

Since  the  spindle  and  lead  screw  are,  respectively, 
the  driving  and  driven  shafts,  and  following  the  rule 
of  Art.  3, 

/  _  product  of  numbers  of  teeth  of  all  followers 
s          product  of  numbers  of  teeth  of  all  drivers 

With  the  train  of   Fig.   7  or  that  of    Fig.  8,   therefore, 

£        d±  X  d* 

When  the  lathe  has  a  stud,  as  in  Fig.  7,  gears  d1  and  /, 
remain  unchanged,  and  the  different  pitches  required  are 
obtained  by  different  combinations  of  the  gears  d3  and  /„. 

The  constant  ratio  -1  may  be  denoted  by  K;  then 

or 

t_  = 

s 

f,  = 

(1) 

(2) 

EXAMPLE.— -If  the  lead  screw,  Fig.  7,  has  six  threads  per  inch, 
dl  has  30  teeth,  and  A  60  teeth,  find  proper  gears  d,  and  /a  to  cut  four, 
five,  six,  seven,  eight,  nine,  and  ten  threads  per  inch. 
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SOLUTION.—    K  =  £  =  ~  =  2;  s  =  6.    Then,  using  formula  2, «i        oU 
4 

For  four  threads,  /2  =  S-TTH  ̂ 2  =  A^a •"   xN  0 

For  five  threads,  /2  =  A  ̂2 
For  six  threads,  /a  =  TS  da,  etc. 

On  the  stud,  place  a  gear  0fa  having  a  number  of  teeth  that  is  some 

multiple  of  12;    say,  72  teeth;  then  /,  =  -^  d,  =  g-^-g  X  72  =  6  '• 

Hence,  the  number  of  teeth  in  fa,  the  gear  to  be  placed  on  the  lead 

screw,  is  six  times  the  number  of  threads  per  inch  to  be  cut.  To  cut 

four  threads,  a24-tooth  gear  is  required  on  the  screw;  for  rive  threads, 

a  30-tooth  gear;  for  six  threads  a  36-tooth  gear,  etc. 
A  number  of  other   arrangements    are   possible.     Thus,   with    an 

•  84 

84-tooth  gear  on  the  stud,  the  gear  on  the  lead  screw  must  have  ̂ --  / 
Qfi 

=  7  t  teeth,  and  with  a  96-tooth  gear  on  the  stud,  f*  =  g-^-g  t  =  8  t. 
Aus. 

In  designing-  a  set  of  gears  for  a  lathe,  the  number  of  sepa- 
rate gear-wheels  should  be  as  small  as  can  be  found  to  cut  the 

desired  range  of  threads.  The  change  gears  should  have 

involute  teeth,  so  that  the  distances  between  centers  may  vary 

slightly  without  affecting  the  constancy  of  the  velocity  ratio. 

9.  Compound  Gearing. —  Lathes  are  frequently 

designed  so  that  the  screw-cutting  train  can  be  com- 
pounded. The  single  idler  /.,  Fig.  8,  is  replaced  by  two 

gears  d,  and  /„,  Fig.  9,  which  are  fastened  together  and  turn 
about  the  axis  s.  Gear  /3  is  driven  by  da,  and  da  acts  as  the 

driver  for  /a,  the  gear  on  the  lead  screw.  The  general  formula 
t       f  X  /  X  / 

for  this  arrangement  is  -  =  — ^   ^   7,  or s      di  X  d,  X  d* 

t  _  V-  v  *'  v  ̂          f  T) 
~  —  •**-  /^  ~T  ̂   ~j  \  -*-  / s  a3       dt 

The  ratio  —  is  usually  kept  constant  for  several  pitches, 

da 

the  gears  /2  and  da  being  changed.     Denoting  this  ratio  by 

or 

d. 
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The  ratio  K  •=  —  is  usually  either  2  or  1,  and  the   ratio 

d-,. 

Ki  =  ~  is  usually  either  4  or  2,  or  -  or  -,  according1  as  /3  or  da 
&$  ~£  & 

is  the  larger  of  the  two  gears. 

The  following  example  illustrates  the  application  of  these 

principles: 

EXAMPLE. — In  a  lathe  with  compound  gearing,  gears  di  and  /"j  are 
equal,  gear  d3  has  30  teeth,  gear  /3  has  36  teeth,  and  the  lead  screw 
has  five  threads  per  inch.  Find  a  set  of  change  gears,  the  smallest 
to  have  24  teeth  and  the  largest  64  teeth,  to  cut  from  four  to  six- 

teen threads  per  inch,  using  as  small  a  number  of  gears  in  the  set  as 

possible. 
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/  Qft  /  /  Qf\ 

SOLUTION. — From   formula'  1,    ̂   =  1  X  SK  X  -p   or  5  =  on 

Hence,  /.  =  =  X  ™  X  ̂ 2  =  7;  rfo.     That  is,  to  cut  four  threads  per  inch, 
5         00  0 

/a  =  !<£*;  to  cut  five  threads,  fa  =  |^2;  to  cut  six  threads,  /2  =  f^2, 
and  so  on  for  the  remaining  threads.  Since  da  is  always  multiplied  by 
a  fraction  whose  denominator  is  6,  let  da  be  chosen  as  some  multiple 
of  6,  say  48.  Then, 

For  four  threads,        /,  =  $  X  48  =  32  teeth 
For  five  threads,          /2  =  I  X  48  =  40  teeth 
For  six  threads,  /2  =  f  X  48  =  48  teeth 
For  seven  threads,      f,  =  &X  48  =  56  teeth 
For  eight  threads,       /a  =  I  X  48  =  64  teeth 
It  is  evident  that  for  nine  threads,  with  a  48-toqth  gear  on  the  stud, 

there  would  need  to  be  a  72-tooth  gear  on  the  lead  screw.  But  the 
largest  gear  is  to  have  only  64  teeth.  Hence,  the  size  of  d2  is  changed 
to  24  teeth,  and  then, 

For  nine  threads,         /2  =    |  X  24  =  36  teeth 
For  ten  threads,  /,  =  ¥  X  24  =  40  teeth 
For  eleven  threads,      /„  =  ¥  X  24  =  44  teeth 
For  twelve  threads,     /2  =  nr  X  24  =  48  teeth 
For  thirteen  threads,  /,  =  ¥  X  24  =  52  teeth 
For  fourteen  threads,  /2  =  ¥  X  24  =  56  teeth 
For  fifteen  threads,     /,  =  ¥  X  24  =  60  teeth 
For  sixteen  threads,    /„  =  ̂   X  24  =  64  teeth 
Therefore,  the  change  gears  required  are  those  having  24,  32,  36, 

40,  44,  48,  52,  56,  60,  and  64  teeth,  respectively,  or  eleven  gears  in  all, 
since  there  must  be  two  48-tooth  gears  in  cutting  six  threads  per  inch. 

EXAMPLES    VOU    PRACTICE 

1.  In  a  lathe  geared  as  in  Fig.  7,  the  wheels  dlt  /i,  and  d^  have 
18,  24,.  and  16  teeth,  respectively,  and  the  lead  screw  has  six  threads 
per  inch;  what  must  be  the  number  of  teeth  in  /2  to  cut  eight  threads 
per  inch?  Ans.  16  teeth 

2.  In  a  lathe  like  that  in  Fig.  7,  /2  has  20  teeth,  ds  15  teeth,  and  the 
ratio  1C  has  a  value  of  f;  how  many  threads  per  inch  must  the  lead 
screw  have  to  cut  twelve  threads  per  inch?  Ans.  6  threads 

3.  In  the  lathe  of  Fig.  9,  suppose  that  the  values  of  K  and  Kl  are 
2  and  1,  respectively,  and  that  da  has  24  teeth;  find  how  many  teeth  f? 
must  have,  in  order  to  cut  ten  threads  per  inch,  assuming  the  lead 
Screw  to  have  six  threads  per  inch.  Ans.  20  teeth 
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BPICYCLIC  TRAINS 

10.  In  the  trains  discussed  thus  far,  all  the  wheels  turn 
on  fixed  axes,  that  is,  axes  forming  a  part  of  the  frame  or 
fixed  link  of  the  machine.  There  are  trains,  however,  in 
which  awheel  (or  several  wheels)  turns  on  an  axis  that  itself 
moves  relative  to  the  frame.  In  particular,  there  are  cases 
in  which  the  axis  revolves  about  another  fixed  axis;  a  train 
containing  such  a  combination  is  called  an  epicyclic  train. 

-In  Fig.  10, 
11.     Principle  of  Combined  Rotations.- 

a  wheel  w  is  pinned  at 
B  to  an  arm  a  that 
rotates  about  the  fixed 
point  A.  The  wheel  w 
turns  about  the  pin  B, 
which  moves  in  the 
circular  path  s.  With 
the  arm  and  wheel  in 
the  first  position,  a 
line  B  C  of  the  wheel 
coincides  with  A  B,  the 
center  line  of  the  arm. 
Suppose  that  the  arm 
moves  to  a  new  posi- 

tion A  B';  then,  if  the 
wheel  were  rigidly 

fastened  to  the  arm,  the  line  B  C  would  be  at  B'  O  in  the 
line  AB'.  If,  however,  the  wheel  has  in  the  meantime 
turned  on  the  pin  B,  B  C  will  have  taken  some  new  posi- 

tion B'  C".  Let  B'  C"  be  prolonged  to  meet  B  C  in  E\  then 
the  angle  BAB1  =  m±  =  angle  through  which  the  arm  has 
turned;  angle  C'  B'  C"  =  mt  =  angle  through  which  the 
wheel  has  turned  on  pin  B,  that  is,  relative  to  the  arm; 

angle  C"  E  C  =  m3  =  angle  through  which  the  wheel  has 
turned  from  its  original  position. 

The  angle  m2  is  an  exterior  angle  of  the  triangle  A  E B' ', 
and  it  can  be  proved  by  geometry  that  angle  m*  =  angle  m> 

FIG.  10 
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+  angle  w,.  That  is,  the  angle  through  which  the  wheel 

has  turned  relative  to  the  fixed  frame,  to  which  the  arm  a  is 

attached  at  A,  is  equal  to  the  sum  of  the  angle  through 

which  the  arm  has  turned  and  the  angle  through  which  the 

wheel  has  turned  relative  to  the  arm. 

It  is  necessary  to  pay  attention  to  the  direction  of  the 

rotation;  the  above  rule  holds  good  only  when  the  arm  and 

wheel  turn  in  the  same  direction.  If,  however,  a  counter- 

clockwise rotation  is  considered  as  +  and  a  clockwise  rota- 

tion as  -,  and  the  angles  are  given  their  proper  signs,  the 

rule  holds  good  in  all  cases.  The  following  examples  illus- 
trate this  principle: 

1.  The  arm  turns  through  40°  counter-clockwise,  and  the 

wheel  turns  on  its  pin  through  60°,  also  counter-clockwise. 

Then  mz  =  40°  +  60°  =  100°,  the  angle  through  which  the 

wheel  has  turned  in  a  fixed  plane. 

2.  The  arm  turns  110°  counter-clockwise,  and  the  wheel 

turns  on  the  pin  45°  .clockwise.     Then,  the  turning  of  the 

wheel  in  a  fixed  plane  is  m,  =  +  110°  -  45°  =  +  65°. 

3.  While  the  arm  makes  a  complete  turn  (i.  e.,  ml  =  360° ) , 

the  wheel  makes  three  and  one-half  complete  turns  relative 

to    the    arm,    both    turns    being   counter-clockwise.     Then, 

relative  to  the  fixed  link,  the  wheel  makes  +  1  -f  3|  =  +  4| 
turns. 

4.  The  arm  makes  two  turns  clockwise,  and  at  the  same 

time  the  wheel  makes  seven  turns  counter-clockwise  relative 

to  the   arms.     Relative  to  the  fixed  link,  then,  the  wheel 

makes  N  =  —  2-j-7  =  +5  turns,  that  is,  five  turns  counter- 
clockwise. 

5.  The  arm  makes  one  turn,  and  the  wheel  is  fixed  to  the 

arm  so  that  it  cannot  turn  on  the  pin  B.     In  this  case  the 

wheel   makes    one   revolution  relative   to   the  fixed   plane, 

though  it  does  not  turn  on  its  axis.     Referring  to  Fig.  10,  if 

the  wheel  is  fixed  to  the  arm,  m,  —  0  and  ?«3  =  me,  that  is, 

the  wheel  turns  through  the  same  angle  as  the  arm. 

6.  The   arm   makes  one   turn  counter-clockwise,  and    at 

the  same  time  the  wheel  makes  one  turn  clockwise  relative 

to  the  arm.     Relative  to  the  fixed  plane,  the  wheel  makes 
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FIG.  11 

+  1  —  1  =0  turns;  that  is,  it  has  no  motion  of  rotation,  but 
has  only  a  circular  translation.    

12.     Train   of   Two   Wheels.     / 
In  Fig.  11,  an  arm  a  joins  the  two    / 
gears   b    and  c  and  holds  them  in   \ 
mesh.     Suppose  that  gear  b  is  fixed 
and   the    arm  a  is  turned   counter- 

clockwise about  the  axis  E.     Then 
the  gear  c  will  turn  on  its  axis;  that 
is,  relative  to  the  arm,  and  the  case  is  similar  to  that  shown 
in  Fig.  10.     According  to  the  principle  stated  in  Art.  11, 

turns  of  wheel  c  =  turns  of  arm  a  -\-  turns 
o£  c  relative  to  a 

If  the  arm  is  fixed  and  the  wheel  b  is  given  a  complete 

turn,  the  wheel  c  will  make  -  turns,  where  b  and  c  denote  the c 
number  of  teeth,  the  radii,  or  the  diameters  of  the  wheels 
,/;  and  c.  It  follows  that  when  b  is  held  fixed  and  the  arm 

•.makes  one  turn,  the  wheel  c  makes  -  turns  relative  to  the c 
arm,  just  as  it  did  when  the  arm  was  fixed.  If  the  arm  turns 
counter-clockwise,  c  turns  counter-clockwise  on  its  axis;  hence, 
the  total  number  of  turns  of  c  relative,  to  the  fixed  plane 

is  1  +  *. c 

A  convenient  way  of  arriving  at  this  result  is  the  following: 
First,  assume  the  arm  to  be  held  fixed  and  give  the  wheel  b 
one  negative  turn,  that  is,  a  clockwise  turn.  As  a  result,  the 

wheels  is  given-  positive  turns.     Second,  assume  the  wheels c 

and  arm  to  be  locked  together  so  as  to  form  a  rigid  body  and 
give  the  whole  system  one  positive  turn;  the  first  step  gives 
wheel  b  one  negative  turn,  the  second  a  positive  turn,  and  as 
a  result  wheel  b  is  brought  back  to  its  first  position.  As 
regards  its  arm,  the  result  of  the  two  steps  is  to  give  it  one 

positive  turr;  and,  as  regards  the  wheel  c,  it  is  given  -f-  -  turns 
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by  the  first,  and  -f  one  turn  by  the  second  step,  or  1  +  -  turns c 

as  a  whole.  It  appears,  therefore,  that  these  separate  motions 

give  the  same  result  as  the  single  counter-clockwise  turn  of 
ivi  a  with  b  fixed.  The  results  may  be  tabulated  as  follows" 

Arm  fixed    .... 

WHEEL  b       ARM  a 

.    .    -1                  0 

WHEEL 

Wheels  locked    .    . .    .    +1              +1 

c 

+  1 

Result        .    .         0  (fixed)  4-  1 

1  +  * 

The  algebraic  sums  in  the  third  line  give  the  total  motion 

of  each  link,  and  the  result  may  be  inter- 
preted thus:  With  wheel  b  fixed,  one  turn 

of  arm  a  causes  1  -f  -  turns  of  wheel  c. c 

13.     Annular    Two-Wheel    Train. 

Suppose  that  the  fixed  gear  is  annular,  as 
shown  in  Fig.  12.  In  this  case,  if  the  arm 
is  fixed,  a  clockwise  rotation  of  b  about 

its  axis  E  will  cause  -  clockwise  turns  of  c  about  its  axis  F. c 

Applying  the  method  of  successive  motions, 

Arm  fixed     .    .    . 

WHEEL  b 

.    .     -  1 

ARM  a 

o 
WHEEL  c 

b 

Wheels  locked .    .     +1 

+  1 

c 

4-1 Result       .    .        0  (fixed 
)  4-1 

1  -b 

c 
That  is,  with  the  annular  wheel  b  fixed,  one  counter-clock- 

wise turn  of  the  arm  causes  1   clockwise  turns  of  wheel  c c 

By  the  same  method,  it  may  be  found  that  one  clockwise 

turn  of  the  arm  causes   1  counter-clockwise  turns  of  the 

wheel  c. 
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EXAMPLE  1.— In  Fig.  11,  suppose  that  6  has  60  teeth  an  I  c  24  teeth 
If  the  arm  a  makes  1  counter-clockwise  turn,  how  manj  turns  does c  make,  and  in  what  direction? 

ARM  a 

0 

+  1 

SOLUTION. — 
Arm  fixed    .   . 
Wheels  locked 

Wheel  c  makes  +  3|  turns;  that  is,  3*  counter-clockwise  turns!'  Ans. 
EXAMPLE  2.— In  Fig.  12,  let  b  and  c  have  60  and  24  teeth 

respectively;  if  the  arm  is  given  1  clockwise  turn,  how  many  turns' will  c  make? 

SOLUTION. —  b 
Arm  fixed   -f  1 
Wheels  locked    ...    —  1 _____ 

Wheel  c  makes  +  \\  turns. 
Ans. 

14.     Higher  Epi- 
cyclic    Trains. —  In 

Fig.  13,  the  arm  a  car- 
ries an  idler  c  and  the 

wheel  d.  By  the  addi- 
tion of  the  idler,  the 

wheel  d  is  caused  to > 

ARM  a 

0 

-  1 

£ 

,1     60 

"~T  2~4~ 

-  I 

1 

M-l 

(=  1.5) 

/"
" 

i  ~""\ 

/ 
| 

|m        \ 

>^          \ 
1 

V r  j m 
'  <    ,s 

\r^' 

i  ,-',-.: 
1          It           *     1 H 

V  »  •>--'  ' 

'V  x 
i ^*ft*w 

.  '"     --^ 

turn    in    a    direction  / 
opposite  to  that  of  the  | 
arm,  as  in  the  annular  \ 

wheel  train,  Fig-.  12.    \ 
Applying    the    usual 
method  of  analysis, 

b 

Arm  fixed  .    .    .  —  1 

PIG.  13 

ARM  a 

0 

Wheels  locked  .  +  1     +1 

Result.  .    .    . 

c 

+  1 0     +1       1  + 
d 

With  the  arm  fixed,  one  negative  turn  of  b  gives  -  positive c 
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turns  of  the  idler  c,  and  for  each  turn  of  c,  wheel  d  makes  - 

turns  in  the  opposite  direction,  that  is,  clockwise;  hence, 

while  b  makes  one  turn  and  c  makes  -  turns,  d  must  make c 

'l  x  -  =  -  turns.  The  idler,  therefore,  has  no  effect  on  the c  d  d 
number  of  turns  of  wheel  d, 

An  interesting1  result  is  obtained  when  b  and  d  are  of  th* 

same  size.     In  this  case,  1-^=1-1=0,  which  means a 

that  wheel  d  does  not  rotate  at  all  but  has  merely  a 

motion  of  translation.  Thus,  as  shown  in  the  figure,  a  ver- 
tical line  m  remains  vertical  for  all  positions  of  the  wheel. 

15.  In  Fig.  14,  the  arm  a  carries  the  two  wheels  c  and  d, 

which  are  fixed  to  the  same  shaft,  and  the  wheel  e.  Wheels 

b  and  c  mesh  together,  as  do  wheels  d  and  e.  With  the  arm 

FIG.  14 

fixed,  let  wheel  b  be  given  a  clockwise  turn.  Then  wheel  c, 

and  wheel  d  which  is  fast  to  it,  must  make  -  counter-clock- 

wise turns.  For  each  turn  of  d,  e  makes  -  turns;  hence, e 

while  d  makes  -  turns,  e  makes  -  X  -  turns.     The  motions c  c      e 

when  b  is  fixed  and  the  arm  is  turned  are; 
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b ARM  a C  AND  d e 
_1 

0 

+  -
 

-fix?} 
C \c       e  i 

+  1 
+  1 +  1 +  1 

Arm  fixed  .    .    . 

Wheels  locked  . 

Result     ....          0       +1        1+-        1  -  -  X c  c      e 

The  same  analysis  may  be  applied  to  a  train  with  any 
number  of  wheels.  Thus,  suppose  that  a  second  wheel  /  is 
fixed  to  wheel  <?,  Fig.  14,  and  that  this  gears  with  a  wheel  g 

that  turns  about  a  third  moving  axis  G.  For  this  arrange- 
ment, the  analysis  gives, 

b       ARM  a      c  AND  d  e  AND  /  &••       ' 

g 

\        c/  c      e  c      e      g 

16.  Reverted  Trains. — In  Fig.  15  is  shown  a  train  in 
which  the  last  wheel  e  turns  on  the  stationary  axis  of  the 
fixed  wheel  b,  and  is  driven  through  the  gears  c  and  d,  of 

Arm      1       j ,   b                         b  .,  d           \b  \/  d 
fixed      J c                         c     c               c      e 
Wheels]      1 
locked  J +  1 

+1                    +1                  +1 

Result         0 

+  1 
+  fl  +  -^      i_^x^       1  +  ̂  X  - 

FIG.  15 

which  c  engages  with  b  and  d  with  e.  Such  a  train  is 

called  a  reverted  train.  The  analysis  is  as  follows: 
Keeping  the  arm  a  fixed,  a  clockwise  rotation  of  b  causes 

-  counter-clockwise  turns  of  c  and  d  (c  and  d  are  fixed 

together),  and  for  each  turn  of  d,  e  makes  -  clockwise  turns, e 

or  -  X  -  turns  for  one  turn  of  b.     Heiice, c      e 
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ARM  a        b  c  AND  d 

Arm  fixed  .  .  . 

Wheels  locked  . 

Result  .  .  . 

0 

_  1 

_l_  _ 

      \/  _ 
c c       e 

+  1 +  1 
+  1 +  1 +  1 

0 

1      b 

c 

i-b-xd 
c      e 

FIG.  16 

That  is,  for  each  positive  turn  of  the  arm,  wheel  e  makes 

1   X  -  turns.     If    1    is    greater    than   -  X  -,  <?  turns    in c      e  c      e 

the  same  direction  as  the  arm,  but  if  1  is  less  than  -  X c      e 

it  turns  in  the  opposite  direction.  This  reverted  train  may 
be  used  to  give  a  slow  motion  to  the  wheel  e.  Suppose 
that  the  wheels  have  the  following:  numbers  of  teeth: 
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b,  41;    c,  39;  d,  40;   e,  40.     Then  1  -  -  X  -  =   1  -  ̂ ^~- 
c      e  39  X  40 

=   1  —  IT  =    —  A.     That  is,   39  turns  of  the  arm  a  are 
required  to  give  2  turns  of  the  wheel  <?. 

17.  Annular  Reverted  Train. — In  Fig.  16  is  shown 
the  application  of  an  annular  reverted  train.  The  annular 
wheel  b  forms  part  of  the  fixed  frame  of  the  machine.  A 

frame  a  has  pinned  to  it  three  pair  of  gears,  cd,  cd,  cd,  of 
which  c,  c,  c  engage  the  fixed  annular  wheel  b,  and  d,  d,  d 
engage  with  the  small  pinion  e,  which  is  the  driver  of  the 
train.  Several  revolutions  of  the  pinion  e  are  required  to 
produce  one  turn  of  the  frame  a,  and  the  train  thus  gives 
the  desired  mechanical  advantage. 

EXAMPLE.— In  Fig.  16,  let  b  have  42;  c,  11;  d,  29;  and  e,  12  teeth. 
What  is  the  velocity  ratio,  that  is,  how  many  turns  of  the  driving  shaft 
are  required  for  1  turn  of  the  frame  al 

SOLUTION. — Applying  the  usual  analysis, 
FRAME  a    b  c  AND  d  e 

r,  c      ,  n  ,  b          42  b      d       42       29 
Frame  a  fixed  .    .        0  —  1           =    +-v"=  —  X  — 

c          11  ^  c      e       11  ̂   12 
Wheels  locked  .    .    +  1          +1  +1  +1 

Result  .... 1 0 

42 

~  II 

1- 

,  42       29 

hllX12 

Velocity  ratio  =  l  +  ffxfi  =  W  =  10.23;  that  is,  10.23  turns  of 
the  shaft  are  required  for  1  turn  of  a.     Ans. 

EXAMPLES    FOR    PRACTICE 

1.  In  Fig.  12,  suppose  that  b  has  60  teeth  and  c  12  teeth.     If  the 
arm  a  makes  5  clockwise  turns,  how  many  turns  does  c  make,  and 
in  what  direction?  Ans.  20  turns,  counter-clockwise 

2.  Let  b  and  d,  Fig.  13,  each  have  30  teeth.     If  a  makes  2  clock- 
wise revolutions,    and    b   1   counter-clockwise  turn,  how  many  turns 

will  d  make,  and  in  what  direction?          Ans.  1  turn,  counter-clockwise 

3.  Suppose  that  the  gears  b,  c,  d,  and  e,  Fig.  14,  have  80,  40,  50, 
and  20  teeth,  respectively.     If  a  makes  50  turns  counter-clockwise, 
how  many  turns  does  e  make,  arid  in  what  direction? 

Ans.  200  turns,  clockwise 

4.  In  Fig.  15,  let  b,  c,  d,  and  e  have  45,  15,  35  and  25  teeth,  respect- 
ively.    If  a  turns  30  times  clockwise,  how  many  turns  does  e  make, 

and  in  what  direction?  Ans.  96  turns,  counter-clockwise 
I  L  T  374B— 8 
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REVOLVING   GEAR  TRAINS 

18.  Differential  Back  Gears. — Upright  drills  for 
metal  work  are  sometimes  provided  with  arrangements  for 
increasing  the  range  of  the  speeds  and  driving  power  that 
are  different  from  the  back  gears  explained  in  connection  with 
the  engine-lathe  train.  Fig.  17  shows  one  arrangement  for 
this  purpose.  The  cone  pulley  c  is  loose  on  the  shaft  s.  A 
casting  d,  also  loose  on  the  shaft,  has  teeth  on  the  inside, 
thus  forming  an  annular  gear.  A  plate  p  carrying  the  small 

gear,  or  pinion,  /  is  fast  to  the  shaft.  On  the  left-hand  end  of 
the  pulley  hub  is  another  gear  /,  which  is  fast  to  the  hub  of 
the  cone.  The  action  is  as  follows:  A  pin,  on  which  there 

PIG.  17 

is  a  collar  and  nut,  is  clamped  in  the  slot  /  in  the  plate  d.  The 
pin  projects  through  d,  so  that  when  it  is  placed  in  the  inner 
end  of  the  slot  it  will  engage  with  a  corresponding  slot  in 
the  plate  p.  When  it  is  lowered,  however,  the  pin  disengages 
from  the  plate,  but  the  collar  can  be  made  to  fall  in  a  slot  in 
the  arm  a,  which  is  a  part  of  the  frame.  With  the  pin  in  the 
former  position,  gears  d,  I,  and  /  are  locked  together,  so  that 
the  shaft  must  turn  with  the  cone.  With  the  pin  in  the  lattei 
position,  gear  d  is  locked  to  the  frame  and  cannot  turn, 
while  gear  /  still  turns  with  the  cone.  Therefore,  the  plate  p 
is  driven  by  the  train  consisting  of  the  wheels  /,  /,  and  d. 
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Consequently,  p  and  the  shaft  s  attached  to  it  turn  more 

slowly  than  the  cone. 

19.  Automobile  Gearing. — In  Fig.  18  is  shown  a 

revolving  bevel-gear  train  as  applied  to  automobile  construc- 
tion. The  engine  shaft  s  carries  the  bevel  gear  b  and  the 

flywheel  w,  both  of  which  are  keyed  to  it.  The  second  bevel 
wheel  d  can  turn  on  shaft .?  and  carries  two  sheaves,  /  and  g. 

By  means  of  a  band  brake  k,  the  wheel  d  may  be  held  sta- 
tionary; or  by  means  of  a  clutch  h,  the  sheave  g  may  be  fast- 

ened to  wheel  w  so  that  d  is  fast  to  the  shaft  s.  A  yoke  m 

attached  to  the  sprocket  wheel  n  turns  freely  on  the  shaft  s 

FIG.  18 

and  carries  the  intermediate  bevel  gears  c  and  e.  The  shaft 

runs  in  bearings  in  the  fixed  frame  a.  The  following  combi- 
nations can  be  obtained: 

1.  Neither  brake  k  nor  clutch  h  is  applied.     The  engine 

drives  shaft  s  and  wheel  d,  wheels  c  and  e  act  as  idlers,  and  d 

turns  with  the  same  speed  as  b,  but  in  the  opposite  direction. 

No  motion  is  imparted  to  the  sprocket  wheel  n. 
2.  The  brake  k  is  applied,  thus  holding  wheel  d  fixed.     In 

this  case,  the  yoke  m  turns  one-half  as  fast  as  the  wheel  b 

driven  by  the  shaft;  that  is,  two  revolutions  of  the  shaft  are 

required  for  one  revolution  of  the  sprocket  wheel.     With  this 
combination,  the  automobile  is  driven  at  low  speed. 
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3.  The  brake  k  is  released  and  the  clutch  g  is  applied. 
The  wheel  d  is  thus  locked  to  the  shaft,  and  therefore  d,&, 
yoke  m,  and  sprocket  wheel  n  all  turn  as  one  rig-id  piece 
keyed  to  the  shaft.     Each  turn  of  the  shaft  gives  a  revolution 
of  the  sprocket  wheel  n,  and  the  automobile  is  driven  at  high 
speed. 
4.  With  the  clutch  h  in  gear,  the  brake  k  is  applied,  thus 

locking    the   wheel   w   with    the   frame   a;    this   stops    the automobile. 

REVERSING  MECHANISMS 

20.  Clutch.  Gearing-. — A  reversing  mechanism  often 
used,  especially  when  the  reversal  must  take  place  auto- 

matically, is  shown  in  Fig.  19.  It  consists  of  three  bevel 

FIG.  19 

gears,  of  which  the  driver  d  is  fast  on  the  driving  shaft  t. 
The  gears  f,  and  L  are  continually  in  contact  with  d,  and 
are  loose  on  shaft  m  n.  A  sleeve  c  can  move  endwise  on  m  n, 

but  is  ̂  compelled  to  turn  with  it  by  a  key  a  in  the  shaft.' When  in  the  position  shown,  the  notches  in  c  engage  with  /„ 
and  m  n  turns;  when  the  sleeve  is  in  mid-position,  m  n  will 
not  turn;  ̂   and  when  thrown  to  the  right,  it  engages  with  /, and  the  direction  of  rotation  is  reversed. 

If  the  reversal  is  to  be  automatic,  some  provision  must  be 
made  to  insure  that  after  sleeve  c  has  been  pushed  out  of 
contact  on  one  side,  it  will  be  thrown  in  contact  with  the 
other  gear.  One  way  of  doing  this  is  shown  in  the  figure. 
The  lever  /  is  pivoted  at  o,  and  at  the  other  end  is  forked  to 
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embrace  c,  a  roller  on  each  prong  running  in  the  groove 
shown.  On  the  rod  r,  which  is  pivoted  to  /  at  one  end  and 

slides  in  a  guide  g  at  the  other  end,  are  two  collars  b  and  e, 
held  in  place  by  setscrews.  Helical  springs  are  also  placed 
on  r  against  the  inside  of  the  collars.  Suppose  that  the 
tappet  t,  which  is  free  to  slide  on  r,  is  given  a  motion  to  the 
right  through  mechanism  connected  with  £,  but  not  shown 
in  the  figure.  When  it  reaches  the  spring,  it  will  compress 
it  until  the  pressure  of  the  spring  on  e  is  sufficient  to  over- 

come the  resistance  of  the  clutch.  Further  movement  of  t 

will  move  £  to  the  right  until  free  of  flt  when  the  energy 
stored  in  the  spring  will  suddenly  throw  c  in  contact  with  fa. 

The  time  at  which  reversal  occurs  can  be  adjusted  by  chan- 
ging the  positions  of  the  collars  b 

and  e. 

21.  Quick-Return    Clutch. 
Gear. — Sometimes  it  is  desirable 
to  have  a  slow  motion  in  one  direc- 

tion with  a  quick  return.  Fig.  20 
shows  a  method  that  may  be  used 
for  this  purpose.  The  driver  d1  is 
made  cup-shaped  so  as  to  allow  a 
smaller  driver  d3  to  be  placed  inside. 
For  the  slow  motion,  d,  drives  /a,  and,  for  the  quick  return,  d1 
drives  /a.  The  change  of  direction  is  effected  by  shifting  the 
clutch  on  the  shaft  so  as  to  engage  alternately  with  f,  and  /,. 

22.  Reversing    by  Belts. — In    many  machines,   espe- 
cially those  running  at  high  speed,  a  reversal  of  the  motion 

is  effected  by  belts  rather  than  gears.      Two  belts  are  gener- 
ally employed — one  open  and  one  crossed.     Sometimes,  these 

belts  are  made  to  shift  alternately  from  a  tight  to  a  loose 
pulley,   and  in  other  cases  they  are  arranged  to  drive  two 
pulleys  on  the  same  shaft  in  opposite  directions,  either  of 
the  pulleys  being  thrown  in  or   out  by  means  of  a  friction 
clutch,  as,  for  example,  in  lathe  countershafts. 

23.  Planer  Reversing  Mechanism. — Of  the  first  class, 
just  mentioned,  Fig.  21  affords  an  illustration  as  applied  to  a 

FIG. 20 
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planer  operating  on  metal.  The  table  h  is  driven  forwards 
and  backwards  by  the  rack  and  gearing  shown.  The  work 

to  be  planed  is  clamped  to  the  table  /z,  and  during  the  for- 
ward, or  cutting,  stroke  a  stationary  tool  removes  the  metal. 

As  no  cutting  takes  place  on  the  return  stroke,  the  table  is 
made  to  run  back  from  two  to  five  times  as  fast  as  when 

moving  forwards.  There  are  three  pulleys  on  shaft  n,  of 
which  t  is  the  tight  or  driving  pulley,  A  and  /„,  shown  in  the  top 
view,  being  loose  on  the  shaft.  There  are  two  belt  shifters  g 

PIG.  21 

and  k,  in  the  shape  of  bell-cranks,  pivoted  at  a  and  b,  respect- 
ively. A  crossed  belt,  moving  in  the  direction  shown  by  the 

arrow,  runs  from  a  small  pulley  on  the  countershaft,  and  is 

guided  by  the  shifter  .f.  This  belt  drives  the  table  during  the 
cutting  stroke.  The  other  belt,  which  is  open,  runs  over  a 
large  pulley  on  the  countershaft,  and  is  guided  by  the  shifter  k. 

The  short  arms  of  the  shifters  carry  small  rollers  working 

in  a  slot  in  a  cam-plate  c,  which  is  pivoted  at  o.  The  ends 
of  this  slot  are  concentric  about  o,  but  one  end  has  a  greater 
radius  than  the  other.  As  shown  in  the  figure,  the  two 
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shifters  are  in  mid-position  and  the  belts  a^-pn^»|he«*loose  _. 

pulleys.  Suppose,  however,  the  rod  e  to  be  p'uJIed/Jtjzj  ̂ hg^ left.  Shifter  k  will  not  move,  because  its  roller  will  con- 
tinue to  be  in  the  same  end  of  the  slot,  which  is  concentric 

about  o;  but  the  roller  on  g  will  be  pulled  to  the  left  by 
passing  from  the  end  of  the  slot  that  is  of  larger  radius  to 
the  end  of  the  smaller  radius.  The  crossed  belt  will,  there- 

fore', be  shifted  to  the  tight  pulley,  which  will  cause  the  table 
to  run  forwards  until  the  dog  d  strikes  the  rocker  s,  thus 
throwing  the  cam  in  the  other  direction.  The  effect  of  this 
will  be  to  first  shift  the  crossed  belt  from  the  tight  to  the  loose 
pulley,  and  then  to  shift  the  open  belt  to  the  tight  pulley; 
one  motion  follows  the  other,  so  as  to  decrease  the  wear 
and  tear  of  the  belts.  The  length  of  the  stroke  of  the  table 
can  be  varied  by  changing  the  position  of  the  dogs,  which 
are  bolted  to  a  T  slot  on  the  edge  of  the  table. 

The  table  is  driven  as  follows:  The  belt  pulleys  drive 
gear  d1}  which  is  keyed  to  the  same  shaft;  dj.  drives  /1(  which 
in  turn  drives  dat  keyed  to  the  same  shaft;  da  drives  gear  /, 
which  in  turn  drives  the  table  by  means  of  a  rack  underneath 
it.  The  circumferential  speeds  of  /  and  da  are  evidently  the 

same,  and  the  speed  of  the  table  is  the  same  as  the  cir- 
cumferential speed  of  the  gear  da.  The  velocity  ratio  of  the 

gearing  is  generally  expressed  in  terms  of  the  number  of 
feet  traveled  by  the  belt  to  1  foot  passed  over  by  the  table. 

Suppose  the  belt  pulleys  to  be  24  inches  in  diameter,  and  to 
make  N  revolutions  while  the  table  travels  1  foot.  Let  the 
diameter  of  dl  be  3  inches;  of  /,,  26  inches,  and  of  da, 
4  inches.  The  circumference  of  d3  is  12k  inches,  nearly,  so 
that  for  every  foot  traveled  by  the  table,  da  and  /,.  will  turn 
12        24 

. — -  =  —  times.     The  number  of   turns    made    by    the  belt 
12~s        25 

pulleys    for    each    foot     passed     over    by     the     table    is, 

therefore,  N  X  3  =  II  X  26,  or  N  =  ?i^l§  =  8.32.    Hence, 75 
for  1  foot  of  travel  of  the  table,  the  belt  travel  is  8.32  X  ft 
X  3.1416  =  52i  feet.  That  is,  the  planer  is  geared  to  run 
52i  to  1. 
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CAMS  AND   CAM  TRAINS 

24.     Cams. — A  cam  may  be  defined  as  a  machine  part  so 

shaped  that  by  its  motion  it  imparts  a  definite  motion  to 
some  other  part  with  which  it 
is  in  direct  contact.  The  cam 
is  the  driving  part  and  is 
used  to  impart  a  motion  that 
could  not  easily  be  obtained 
by  other  means,  such  as  by 
link  work  or  gear  trains. 
Cams  have  the  disadvantage 
of  small  contact  surface  and 
correspondingly  rapid  wear, 
and  as  a  general  rule  are  to 
be  avoided  if  other  devices 
can  be  obtained  that  will  do 
the  work  as  well. 

A  cam  train,  is  usually  a 
mechanism  of  three  links,  the 
fixed  link,  the  cam,  and  the 
follower.  An  example  is  seen 
in  the  stamp  mill  for  ore 
crushing,  as  shown  in  Fig.  22. 
The  rotating  shaft  a  carries 
the  cam  b>  which  acts  on  the 
piece  c.  This  piece  is  attached 
to  the  rod  d  that  carries  the 
stamp  e.  The  rod  is  guided 
by  a  framework,  not  shown 

in   the   figure.     It    will   be    seen  that  the    train   has    three 
links — the  fixed  framework,  the  shaft  and  attached  cam,  and 
the  stamp. 

FIG.  22 
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ROTAKY  CAMS 

25.  Fig.  23  represents  a  common  application  of  the 
plate  cam.  The  cam  c  is  supposed  to  turn  clockwise,  as 
indicated  by  the  arrow,  about  the  axis  b,  and  to  transmit  a 
variable  motion  through  the  roller  or  follower  /  and  the 
lever  /  to  the  rod  p.  The  lever  swings  on  the  axis  O0  and 

.-<&i^. 

FIG.  23 

the  roller  moves  up  or  down  on  the  arc  0-6,  as  the  cam 
revolves.  The  roller  is  held  in  contact  with  the  cam  by  its 
own  weight  and  that  of  the  lever  and  the  rod. 

Suppose  that  the  locations  of  the  cam  shaft  b  and  the  rod  p 
are  known,  and  that  the  cam  shaft  is  to  rotate  uniformly 
clockwise  and  impart  motion  to  the  rod,  so  that  during 
the  first  half  of  every  revolution  it  will  move  uniformly 
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downwards  during  the  next  quar
ter-turn  remain  stationary, 

"rWthe  last;  quarter  return 
 to  its  former  position 

with,  a  uniform  motion. 

n  order  to  determine  the  outline  o
f  the  cam  on  which  the 

circumference  of  the  roller  bears, 
 it  is  necessary  to  find  an 

outoe  that  will  give  the  center
  of  the  roller  the  reared 

To  on.  Then,  by  placing  the 
 point  of  the  compasses  a 

different  places  on  this  outline,  
and  strike  arcs  ms.de  of 

ft  wth  radii  equal  to  the  radius  
of  the  roller,  the  curve  or 

the  actual  cam  can  be  drawn,  the  c
urve  torn*  tangent  to  the 

arcs  and  parallel  to  the  first  o
utline. 

In  this  case,  the  roller  /  moves 
 in  an  arc  directly  over 

the  center  of  *.  Knowing  the  dist
ance  the  rod  /is  to  move, 

Tis  necessary  to  choose  the  point
  0,  and  the  throw  of  the 

cam,  "halts!  the  distance  that /is  to  m
ove,  so  that  the  move- 

m-nt  of  *  will  be  to  the  movement  of 
 /  as  r  is  to  a. 

Now,  with  O.  as  a  center  and  a  rad
ius  equal  to  .   descr.be 

the  arc  0-5-6,  in  which  the  center  o
f  the  roller  is  to  move, 

and  mark  the  highest  and  !owest  poin
ts  0  and  6  of  the  ro  ler 

The  lower  point  should  not  be  n
ear  enough  the  shaft  to 

allow  the  roller  to  strike  the  hub 
 of  the  cam. 

It  evidently  makes  no  difference  
with  the  relative  motions 

of  the  cam  and  roller  whether  the 
 cam  turns  clockwise,  and 

the  lever  remains  with  its  axis  at  O.
,  or  whether  the  cam  ,s 

aTsumed  to  be  stationary,  and  the 
 lever  and  roller  to  move 

couTe Clockwise  in  a  circle  about  
the  center  *.  This  latter 

assumption  will  be  adopted  in  draw
ing:  cams. 

With  4  as  the  center,  draw  a  circle  thr
ough  O.  and  space  it 

into  a  number  of  equal  parts,  say  t
welve,  and  number  the 

divisions  around  to  the  left.  Now,  a
ssume  the  lever  /  to 

move  around  the  axis  i  in  a  counter
-clockwise  direction  It 

wil,  take  positions  0<-1,  0.-2,  O.-3,  
etc.  Hence  using  these 

several  points  on  the  outer  circle  as
  centers,  and  with  ladu 

equal  to  a,  the  length  of  the  lever,  
describe  a  series  of  arcs 

corresponding  to  the  original  ar
c  0-3-6  Number  these 

arcs  1  2  3  etc.,  to  correspond  with  the
  numbers  on  the  outel 

circle  '  During  the  first  half-turn  of  the  cam,  or,
  what  is  the 

same  thing,  while  the  lever  is  moving  f
rom  its  position  at  O. 
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to  Oe  on  the  outer  circle,  the  center  of  the  roller  must  move 
uniformly  from  its  outer  to  its  inner  position.  Hence,  draw 
the  chord  of  the  original  arc  0-3-6,  and  divide  it  into  six 
equal  parts,  numbering  them  toward  the  center  as  shown. 
Then,  with  b  as  a  center,  describe  an  arc  through  point  1, 
intersecting  arc  1  in  point  Jd.  Now,  sweep  arcs  through  the 
other  points,  getting  2^,3^4^,  etc.,  which  are  all  points  in  the 
path  of  the  center  of  the  roller.  From  O6  to  0B  on  the  original 
circle,  the  center  of  the  roller  remains  at  a  constant  distance 
from  b;  hence,  6,  and  9,  must  be  connected  by  a  circular  arc. 
From  Oe  to  O1Z,  the  points  are  found  as  before  by  dividing  the 
chord  0-6  into  three  equal  parts  and  numbering  them  as 
shown,  the  numbers  running  outwards. 

Finally,  draw  the  path  of  the  center  of  the  roller  through 
points  11,21,31,41,  etc.;  then  draw  the  outline  for  the  cam 
itself  parallel  to  it,  as  explained  at  first.  This  is  easily  done 
by  setting  the  dividers  to  describe  a  circle  whose  radius  shall 
be  the  same  as  that  of  the  roller  /.  Next,  with  various 

points  on  the  curve  0-1,-2,-S,  .  .  .  11,  as  centers  (the 
more,  the  better),  describe  short  arcs  as  shown.  By  aid  of 
an  irregular  curve,  draw  a  curve  that  will  be  tangent  to  the 
series  of  short  arcs;  it  will  be  the  .required  outline  of  the  cam, 

and  will  be  parallel  to  the  curve  O-li-2,-3^  .  .  .  11^ 
The  question  sometimes  arises  in  designing  cams  of  this 

nature,  whether  it  is  the  chord  0-6  or  the  arc  0-6  that  should 
be  divided  to  give  the  roller  the  proper  outward  and  inward 
motions.  For  all  practical  purposes  either  way  is  sufficiently 
exact,  but  neither  is  quite  correct,  though  it  is  better  to  space 
the  chord.  The  exact  way  would  be  to  draw  the  rod  p 
and  the  roller  in  the  different  positions  desired,  and  then 
design  the  cam  to  meet  the  roller  at  these  points. 

26.  Quick-Drop  Cam. — The  cam  shown  in  Fig.  24 
differs  in  principle  from  the  preceding  one  only  in  that  the 
roller  moves  in  a  straight  line,  passing  to  one  side  of  the 
center  b  of  the  shaft.  Let  it  be  required  to  design  a  cam  of 
this  nature  to  turn  clockwise,  as  indicated  by  the  arrow, 
which  will  cause  the  roller  a  and  rod  p  to  rise  with  a  uniform. 
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motion  to  a  distance  h  during  two-thirds  of  a  revolution. 

When  the  roller  reaches  its  highest  point,  it  is  to  drop  at 

once  to  its  original  position,  and  to  remain  there  during  the 

remainder  of  the  revolution.  Assume  the  distance  from  the 

center  b  to  the  center  line  of  p  to  be  equal  to  r.  With  r  as 

a  radius,  describe  a  circle  about  d,  as  shown.  The  center 

line  of  the  rod  will  be  tangent  to  this  circle  in  all  positions. 

With  the  same  center  and  a  radius  equal  to  &A0,  Aa  being 

the  extreme  outward  position  of  the  roller,  describe  the  out- 

side circle  A0-4-8-A0. 
Divide  this  circle 

into  some  convenient 
number  of  equal 

parts,  the  number 
depending  on  the 

fraction  of  a  revolu- 
tion required  for  the 

different  periods  of 
motion.  Since  the 
roller  is  to  rise  during 

two-thirds  of  a  revo- 
lution, it  is  well  to 

use  twelve  divisions 

as  before,  thus  giv- 
ing I  X  12  =  8  whole 

divisions  for  the  first 

period. Now,  proceeding  as 
before,  by  assuming 

the  rod  to  move  about  the  cam  to  the  left,  its  positions  when 

at  the  points  of  division  At,Aat  etc.,  will  be  represented  by 

drawing  lines  through  these  points,  and  tangent  to  the  inner 

circle,  whose  radius  is  r.  The  points  a  and  A0  are  the  two 

extreme  positions  of  the  roller.  Divide  the  line  aA0  into 

eight  equal  parts,  numbering  them  from  the  inside  outwards, 
since  the  first  movement  of  the  roller  is  outwards.  With  b  as  a 

center,  draw  concentric  arcs  through  these  points,  intersecting 

the  tangents  at  1,,  2l}  3ly  etc.  At  point  8  on  the  outer  circle, 

PIG.  24 
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the  roller  drops  along  the  line  8-81,  the  point  81  being  deter- 
mined by  drawing  an  arc  about  b  with  a  radius  b  a.  From 

point  8,  back  to  a,  the  rod  is  at  rest.  The  true  cam  outline 

is  now  to  be  found,  as  was  done  in  the  last  example,  by 
striking  small  arcs  from  points  on  the  curve  a~!1-21-31-41-51 
-6i-71-8-8l  as  centers,  and  radii  equal  to  the  radius  of  the 
cam-roller  a.  This  cam  can  rotate  clockwise  only  in  driving 
the  rod  p. 

27.  Cam  for  Stamp  Mill. — The  cam  shown  in  Fig.  25 
is  a  modification  of  that  in  Fig.  24,  and  is  a  form  that  is 
generally  used  in  stamp  mills  where  ore  is  crushed.  The 
axis  O  of  the  cam  lies  at  a  distance  r 

from  the  axis  B  C  of  the  stamp  rod. 
To  construct  the  cam  outline,  a  circle  c 
is  first  drawn  about  O  as  a  center  with 

a  radius  r.  This  circle  is  evidently  tan- 
gent to  B  C  at  G.  The  vertical  move- 

ment or  stroke  of  the  stamp  rod  isA£, 
A  being  the  lowest  and  B  the  highest 
point  of  contact  with  the  cam.  This 

length  of  stroke  AB  is  made  equal  to 
one-half  the  length  of  the  circumference 
of  the  circle  <:,  and  the  point  A  is  located 

at  a  distance  above  G  equal  to  one- 
fourth  the  circumference  of  c,  so  that  B 

is  at  a  distance  from  G  equal  to  three-fourths  the  circum- 
ference of  c. 

Through  the  point  A,  then,  the  curve  m  is  constructed  as 

an  involute  of  the  circle  c.  The  final  point  B'  is  found  by 
drawing  a  circle,  with  0  as  a  center  and  OB  as  a  radius, 
cutting  the  curve  m  at  B'.  It  will  be  seen  that  B'  is  verti- 

cally below  D  and  that  B'  D  is  equal  to  three-fourths  the 
circumference  of  the  circle  c.  For  the  radius  GA  of  the 

curve  m  is  equal  to  one-fourth  the  circumference  of  c,  that  is, 
equal  to  the  arc  Gff,  since  the  curve  m  is  formed  by  the 
unwinding  of  a  string  from  the  circle  c,  starting  at  H. 
Hence,  when  the  string  has  been  unwound  from  the 

FIG.  25 
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or  three-fourths  the  circumference,  the  radius  DB't  repre- 

senting the  length  of  the  string  at  that  instant,  must  be 

equal  to  the  arc  HGD. 

The  inner  curve  n  may  be  chosen  at  random,  but  it  must 

lie  wholly  within  the  space  between  m  and  B1  D.  For  an 
involute  curve  the  tangent  to  the  base  circle  c  is  normal  to 

the  curve  m,  and  it  follows  that  in  any  position  of  the  cam 

the  tangent  at  the  point  lying  on  B  C  above  G  is  perpen- 
dicular to  B  C,  Hence,  the  point  of  contact  of  the  cam  and 

the  collar  /  always  lies  on  B  C.  As  actually  constructed, 

two  of  these  cams  are  placed  opposite  each  other,  as  shown 
in  Fig.  22. 

28.  Cams  With  Tangential  Followers.— -It  is  some- 

times necessary  to  construct  a  cam  to  act  tangentially  on  a 

FIG.  26 

flat  surface  as  a  follower.  The  follower  may  have  a  motion 

of  translation,  as  EF moving. along X Fin  Fig.  26,  or  it  may 

turn  about  a  fixed  axis,  as  CD  swinging  about  C  in  Fig.  27. 

For  the  first  case,  the  method  of  designing  the  cam  is  as 

follows:  Let  the  line  EF  represent  the  flat  surface  of  the 
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follower,  O  the  center  of  rotation  of  the  cam,  and  XY  the 
line  of  motion  of  the  follower.  Suppose  that  the  follower  is  to 
take  the  positions  2,3,4,  etc.  when  the  radii  OAS,  OA3,  OA<, 
etc.  of  the  cam  coincide,  respectively,  with  the  line  0  Y. 
With  0  as  a  center  and  O2,O3,O4,  etc.  as  radii,  strike  arcs  . 
cutting  corresponding:  radii  in  the  points  A2,A3,A*,  etc. 
Through  A,  draw  a  line  ft,  making  the  same  angle  with  OAa 
as  the  follower  EF makes  with  OX.  In  the  figure,  EF\$  at 
right  angles  to  OX;  hence  /,  is  at  right  angles  to  OA*. 
This  is  the  usual  arrangement.  Likewise,  draw  lines  4,  ̂ ,  /6, 
etc.  through  At,  At,  At,  etc.  and  perpendicular,  respectively, 

FIG.  27 

to  OAa,  OA*,  OAS,  etc.  Draw  a  smooth  curve  tangent  to 
the  lines  4,  /3,  /4,  etc.,  which  will  be  the  desired  cam  outline. 

Sometimes  it  will  be  found  that  the  otitline  cannot  be 
drawn  without  making  some  part  of  it  concave.  In  this 
case,  the  conditions  required  cannot  be  met  and  some  of 
them  must  be  changed.  All  parts  of  the  outline  of  a  cam 
acting  tangentially  on  a  straight  follower  must  be  convex, 
for  a  concave  part  cannot  become  tangent  to  the  follower. 

In  Fig.  27  is  shown  the  construction  for  a  follower  that 
oscillates  about  a  fixed  axis.  This  axis  is  denoted  by  C,  and 
Cl,  C2,  C3,  and  C4  are  follower  positions  corresponding  to 
the  radii  OAltOA2,  etc.  of  the  cam.  That  is,  when  O  A, 



38 GEAR  TRAINS  AND  CAMS 

coincides  with  the  line  OB,  the  follower  will  be  at  C2,  and 
so  on.  With  0  as  a  center  and  radius  02  draw  an  arc 
cutting  the  first  radius  at  As,  and  through  the  point  Az  draw 
the  line  ta,  making  the  angle  mz  with  OAS,  equal  to  the  angle 
that  C2  makes  with  OB.  Likewise,  locate  A*  and  draw  ta, 
making  the  angle  ma  with  O  A3;  and  locate  Atand.  draw  4. 
A  curve  tangent  to  the  lines  Cl,  L_,  t3,  4,  etc.,  provided  that 
it  has  no  concave  part,  is  the  required  cam  outline. 

29.  Harmonic-Motion  Cams. — If  a  cam  is  required  to 
give  a  rapid  motion  between  two  points,  without  regard 
to  the  kind  of  motion,  its  surface  should  be  laid  out  so  as  to 
gradually  accelerate  the  roller  from  the  start  and  gradually 
retard  it  toward  the  end  of  its  motion,  in  order  that  the 

movement  may  be  as 
smooth  and  free  from 
shocks  as  possible. 
For  this  reason, 
cams  are  frequently 
designed  to  produce 
harmonic  motion  — 
that  is,  a  motion  of 
the  follower  like  that 

of  the  steam-engine 
piston  with  a  very  long  connecting-rod  or  a  slotted  cross- 
head.  The  diagram  in  Fig.  28  shows  how  harmonic  motion 
is  plotted.  Let  A  C  be  the  stroke  line.  Then  the  semi- 

circle ABC,  drawn  on  A  C  as  a  diameter,  is  divided  into  a 
number  of  equal  arcs  by  the  points  a,  b,  c,  d,  etc.  If  perpen- 

diculars are  dropped  from  these  points,  the  points  1,  2,  3,  4, 
etc.  are  obtained  on  the  stroke  line.  The  spaces  between 
the  latter  points  represent  the  distances  traversed  by  the 
moving  point  in  equal  time  intervals.  It  will  be  seen  that 
the  distances  increase  from  points  1  to  5,  and  decrease 
from  5  to  9. 

To  apply  this  motion  to  the  two  cams  discussed  in 
Arts.  25  and  26,  simply  lay  off  the  distances  1-2,  2-3,  3-4, 
etc.  on  the  chord  0-6,  in  Fig.  23,  or  the  line  Aa  a  in  Fig.  24, 

PIG.  28 
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m  place  of  the  equal  spaces  used  in  these  figures.  Fig.  29 
shows  a  convenient  method  of  spacing.  On  the  chord  0-6 
as  a  diameter  draw  the  semicircle  Od6,  divide  it  into  a  suit- 

able number  of  equal  parts,  and  project  these  divisions  by 
straight  lines  on  the  chord  0-6.  Through  the  points  of intersection  1,2,3,4,  etc.,  and 
with  B  as  a  center,  describe  the 
arcs  1-1,,  2-2,,  3-3,,  etc.,  and  com- 

plete the  cam  outline,  as  explained 
in  Art.  25.  / 

30.     Positive-Motion  Cams.    / 
The  cams  thus  far  considered  can   J-— 
drive  the  follower  in  one  direction  '' 
only,  making  a  spring  or  weight 
necessary  to  keep  the  two  in  con- 

tact after  the  follower  has  reached  PIG.  29 
its  extreme  position.      If,  however,   the  cam-plate   extends 
beyond  the  roller  and  a  groove  is  cut  in  it  for  the  roller  to 
run    in,    the    motion    of    the    roller    is    positive    in    both directions. 

The  word  positive,  when  applied  to  a  mechanism,  has a  different  meaning  from  any  heretofore  given  to  it.  A 
mechanism  so  constructed  that  nothing  short  of  actual 
breakage  of  some  one  of  its  parts  can  keep  it  from  working properly  when  motion  is  imparted  to  one  of  the  links  that 
operates  it  is  called  a  positive  mechanism,  or  a  posi- 

tive gear  when  speaking  of  valve  gears,  and  the  motion 
produced  is  called  a  positive  motion.  Those  mechanisms 
tnat  depend  for  their  operation  on  the  raising  or  lowering  of 
a  weight,  that  is,  on  gravity  or  the  action  of  a  spring 
are  termed  non-positive  or  force-closed  mechanisms' Non-positive  mechanisms,  although  extensively  used,  are  of a  lower  order  of  mechanical  excellence  than  positive  mecha- 

nisms, and,  other  things  being  equal,  a  positive  motion 
should  be  chosen  when  designing  a  mechanism,  since  a  non- 
positive  one  will  refuse  to  work  if  the  weight  or  the  part operated  by  the  spring  should  get  caught. 

I  L  T  374B— 9 
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A  common  way  of  providing  for  a  positive  return  of  the 
follower  is  shown  in  Fig.  30. 

The  cam-plate  has  a  groove  in 
which  the  roller  of  the  follower 

is  held.  The  roller  is  forced  from 

the  center  by  the  inner  side  of 

the  groove,  and  toward  the  cen- 
ter by  the  outer  side.  With  this 

arrangement,  the  grooves  must 
have  a  width  slightly  greater  than 
the  roller  diameter,  so  that  the 

FIG.  so  roller  will  not  be  in  contact  with 

both  faces  of  the  groove  at  the  same  time. 

SLIDING  AND   CYLINDRICAL  CAMS 

31.     Sliding  Cams. — A  sliding  cam.  consists  of  a  plate 

sliding  within  fixed  guides  and  carrying  a  curved  face  that 

acts  on  the  follower.     The  design  of  a  sliding  cam  for  any 

desired   motion   of   the  follower  is  a  simple   process.     In 

FIG.  31 

Fig.  31,  suppose  that  the  follower  is  to  occupy  successively 

the  positions  2,  5,  4,  etc.,  when  the  points  2',  3f,  4',  etc.  of  the 

driving  plate  coincide  with  the  point  1'  on  the  line  EF  of 
the  motion  of  the  follower.  Erect  perpendiculars  through  the 

points  lf,2',  3',  etc.,  and  through  the  points  1,  2,  3,  etc.  draw 
lines  parallel  to  the  direction  of  motion  of  the  plate.  The 
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intersections  1",  2",  3",  etc.  are  points 'on  the  cam  outline. If  the  follower  has  a  roller  r,  the  actual  outline  is  obtained 
by  drawing  arcs,  as  shown  in 
Figs.  93  and  24.  To  repder  the 
motion  positive,  a  second  face  is 
provided,  the  two  forming  a  groove 
whose  width  is  slightly  greater  than 
the  diameter  of  the  roller. 

32.  Cylindrical    Cams.— The 
cylindrical  cam  is  equivalent  to 
a  sliding  cam.     Thus,  if  the  plate 
in  Fig.  31   is   wrapped   on   a  right 
cylinder  and  this  cylinder  is  rotated 
on  its  axis,  the  follower  is   driven 
in  precisely  the  same  way  as  when 
the    plate    is    given    a    motion    of 
translation.      Fig.  32  shows   a 
cylindrical    cam,    consisting    of    a 
cylinder  in  which  is  cut  a  groove 
to    receive    the    roller   of    the    fol- 
lower-  FIG.  32 

33.  Cams   for    Screw  Machines. — Cams   are   largely 
used  for  operating  the  feed  mechanisms  and  turrets  on  auto- 

matic  screw  ma- 
chines. A  typical 

arrangement  is  shown 
in  Fig.  33,  in  which 
the  cam,  consisting 
of  a  metal  strip  a 

attached  to  a  cylin- 
der d,  gives  an  end- 

wise motion  in  one 
direction  to  a  rod  c 
through  a  roller  d 
that  is  connected  with 

the  rod.     The   cam   revolves   continuously,  and.   the  rod   is 
returned  to  its  normal  position  bv  means   of  a  spring   not 

FIG. 
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shown  in  the  illustration.      The  roller  d  is  kept  in  contact 
with  the  cam  by  this  spring.     The  cam  moves  a  sleeve  e 

to  which  both  the  roller  d  and 
the  rod  c  are  attached.  This 

sleeve  is  guided  parallel  to 
the  axis  of  the  cam  by  means 
of  a  rod  /,  on  which  it  slides. 
The  strip  a  is  fastened  to  the 
cylinder  at  such  an  angle,  and 
in  such  a  position,  as  to  give 

the  required  horizontal  move- 
ment to  the  rod  c. 

By  arranging    a   series  of 
strips   on   the  surface  of  the 
cylinder,  as  shown  in  Fig.  34, 

FlG'  84  and  by  using  additional  roll- 
ers, several  movements  maybe  given  to  the  rod,  or  to  more 

than  one  rod,  during  each  revolution  of  the  cylinder. 

BATCIIKT  MECHANISMS 

34.  Ratchet  Gearing. — In  the  ordinary  gear  train,  the 
office  of  the  wheel  is  to  transmit  motion.  In  the  ratchet  train, 
on  the  other  hand,  the  office  of  one  of  the  parts,  called  the 
pawl  or  elide,  is  to  prevent  the  relative  motion  of  two  other 

FIG.  35  FIG.  36 

parts.  Two  types  of  ratchet  trains  are  shown  in  Figs.  35 
and  36;  each  consists  of  a  fixed  frame  a,  pawl  b,  and  ratchet 
wheel  c.  In  the  first,  the  wheel  c  may  be  turned  counter- 

clockwise relative  to  the  frame  a,  but  not  in  the  reverse 
direction;  this  mechanism  has  many  applications.  It  is  used 
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in  winches  to  prevent  the  load  from  running  down,  and  in 

ratchet  braces  and  drills.  The  ratchet  of  Fig.  35  is  called  a 

running  ratchet,  and  that  shown  in  Fig.  36  is  called  a  station- 
ary ratchet.  In  the  stationary  ratchet,  relative  motion  of  a 

and  c  in  either  direction  is  impossible  so  long  as  the  pawl  is 
in  action. 

In  Fig.  37  is  shown  a  frictional 
ratchet.  Rollers  or  balls  are 

placed  between  the  ratchet  wheel 

and  the  outer  ring.  When  the 

ring  is  turned  in  one  direction, 

the  rollers  wedge  between  the 

wheel  and  the  ring,  causing  them  FlG' 37 
to  bind  and  preventing  a  relative  motion  between  them. 

Motion  in  the  other  direction  releases  them,  and  permits  a 
free  relative  rotation. 

35.  Ratchets  for  Feed  Mechanisms. — Running 
ratchets  are  frequently  _  used  in  the  feed  mechanisms  of 
shapers,  planers,  and  other  machine  tools  of  this  class;  the 
arrangement  for  this  purpose  is  shown  in  Fig.  38.  The 

pawl  b  is  carried  at  the  end  of. 
the  arm  c,  which  is  caused  to 
oscillate  by  a  rod  not  shown. 
The  wheel  a  has  radial  teeth, 

and  the  pawl,  which  is  made 
symmetrical,  can  occupy  either 

position  b  or  b1 '.  In  order  that 
the  pawl  may  be  held  firmly 
against  the  ratchet  wheel,  its 
axis  is  provided  with  a  small 
triangular  piece,  shown  dotted, 
against  which  presses  a  flat  end 

presser,  always  urged  upwards  by  a  spring,  also  shown 
dotted.  Whichever  position  b  may  be  in,  it  will  be  held 
against  the  wheel. 

Ratchet  wheels  for  feed  mechanisms  must  be  so  arranged 
that  the  feed  can  be  easily  adjusted.  This  is  often  done  by 

FIG.  38 
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changing  the  swing  of  the  lever  c,  Fig.  38,  which  is  usual 
connected  by  a.  rod  with  a  vibrating  lever  having  a  defini 
angular  movement  at  the  proper  time  for  the  feed  to  occi 

This  lever  is  generally  provided  with  a  T  slot,  in  which  t'. 
pivot  for  the  rod  can  be  adjusted  by  means  of  a  screw  ai 
nut.  By  varying  the  distance  of  the  pivot  from  the  center 
motion,  either  one  way  or  the  other,  the  swing  of  the  arrr 
can  be  regulated. 

Another  method  of  adjusting  the  motion  is  shown  in  Fig.  3 
The  wheel  turns  on  a  stationary  shaft  or  stud  <?,  and  tl 
end  of  the  shaft  is  turned  to  a  smaller  diameter  than  the  re 

and  is  threaded,  thus  forming  a  shoulder  against  which  z 

FIG.  39 

adjustable  shield  j  can  be  clamped  by  the  nut  n.  Back  of  tl 
wheel  is  the  arm  c,  also  loose  on  the  shaft,  carrying  the  pawl 
which  latter  should  be  of  a  thickness  equal  to  that  of  tl 
wheel,  plus  that  of  the  shield.  The  teeth  of  the  wheel  ITU 

be  made  of  a  shape  suitable  to  gear  with  another  wheel,  1 

which  the  feed-motion  will  then  be  imparted,  or  anothi 
wheel  back  of  and  attached  to  the  one  shown  could  be  use 
for  the  purpose. 

The  extreme  left-hand  position  of  b  is  shown  at  br .  Hei 
the  pawl  rides  on  the  shield  and  does  not  come  in  conta' 
with  the  teeth  of  the  wheel.  When  the  pawl  comes  to  tl: 

right-hand  edge  of  the  shield,  however,  it  will  drop  into  coi 

tact  at  d;  and,  if  b"  is  the  extreme  right-hand  position,  tl 

II 
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wheel  will  be  turned  through  a  space  corresponding  to 
3  teeth.  If  the  shield  should  be  turned  to  the  right,  the 
wheel  will  be  moved  a  smaller  number  of  teeth  each  time;  if 
it  should  be  turned  to  the  left,  a  feed  of  four  or  more  teeth, 
up  to  the  full  capacity  of  the  stroke,  can  be  obtained;  with 
the  shield  in  its  mid-position,  it  will  carry  the  pawl  during 
the  whole  swing  of  the  arm  and  there  will  be  no  feed. 

36.  Ratchet  and  Screw. — Where  ratchets  are  employed 
in  the  feed-motions  of  machine  tools,  they  are  made  to  operate 
a  screw,  which,  in  turn,  drives  the  head  carrying  the  tool. 

EXAMPLE. — A  ratchet  having  80  teeth  is  attached  to  the  end  of  a 
screw  having  six  threads  per  inch.  If  the  pawl  is  set  to  move  the 
ratchet  3  teeth  for  every  stroke  of  the  arm,  how  much  feed  will  the 
tool  have,  supposing  it  to  be  moved  directly  by  the  screw? 

SOLUTION. — One  turn  of  the  screw  will  move  the  tool  %  in.  But  for 
each  stroke  the  ratchet  and,  hence,  the  screw  move  gV  turn,  and  the 
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BELT   GEARING 

KINEMATICS  OF  FLEXIBLE   GEARING 

1.     Transmission  by  Belts,  Ropes,  and  Chains. — The 
transmission  of  motion  and  power  between  shafts  that  are 
some  distance  apart  may  be  effected  by  belts,  ropes,  or  chains 
running  over  suitable  pulleys.  Belts  form  a  convenient  means 
of  transmitting  power,  but  owing  to  their  tendency  to  stretch 
and  slip  on  the  pulleys,  they  are  not  suitable  where  an  exact 
velocity  ratio  between  the  shafts  is  required.  For  driving 
machinery,  however,  this  freedom  to  stretch  and  slip  is  an 
advantage,  since  it  prevents  shocks  that  are  liable  to  occur 
when  a  machine  is  thrown  suddenly  into  gear,  or  when  there 
is  a  sudden  fluctuation  in  the  load. 

For  transmitting  considerable  power  between  shafts  at 
some  distance  apart,  ropes  are  frequently  used  instead  of 
belts.  The  advantages  of  rope  driving  are  lightness,  low 

first  cost,  smooth  running,  flexibility,  'and  ease  of  repair. With  rope  drives,  the  shafts  connected  are  generally  run  at 
high  speeds.  Chain  gearing  is  used  when  positive  driving- 
is  essential,  and  also  for  the  transmission  of  large  powers. 
Ordinarily,  with  chain  drives  the  motion  is  slow,  although 
recently  chains  of  special  forms  have  been  devised  for  high- 

speed transmission,  and  these  are  being  used  quite  exten- 
sively in  place  of  belts. 
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VELOCITY    RATIO    IN    BELT    AND    ROPE    DRIVES 

2.     Velocity   Eatio   of  a   Pair  of  Pulleys.  —  Let   the 
pulleys  a  and  b,  Fig.  1,  be  connected  by  a  belt  or  rope,  and 
let  Da  and  Db  denote  their  respective  diameters,  and  Na 

and  A7*  their  respective  velocities,  expressed  in  revolutions  per 
minute.  The  speed  of  a  point  on  the  circumference  of  either 
pulley,  assuming  that  the  belt  neither  slips  nor  stretches,  is  the 
same  as  the  speed  of  the  belt.  Then  v,  the  speed  of  the  belt, 

C 

FIG.  1 

in  feet  per  minute,  is  equal  to  the  product  of  the  circumference 
of  the  pulley,  in  feet,  and  the  revolutions  per  minute.    That  is, 
v  =  TcDaNa  and  v  =  TtDbNb\  hence,  TtDaNa  =  7rD6Nt)  and 

D  N   =  Di Ni  (\  ) *-s  a-  •*•  T  a  J-s  o  •*  v  o  \  -*-  / 

or 

Da 

(2) 

That  is,  the  speeds  or  numbers  of  revolutions  of  two  pulleys 
connected  by  belt  are  inversely  proportional  to  their  diameters. 

In  formulas  1  and  2,  the  diameters  maybe  taken  in  either 
feet  or  inches,  but  the  same  unit  must  in  every  case  be  used 
for  both  diameters. 

EXAMPLE  1. — A  pulley  30  inches  in  diameter,  making  210  revolu- 
tions per  minute,  drives  a  second  pulley  14  inches  in  diameter;  how 

many  revolutions  per  minute  does  the  latter  pulley  make? 

SOLUTION.— From  formula  1,  30  X  210  =  14  X  Nb,  whence 
„       30  X  210 14 =  450  R.  P.  M.     Ans. 
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EXAMPLE  2.—  The  driving  pulley  of  a  machine  is  1  foot  in  diametei 
and  must  make  750  revolutions  in  5  minutes;  what  size  pulley  should 
be  used  on  the  driving  shaft,  if  its  speed  is  143  revolutions  per  minute? 

SOLUTION.—  In  all  examples  of  this  kind,  the  speeds  and  diameters 
must  be  reduced  to  the  same  units.  750  revolutions  in  5  minutes  =  750 
-5  =  150  R.  P.  M.;  1  ft.  =  12  in.  Hence,  12  X  150  =  Db  X  143,  whence 

n        12  X  150 
ub  =  —  j^TT—  =  12.6  in.,  nearly.     Ans. 

3.  Influence  of  Belt  Thickness.—  The  formulas  in 
Art.  2  are  based  on  the  assumption  that  the  thickness  of 
the  belt  is  so  small  in  comparison  with  the  pulley  diameter 
that  it  can  be  neglected.  Actually,  only  the  center  line  of 
the  belt  or  rope  has  a  constant  speed  v;  hence,  if  /  denotes 
the  thickness  of  belt  or  rope,  the  effective  radii  are  ra  +  1  1 
and  r6  +  $  t,  while  the  effective  diameters  are  Da  -\-  t  and  Db 
+  /,  respectively.  Formula  1,  Art.  2,  therefore  becomes 

Na  (Da  +  /)  =  N,  (D.  +  t)  (1) 
and  formula  2,  Art.  2,  becomes 

^  EXAMPLE.—  If,  in  the  first  example  of  Art.  2,  the  belt  thickness  is 
t  inch,  how  many  revolutions  per  minute  does  the  14-inch  pulley make,  taking  account  of  this  thickness? 

SoLimoN.-From  formula  1,  Na  (Da  +  t)  =  Nb  (Db  +  t)  ,  whence, 

210  X  (30  +  f)  =  Ni  X  (14  +  f)  and  Nt  =  210  X  gf  =  444  R.  P.  M., 
nearly.  Ans.  

8 

Hence,  by  taking  belt  thickness  into  account,  the  speed  of 
the  driven  pulley  is  reduced  from  450  to  444  revolutions  per 
minute,  or  about  1.3  per  cent.  In  practice,  however,  the 
thickness  of  the  belt  is  usually  neglected. 

4.     Velocity  Ratio   in   Compound   System  of  Belts. 
In  Fig.  2  is  shown  a  compound  system  of  belts  in  which 
there  are  six  pulleys,  a,  b,  c,  d,  e,  and  /.  Denoting  the  diam- 

eters by  Da,  A,,  etc.  and  the  revolutions  per  minute  by  JVg, 
N,,,  etc.,  for  the  three  pair  a  and  b,c  and  rf,  e  and  /,  the 

following  relations  exist:  —a-=^JL  ̂ £  _  ̂   and  M  _  A an- d  , 
Multiplying-  together  the  left-hand  and  right-hand  members, 
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respectively,  of  these  three  equations,  and  placing  the  prod- 

nets  equal  to  each  other,  f^f^-§  =  f-*-^^. Nt  X  Nd  X  Nf      Dax£><X  De 

Now,  pulleys  b  and  c  are  fixed  to  the  same  shaft  and  make 
the  same  number  of  revolutions  per  minute;  hence,  Nb  —  Nc, 

and  for  the  same  reason  Nd  —  Ne.  Canceling  these  equal 
quantities  in  the  fraction,  it  becomes 

or     Na  X  Da  X  Dc  X  De  =  Nf  X  Db  X  D*  X  Df          (2) 
Considering  separately  the  three  pair  connected  by  the 

three  belts,  pulleys  a,  c,  and  e  may  be  taken  as  the  drivers, 

f 

FIG.  2 

and  pulleys  6,  d,  and  /as  the  followers;  then  formula  1  may 

be  expressed 'thus: 
R.  P.  M.  of  first  driver  __  product  of  diameters  of  all  followers 

R.  P.  M.  of  last  follower  product  of  diameters  of  all  drivers' 
and  formula  2  thus:  The  speed  of  the  first  driver  multiplied 
by  the  product  of  the  diameters  of  all  the  drivers  is  equal  to  the 
speed  of  the  last  follower  multiplied  by  the  product  of  the  diam- 

eters of  all  the  followers. 

The  thickness  of  the  belt  may  be  taken  into  account  by 
increasing  all  pulley  diameters  by  an  amount  equal  to  that 
thickness. 

EXAMPLE.— An  emery  grinder  is  to  be  set  up  to  run  at  1,200  revo- 
lutions per  minute.  The  countershaft  has  pulleys  20  and  8  inches  in 

diameter.  The  pulley  on  the  grinder  is  6  inches  in  diameter  and  is 
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belted  to  the  20-inch  pulley  on  the  countershaft.  The  line  shaft  runs 
at  180  revolutions  per  minute  and  carries  a  pulley  that  is  belted  to  the 
8-inch  pulley  on  the  countershaft.  Calculate  the  diameter  of  the  line 
shaft  pulley. 

SOLUTION.— From  formula  2,  180  X  D  X  20  =  1,200.x  8  X  6,  whence 
1,200  X  8  X  6 

D  = 
180  X  20 

=  16  in.     Ans. 

5.  Pulley  Diameters. — When  the  speeds   of  the  first 
and  last  shafts  are  given,  and  the  diameters  of  all  the  pulleys 
are  to  be  found,  the  following  rule  may  be  applied: 

Rule. — Divide  the  higher  speed-  by  -the  lower.  If  two  pulleys 
are  to  be  used,  this  quotient  will  be  the  ratio  of  their  diameters. 

If  four  pulleys  are  required,  find  two  members  whose  product 
is  equal  to  this  quotient.  One  of  these  numbers  will  be  the  ratio 
of  the  diameters  of  one  pair  of  pulleys,  and  the  other  number  will 
be  the  ratio  for  the  other  pair. 

EXAMPLE. — It  is  required  to  run  a  machine  at  1,600  revolutions  per 
minute,  the  driving  shaft  making  320  revolutions  per  minute;  what 
size  pulleys  are  required:  (a)  when  two  pulleys  are  used;  (b)  when 
four  pulleys  are  used? 

SOLUTION.— (a)  1,600  -=-  320  =  5.  The  two  pulleys  must,  therefore, 
be  in  the  ratio  of  5  to  1,  the  driving  pulley  being  five  times  as  large  as 
the  driven  pulley, 'since  the  latter  has  the  greater  speed.  Then  assume diameters  of  30  and  6  in.  Ans. 

(b)  2i  X  2  =  5.  One  pair  of  pulleys  may  have  the  ratio  of  2i  to  1, 
and  the  other  pair,  2  to  1.  Assume  diameters  of  25  and  10  in.  for  one 
pair,  and  of  12  and  6  in.  for  the  other  pair.  Ans. 

6.  Direction    of    Rotation. — When   a  belt   connecting 
two  pulleys  forms  a  single  loop,  it  is  called  an  open  belt. 
If,  however,  it  forms  a  double  loop,  like  a  figure  8,  it  is  called 
a  crossed   belt.     Thus,   in   Fig.  2,  the  pulleys  a  and  b  are 
connected  by  an  open  belt,  as  are  the  pulleys  c  and  d,  while  a 
crossed  belt  connects  the  pulleys  e  and  /.     Pulleys  connected 
by  open  belts  him  in  the  same  direction,  and  those  connected  by 
crossed  belts  in  opposite  directions.     If   several  belts  are  used 
between  the  first  driver  and  last  follower,  these  will  turn  in 
the  same  direction  if  there  is  no  crossed  belt,  or  if  there  is 
an  even  number  of  crossed  belts,  but  in  opposite  directions 
if  the  number  of  crossed  belts  is  odd. 
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EXAMPLES    FOR    PRACTICE 

1.  A  driving  pulley  is  54  inches  in  diameter,  and  the  driven  pulley, 

which  runs  at  112  revolutions  per  minute,  is  2i  feet  in  diameter;  what 

is  the  speed  of  the  driving  shaft?  Ans.  62.22  R.  P.  M. 

2.  The  flywheel  of  an  engine  running  at  180  revolutions  per  minute 
is  8  feet  5  inches  in  diameter;  what  should  be  the  diameter  of  the  pulley 

that  it  drives  if  the  required  speed  of  the  latter  is  600  revolutions  per 
minute?  Ans.  50 fs  in.,  nearly 

3.  A  machine  is  to  be  belted  through  a  countershaft,  so  as  to  run 
at  1,200  revolutions  per  minute,  the  speed  of  the  driving  shaft  being 
120  revolutions  per  minute;  find  three  ratios  that  could  be  used  for 
two  pair  of  pulleys.  [5 1  and  2 1  and  2i 

1  and  3 

4.  An  emery  grinder  is  to  be  set  to  run  at  1,400  revolutions  per 

minute;  the 'countershaft  has' pulleys  30  and  8  inches  in  diameter;  the 
pulley  on  the  grinder  is  7  inches  in  diameter;  what  size  pulley  should  be 
used  on  the  line  shaft,  its  speed  being  185  revolutions  per  minute? 

Ans.  144  in. 

LENGTHS  OF  OPEN  AND   CROSSED  BELTS 

7.     Length,  of  an  Open  Belt. — In  the  discussion  of  the 
lengths  of  belts  the  following  symbols  will  be  used: 

R  =  radius  of  larger  pulley; 
r  =  radius  of  smaller  pulley; 
s  —  sum  of  radii  of  the  two  pulleys,  R  +  r\ 

d  =  difference  between  radii  of  the  two  pulleys,  R  —  r; 
e  =  angle,  in  degrees,  of  straight  part  of  belt  with  line 

.     joining  centers  of  shafts; 
h  —  distance  between  shafts; 
/  =  total  length  of  belt. 

In  Fig.  1,  MCD  N  re  presents  half  the  length  of  the  belt. 
This  distance  is  made  up  of  three  parts,  M C,  CD,  and  D  N, 
so  that 

il  =  MC  +  CD  +  DN          (1) 

In  the  figure,  the  radii  A  C  and  B  D  are  drawn  perpendic- 
ular to  the  common  tangent  CD,  and  hence  they  are  parallel. 

Furthermore,  BE  is  drawn  parallel  to  DC,  and  B ECD  is 
therefore  a  rectangle.  Hence,  B  E  is  equal  to  CD  and  makes 
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the  same  angle  e  with  MN  as  would  CD  if  it  were  extended 
to  meet  MN.  Also,  CE  =  DB  =  r.  But,  AE  =  ̂ C 

~  CE,  and  since  /4  C  =  ̂   and  C.£  =  r,  A  E  =  R  —  r.  Now, 
the  angles  YA  C  and  Y1  B  D  have  their  sides  respectively 
perpendicular  to  the  sides  of  the  angle  e.  Hence,  by 
geometry,  angle  YA  C  =  angle  Y'  B  D  =  angle  e.  And 
since  the  angles  MA  Y  and  Y>  B  N  are  right  angles,  it 
follows  that  the  angle  MA  C  =  90°  +  e,  and  the  angle  DB  N 
=  90°  -  e. 
The  circumference  of  the  larger  pulley  is  2x1?,  and  the 

arc  MC  bears  the  same  ratio  to  the  whole  circumference  that 

the  angle  MA  C  bears  to  360°.  In  other  words,  MC  '. 

=  90  +  ̂ :360,    or    the    arc  MC  =  ZnRx^-   =  n  R 360 

X  —r^r—  .     By  the  same   course   of  reasoning-,  the   arc  DN loU 
on  _  ., 

=  nr  X  —T^T.     Also,   CD  =  EB  =  AB  cos  e  =  h  cos  e. loU 

Substituting  these  values  of  M  C,  CD,  and  D  N  in  formula  1  , 

=  it +  K -=-  +  &  cos 
180  '  .....  °"  180 

=  f  (R  +  r]  +  ic  (R  -  r}  -f-  +  h  cos  e A  loU 

Then,         /  =  ns  +  xct-~  +  2  A  cos  e  (2) yu 

o-  R  —  rd bince  -----  =  —  -  —  =  -  =  sin  e,  the  angle  e  may  readily A  Jj  n  ft 

be  found  from  a  table  of  natural  sines  by  taking  the  angle 

corresponding  to  the  value  that  equals  -.     This  value  of  e,  in h 

degrees,  is  substituted  in  formula  2. 

EXAMPLE.—  In  Fig.  1,  let  the  pulleys  have  diameters  of  20  and 
12  inches,  respectively,  and  let  the  distance  between  the  centers  ot  the 
shafts  be  4  feet;  calculate  the  length  of  the  open  belt  required. 
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SOLUTION.—    R  =  10,  r  =  6,  d  =  10  -  6  =  4,  s  =  10  +  6  =  16,  and 
d        4 

h  =  48  in.     To  find  the   angle  e,   sin  e  —  -r  =  -7-5  =  .0833,  whence 
/£  "to 

?  =  4°  47'  =  4.8°,  nearly,  and  cos  e  =  .9965.     Substituting  these  values 
in  formula  2, 

I  =  3.1416  X  16  -f  3.1416  X  4  X  —  +  2  X  48  X  .9965 
*JU 

=  146.6  in.  =  12  ft.  2.6  in.    Ans. 

8.  When  the  angle  e  is  comparatively  small,  the  follow- 
ing formula  gives  a  sufficiently  exact  approximation  to  the 

length  of  an  open  belt: 
-  ns+      /^    +g^ 

The   greater  the  difference  in  radii  and  the  smaller  the 
distance  between  the  pulleys,  the  less  exact  is  the  formula. 

EXAMPLE, — Solve  the  example  of  Art.  7  by  the  approximate  method. 

SOLUTION.—    /  =»  3.1416  X  16  +  2  X  48  X  ( 1  +  TrrrT.v.,)  =  146.35  in. 

o  /\        " The  difference  between  the  two  results  is  only  1  inch. 

9.     Length  of  a  Crossed   Belt. — Referring  to  Fig.  3, 
F 

FIG.  3 

it  appears  that  tor  the  half  length  of  the  crossed  belt 

i  /  =  arc/J/C+  CD  +  arc  DN  (1)' The  angles  CEA  and  DEB  are  each  equal  to  e,  and  the 
radii  A  C  and  B  D  are  drawn  perpendicular  to  CD.  Hence, 
the  angles  CAP  and  D  B  K  are  each  equal  to  e,  since  their 
sides  are  perpendicular,  respectively,  to  the  sides  of  CEA 
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and  D  EB.  Then,  the  angle  MA  C  =  MA  F+  CA  F  ==  90° 
+  <?,  and  the  angle  NBD  =  N B  K  +  D  B K  =  90°  +  e. 
Therefore,  by  the  same  reasoning  as  in  the  case  of  the  open 

belt,  the  arc  MC  =  r.R  X  ~~~,  and  the  arc  DN  =  nr 180 

x^-±_£.     Also,    CD  •=•    CE  +  ED.     But    CE    =    AE loU 

cos  C.£^   =  AE  cos  <?,  and  £"/?  =  EB  cos  DEB  =  EB 
cos  f.     Then,   substituting-  these  values,   CD   =  AE  cos  e 
+  ̂ jS"  cos  e  =   (/i  ̂   +  EB)  cos  e  =  A  cos  <r. 

Next,  substituting  the  values  of  M  C,   CD,  and  D  N  in 

formula    1, 
/    = 

cos 

=  T:  (R  +  r)  -^r~  +  /z  cos  <?,  from  which loO 

/  =  2  7t(R  +  r) 

+  2 

cos 

or 

180 

—  }  +  %  h  cos  £ 

+  7T 
(2) 

(3) 

90 
180 

The  angle  e  may  be  determined  from  the  triangles  A  CE 
and  B  D  E,  in  which  A  C  =  A  E  sin  <?  and  .#£>  =  ̂ ^  sin  e. 
Adding,  AC+  BD  =  (A  E  +  E  B)  sin  <?,  or  ( J?  +  r)  =  j 
=  h  sin  <?,  whence 

sm  e  •=•  — h 
(4) 

EXAMPLE. — In  the  example  of  Art.  7,  calculate  the  length  of  the 
belt  if  it  is  a  crossed  belt. 

SOLUTION.—  R  =  10;  r  =  6;  d  =  10  -  6  =  4;  j>  =  10  +  6  =  16;  and 

h  =  48.  By  formula  4,  sin  *  =  |  =  ̂   =  .33333,  from  which  e 

=  19°  28'  =  19.47°,  and  cos  *  =  .9428.  Using  formula  3, 

/  =  3.1416  X  16  (l  +  ̂-)  +  2  X  48  X  .9428  =  151.65  in., \          yu  / 

or  12  ft.  7-H  in-,  very  nearly.     Ans. 

EXAMPLES    FOR    PRACTICE 

1.  Two  pulleys  have  diameters  of  36  inches  and  20  inches, 
respectively,  and  the  distance  between  their  centers  is  128  inches;  find 
the  length  of  an  open  belt  to  connect  them.  Ans.  344.5  in. 

I  L  T  374B-10 
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2.  What  length  of  crossed  belt  is  required  to  connect  two  pulleys 
of    42   inches    and  18  inches   diameter,   respectively,   if    the  distance 
between  shaft  centers  is  8  feet?  Ans.  295.7  in. 

3.  Using-  the  formula  of  Art.  8,  find  the  length  of  an  open  belt  to 
connect  two  pulleys  30  inches  and  36  inches  in  diameter,  respectively, 
the  distance  between  centers  being  12  feet.  Ans.  391.7  in. 

10. 

CONE    PULLEYS 

Variable  Speed. — Speed  cones  are  used  for  vary- 

PlG.  6 

FIG.  7 

ing  the  speed  of  a  shaft  or  other  rotating  piece  driven  by  a 
belt.     Figs.  4  and  5,  respectively,  show  continuous  cones  and 
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conoids,  the  former  being  suitable  for  crossed  and  the 
latter  for  open  belts.  The  speed  of  the  driven  shaft  can  be 

raised  gradually  by  shifting  the  belt.  Fig's.  6  and  7  show  sets 
of  stepped  pulleys.  As  a  flat  belt  always  tends  to  run  to  the 
larger  end  of  a  conical  pulley,  continuous  cones  or  conoids 
require  special  provision  for  keeping  the  belt  at  any  desired 
point  on  the  pulley.  For  this  reason,  stepped  cones,  rather 
than  continuous  cones,  are  generally  used.  Whenever  possi- 

ble, it  is  desirable  to  have  both  pulleys  alike,  so  that  they 
can  be  cast  from  one  pattern. 

11.     Continuous    Cones    for    Crossed.   Belts.  —  Let  a 

and  b,  Fig.  8,  represent  two 
speed  cones  of  the  same  size, 
having  the  diameters  of  the 
large  and  small  ends  equal  to 
D  and  d,  respectively.  The 
driving  cone  a  has  a  uniform 
speed  of  N  revolutions  per 
minute,  while  the  speed  of  b 
is  TZ,  or  na  revolutions  per 
minute,  according  as  the  belt 
runs  at  the  small  or  large 
end.  It  is  assumed  that 
pulley  b  is  to  have  a  range 
of  speeds  between  nl  and  nz  revolutions,  TZ,  being  the 

Since  a  and  b  are  to  be  the  same  size,  a  certain 
must  exist  between  N  and  n±  and  na. 

FIG.  8 

greater, relation 

From    formula    1,   Art.    2,  ND  =  n,d,  or  D  =         ,    and 

N  d  =  n*  D,  or  D  =  -  .     Placing  the  two  values  of  D  equal 

n^ 

to  each  other,  -1—  =  -  ,  or N          nt 

N  =  2 

That  is,  N  must  equal  the  square  root  of  the  product  of  n^ 
And  n». 
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Having   determined   N,   the    relation   between   D   and   d 

n  be  found.    Since  N 

KI  d"  =:=  7z2Z>2.     Hence, 

can  be  found.    Since  N  =  ̂   and  N  =  ̂ ,  ̂   =  «-£,  or D  d       D  d 

(2) 

That  is,  the  large  diameter  is  equal  to  the  smaller  diameter 
multiplied  by  the  square  root  of  the  quotient  of  n^  divided  by  n,. 

EXAMPLE.— Two  continuous  speed  cones  are  to  be  designed  to  give 
a  range  of  speed  between  100  and  700  revolutions  per  minute;  they  are 
to  be  alike  in  all  respects.  What  must  be  the  speed  of  the  driving 
shaft  and  the  large  diameter  of  the  cones,  assuming  the  small  diameter to  be  4  inches? 

.    SOLUTION. — From  formula  1,  N  =  V«i  «2  =  VlOO  X  700  =  A/TCTOOO 
=  264.57  R.  P.  M.     Ans. 

From  formula  2, 

D  =  d  v»!  =  4\I66  =  4  x  2'646  =  10-684  in-   Ans- 

12.  Cone  Pulleys  for  Crossed  Belts. — Speed  cones, 
to  be  properly  designed,  should  have  their  diameters  at 
different  points  so  proportioned  that  the  belt  will  always 
have  the  same  length,  when  tightly  drawn,  whatever  its 
position.  With  crossed  belts,  this  condition  is  easily  fulfilled, 
as  it  is  only  necessary  to  make  the  sum  of  the  corresponding 
diameters  or  radii  the  same  for  all  pairs  of  steps,  or,  in  the 
case  of  the  continuous  cones,  for  all  belt  positions.  The 
truth  of  this  statement  may  be  shown  as  follows:  In  Fig.  3, 
suppose  the  belt  to  run  on  the  pulleys  shown  by  dotted  lines, 
the  sum  of  whose  radii  is  equal  to  the  sum  of  the  radii  of  the 
pulleys  a  and  6.  Then,  since  it  is  assumed  that  A  G  +  B  H 
=  A  G'  +  B  H',  it  follows,  by  subtracting  A  G'  +  B  H  from 
both  members  of  the  equation,  that  A  G  —  A  G'  —  B  H' 
-  B  H,  or  GG'  =  HH',  and  it  can  be  proved  by  geometry 
that  G'  H'  is  parallel  to  G  H  and  equal  to  it  in  length.  Like- 

wise O  D'  is  equal  to  and  parallel  to  CD.  Then  the  right triangles  CEA  and  O  E' A  have  the  angle  CAE  in  common. 
Also,  the  angles  A  CE  and  A  O  E'  are  equal,  since  each  is  a 
right  angle.  Now,  the  sum  of  the  three  angles  of  a  triangle 



PULLEYS  AND  BELTING  13 

is  equal  to  two  right  angles,  and  since  the  triangles  CEA 
and  O  E'  A  have  two  angles  of  the  one  equal  to  two  angles 
of  the  other,  it  follows  that  their  third  angles  are  equal,  or 
CEA  =  C1  E> A.  Therefore,  with  the  belt  in  the  position 
shown  by  the  dotted  lines,  the  sum  s,  the  angle  e,  and  the 
distance  k  are  the  same  as  for  the  position  shown  by  full 
lines.  Consequently,  the  length  of  belt  as  found  by  for- 

mula 3,  Art.  9,  will  be  the  same  in  both  cases.  Hence,  for 
crossed  belts,  the  sum  of  the  corresponding  diameters  of  two  speed 
cones  should  be  the  same  at  all  points. 

EXAMPLE. — The  steps  of  a  cone  pulley  have  diameters  of  7,  8f ,  10, 
and  12  inches,  respectively,  and  the  diameter  of  the  step  on  the  other 
cone  corresponding  to  the  10-inch  step  is  8f  inches;  calculate  the  diam- 

eters of  the  remaining  steps  for  a  crossed  belt. 

SOLUTION.— Sum  of  diameters  =  10  +  Sf  =  18f  in.  Since  this  is  to 
be  the  same  for  all  pairs,  the  diameters  of  the  remaining  steps  are  as follows: 

For  the  7-in.  step   18f  -    7     =  llf  in.     Ans. 
For  the  8f-in.  step    .......    18f  -    8f  =  10f  in.     Ans. 
For  the  12-in.  step   18f  -  12    =     6f  in.     Ans. 

13.  Cone   Pulleys   for   Open   Belts. — When   an   open 
belt  is  used,  the  sum  of  the  diameters  does  not  remain  the 
same.     In  order  that  the  belt  shall  run  equally  tight  in  all 
positions  or  on  all  steps,  the  sum  of  the  corresponding  diam- 

eters D  +  d   is    the   smallest  when  D  —  d  has    its   greatest 
value,  that  is,  when  the  diameters  are  most  unequal,  and  is 
greatest  when  D  =  d,  that  is,  when  the  diameters  are  equal. 
The  difference  between  cones  for  open  and  for  crossed  belts 
is  shown  in  Figs.  4  and  5.     With  the  crossed  belt,  the  sides  of 
the  cone  are  straight,  while  with  the  open  belt  the  sides  bulge 
near  the  middle   sections,   showing  that  the  sum  D  +  d  is 
greater  at  the  center  than  at  the  ends.     The  distance  j/,  Fig.  5, 
must  be  added  to  each  radius  at  the  middle  section  to  make 
the  cones  of  Fig.  4  suitable  for  an  open  belt. 

14.  Numerous    formulas    are    given    for    finding    corre- 
sponding step  diameters,  but  they  are  approximate,  and  are, 

moreover,    not    easy    to    apply.     The     following    graphic 
method  is  very  accurate,  is  easy  to  use,   and  is  generally 
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considered  preferable  to  methods  making  use  of  calculations. 

It  is  known  as  Burmester's  method. 
Let  A  Z,  Fig.  9,  be  a  horizontal  line,  and  A  W  a  line  at  45° 

with  A  Z.  From  A,  lay  off  A  B  on  A  Wio  represent  to  some 
scale  the  distance  h  between  the  axes  of  the  cones.  From  B, 

lay  off  B  C  at  right  angles  to  A  B  and  make  B  C  =  \  A  B. 
Then,  with  A  C  as  a  radius  and  A  as  a  center,  draw  the 
arc  CD  E,  Now,  draw  any  line  XX  parallel  to  AZ  and 
cutting  AB  at  O.  Locate  on  the  arc  CDE  any  points, 

FIG.  9 

as  -/Vx,  ̂ V3,  j¥3J  etc.,  to  the  right  of  0,  and  from  these  draw  the 
vertical  lines  N^P^  JV3PS,  etc.,  to  cut  the  line  XX  in  the 
points  P1}  P2,  P3,  etc.,  and  the  line  A  W  in  the  points  M^M3,Ma, 
etc.  Now  assume  that  P-iN1  represents  the  radius  of  a  step 

to  the  same  scale  that  A  B  represents  the  distance  h;  then  O  /)1. 
or  the  equal  length  PiMlt  represents  to  the  same  scale  the 
radius  of  the  step  that  is  the  mate  to  the  step  /^  A^.  Simi- 

larly, P,Nt  and  OP,,  PaN3  and  O P>,  P*JV*  and  OP,  are 
corresponding  radii  of  steps. 

If  0  X  \>e    taken  as   the  axis    of   one  stepped  cone,   the 

steps  may  be  found  by  projecting  horizontally  from  N1}  Art) 
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etc.  The  half  cone  thus  obtained  is  shown  at  a.  The  other 
cone  b  may  be  laid  off  on  the  vertical  line  O  Y  as  an  axis 
by  projecting  vertically  from  the  points  Plt  P,,  P3>  etc.  The 
corresponding  steps  on  a  and  b  have  the  same  numbers; 
thus  2  goes  with  2,  3  with  3,  and  so  on. 

The  actual  sizes  of  the  cones  depend  on  the  location  of  the 
axis  XX.  If  this  line  is  raised  so  that  O  is  nearer  B,  the 
radii  of  all  steps  on  both  cones  will  be  smaller;  and  con- 

versely, if  O  is  taken  nearer  A,  all  radii  will  be  greater. 
Usually  the  radii  of  one  pair  of  steps  are  given  or  assumed, 

and  in  this  case  the  axis  XX  can  be  located  as  follows: 
Take  any  point  Q  on  A  B  and  lay  off  Q  S  vertically  down- 

wards to  represent  the  smaller  radius  r;  then  from  the 
point  5  lay  off  5  ̂ upwards  to  represent  the  larger  radius  R. 
These  radii  are  drawn  to  the  same  scale  as  AB  is  drawn  to 

represent  h.  Now  through  5  and  T^draw  lines  parallel  to 
AB,  and  through  M,  where  the  line  from  T  cuts  the  arc 

CD  E,  draw  a  vertical  line  cutting  the  line  from  5  in  />,; 
then  through  P1  draw  the  axis  XX cutting  A  Win.  O. 

15.  Frequently,  the  steps  of  cones  are  to  be  given  diame- 
ters such  that  definite  velocity  ratios,  fixed  beforehand,  will 

be  given  as  the  belt  is  shifted  to  different  pairs  of  steps. 
An  example  will  show  how  this  may  be  done.  Suppose  that 
each  cone  is  to  have  five  steps;  that  the  cones  are  to  be  alike, 
so  that  they  may  be  cast  from  the  same  pattern;  and  that 
the  velocity  ratios  for  the  first  two  pair  are  4  and  2,  respect- 

ively. The  distance  h  is  known  or  assumed.  Let  it  be 
40  inches.  Since  the  cones  are  to  be  alike  and  the  number 
of  steps  is  odd,  the  diameters  of  the  middle  steps  must  be 
the  same;  let  this  diameter  be  taken  as  16  inches. 

For  an  open  belt,  the  other  steps  are  found  by  the  follow- 
ing method:  In  Fig.  10,  make  A  B  =  40  inches  to  some  scale, 

and  draw  the  arc  CDE  as  described  in  connection  with 
Fig.  9.  From  the  intersection  D  drop  a  vertical  line;  on 
this  lay  off  D  P3  equal  to  the  radius  of  the  middle  step,  or 

-f-  inches,  to  the  same  scale  as  A  B,  and  through  P3  draw 
the  axis  XX,  On  XX  lay  off,  from  O,  any  convenient 
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length  O  H,  erect  a  vertical  line  at  ff,  and  then  lay  of
f  H  K 

=  i  0  H  and  HL  =  i  0  H.  Join  K  and  Z,  to  (9,  and  let  N
, 

and  AT2  represent  the  intersections  of  the  lines  
OA'and  OL 

with  the  arc  CDE.  Then  from  ̂   and  N,  drop  the  perpen- 

diculars M  A  and N.  P.  on  OX.  Now  OP.  and  A  M  are  the 

first  pair  of  radii,  and  OP,  and  P2  M  the  second  pair.  T
hese 

pairs  give  the  required  velocity  ratios  4  and  2;  for,  since
  the 

FIG.  10 

triangles  OP^N^  and  OHK  are  similar,  the  ratio  of  the 

radii  R 1  :  r,  =  0  Pt  :  P,  N,  =  <9/f :  ̂ A"  =  4  :  1;  and  since 

the  triangles  OP^JV*  and  0  H '  L  are  similar,  Rz  :  ra  —OP* 
:PaNa  =  OH\HL  =  2:1. 
The  lines  0  P3  and  P3£>,  which  are  equal,  give  the  radii  7?3 

and  r,  of  the  middle  steps.  Projecting  P,,  P3>  and  Pa  parallel 
to  O  Y,  the  steps  1,  2,  and  5  of  the  cone  b  are  obtained.  Now, 
since  the  cones  are  to  be  alike,  step  4  of  cone  b  must  have 
the  same  radius  as  step  2  of  cone  <z,  that  is,  P^N*;  and 

step  5  of  b  must  have  the  radius  /\  A^  of  step  1  of  cone  fl. 
By  measurement,  the  various  radii  are. as  follows: 
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STEPS  12345 

Cone  a   $TQ  in,      5£  in.     8  in.     lOi  in.     12|  in. 
Cone  b   12J  in.     10i  in.     8  in.       5i  in.     3 A  in. 

For  a  crossed  belt,  the  problem  is  easily  solved  by  a 
simple  calculation.  The  sum  of  the  radii  of  the  equal  middle 

steps  is  R3  +  n  =  8  +  8  =  16  inches,  and  this  sum  is  con- 
stant. That  is,  -/?!  +  rt  =  16.  But  R^.  =  4  rt  for  this  pair 

of  pulleys.  Then  4  r^  +  r:  =  16,  5  r\  -  16,  or  rx  =  3.2  inches, 
and  fa  =  16  -  3.2  =  12,8  inches. 

Also,  R*  +  r,  =  16.  But  v?2  ==  2r2  for  this  pair.  Hence, 
2r,  +  r2  =  16,  3  r,  =  16,  or  r,  =  5.33  inches,  and  7?2  =  16 
—  5.33  =  10.67  inches. 

If  the  distance  between  the  axes  of  the  pulleys  to  be  con- 
nected by  open  belt  is  great,  or  if,  as  is  sometimes  the  case, 

one  of  the  axes  is  adjustable,  the  diameters  can  be  calculated 
as  though  the  belt  were  crossed.  Otherwise,  when  designed 
for  open  belts,  they  should  be  laid  out  as  described  in 
Arts.  14  and  15. 

EXAMPLES    FOR    PRACTICE 

1.  Two  continuous  speed  cones  are  required  to  give  a  range  of 
speed    between   100  and  600  revolutions  per    minute;    assuming    the 
large  diameters  of  the  cones  to  be  14  inches,  what  must  be:    (a)  the 
small  diameters;  and  (b}  the  speed  of  the  driving  shaft?     Both  cones 

are  to  be  alike.  .  A        f  (a)  5.71 -in. Ans'\(£)    244.95  R.  P.  M. 

2.  In  example  1,  if  the  speed  of  the  driving  shaft  were  260  revolu- 
tions per  minute,  and  the  slowest  speed  of  the  driven  cone  140  revolu- 

tions:   (a)  what    would   be   the   greatest   speed  of   the   driven    cone? 
(b)   what  would  be  the  ratio  of  the  large  and  small  diameters  of  the 
cones?  Ans  f  (fl)  482.86  R.  P.  M. 

Ans't(£)    1.86  :  1 

3.  The  radii  of  one  of  two  speed  cones  are  3,  5|,  8,  and  10  inches 
and  the  radius  of  the  step  on  the  second  cone  corresponding  to  the 
8-inch  step  on  the  first  cone  is  6  inches.     Find  the  radii  of  the  second 
cone,  the  distance   between  shafts  being  30  inches  and   an  open  belt 

being  used.  Ans.  10^,  8^6,  6,  and  3-|  in. 
4.  The  distance  between  the  axes  of  two  cones  is  36  inches  and  an 

open  belt  is  used.     The  two  cones  are  to  be  alike,  and  are  required  to 
give  velocity  ratios  as  follows: 
STEPS  12345 

Velocity  ratio   3     li     1     f     s 
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The  radii  of  the  first  pair  are,  respectively,  15  inches  and  5  inches. 
Find,  by  the  graphic  method,  the  radii  of  the  other  pairs. 

(  STBPS        123  45 
AnsJ  Cone  a,  15  in.     12^1  in.     10^  in-       8-fb  in.       5  in. 

[Coned,    5  in.       811,  in.     10  A  in.     12^  in.     15  in. 
5.     With  the  data  of  example  4,  calculate  the  radii  for  a  pair  of 

cones  with  a  crossed  belt.      ._  /Cone  a,  15  in.  12  in.  10  in.  8  in.  5  in. 
>  \Cone  d,  5  in.  8  in.  10  in.  12  in.  15  in. 

-Tension^T*- 

FIG.  11 

POWER  TRANSMISSION  BY  BELT 

16.     The  Effective  Pull. — In  Fig.   11,   let  d  and  /  be 
two  pulleys  connected  by  a  belt,  d  being  the  driver  and  /  the 

follower.     To  avoid  undue  slipping1,  the  belt  must  be  drawn 
tight.  This  will  produce  ten- 

sions in  the  upper  and  lower 

parts,  which  will  be  called  T, 
and  Ti,  respectively. 

Suppose  the  two  pulleys 
to  be  stationary  and  that  the 
belt  is  put  on  with  a  certain 

tension;  then,  7"i  will  be  equal  to  T,.  If,  now,  the  pulley  d 
is  turned  in  the  direction  of  the  arrow,  it  tends  to  stretch  the 
lower  part  of  the  belt,  increasing  its  tension  still  more,  while 
the  tension  of  the  upper  part  is  diminished.  This  goes  on 
until  the  difference  of  the  tensions  is  sufficient  to  start  pulley/. 

The  difference  (71,—  7*a)  between  the  tensions  in  the  tight 
and  loose  sides  of  the  belt  is  the  force  that  does  the  work  in 

transmitting  power,  and  is  called  the  effective  pull. 
If  5  denotes  the  speed  of  a  point  on  the  belt,  in  feet  per 

minute,  which  is  practically  the  same  as  the  speed  of  a  point 
on  the  pulley  circumference,  the  work  done  per  minute  is  the 

product  of  the  force  (7\—  Tz]  and  the  distance  5*  through 
which  the  point  on  the  belt  moves.  Hence  the  work  per 

minute  =  (T,—  Ta)  S  foot-pounds.  Now,  1  horsepower  is 
the  performance  of  33,000  foot-pounds  per  minute;  hence, 
if  H  is  the  horsepower  transmitted, 

(T,-  T,)  S 

H = 

33,000 
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EXAMPLE  1. —A  pulley  4  feet  in  diameter  is  driven  at  100  revolutions 

per  minute,  and  transmits  power  to  another  pulley  by  means  of  a  belt 

without  slip;  if  the  tension  on  the  driving  side  of  the  belt  is  400 

pounds  and  on  the  slack  side  is  100  pounds,  what  is  the  horsepower 
transmitted? 

SOLUTION.—  5  =  4  X  3.1416  X  100  =  1,256.6  ft.  per  min.  From 

*i  *  1/7-  (400  -  100)  X  1,256.6  _  , 
the  formula,  H  =   —3^66         H'42  H'  *'     AM' 

EXAMPLE  2.— The  diameter  of  the  driving  pulley  is  36  inches;  it 

makes  150  revolutions  per  minute  and  carries  a  belt  transmitting 
6  horsepower.  What  is  the  effective  pull  of  the  belt? 

.     150  X  36  X  3.1416 
SOLUTION. — Speed  of  belt,  in  feet  per  minute,  is   ^   

_          33,000  H      33,000  X  6 
=    1,413.7.     From    the    formula,    .A  —  /2    =     ^   =  — -^  41g  y  " 
=  140  lb.,  nearly.     Ans. 

17.  The  Width  of  the  Belt. — A  belt  should  be  wide 

enough  to  bear  safely  and  for  a  reasonable  length  of  time 

the  greatest  tension  that  will  be  put  on  it;  this  will  be  the 
tension  7\  of  the  driving  side  of  the  belt.  As  belts  are  usually 

laced,  or  fastened  with  metallic  fasteners,  both  of  which 

require  holes  to  be  punched  in  the  ends,  it  is  customary  to 
use  the  breaking  strength  through  the  lace  holes,  divided  by 

a  suitable  factor  of  safety,  as  the  greatest  allowable  tension. 

The  average  breaking  strength  for  single  leather  belts,  through 
the  lace  holes,  is  200  pounds  per  inch  of  width.  This  divided 

by  3,  which  is  a  suitable  factor  of  safety  for  belting,  gives 

66f  pounds.  Thus,  in  the  last  example,  the  tension  of  the 

driving  side  of  the  belt  was  assumed  to  be  400  pounds. 

Hence,  using  66f  pounds  as  the  safe  working  stress  per  inch 

of  width,  a  belt      f  =  6  inches  wide  would  be  required. 

663- 

The  tension  Tl}  for  any  particular  case,  depends  on  three 

things — viz.,  the  effective  pull  of  the  belt,  the  coefficient  of 
friction  between  the  belt  and  pulley,  and  the  arc  of  contact 

of  the  belt  on  the  smaller  pulley.  As  the  equations  involving 

these  quantities  are  somewhat  complicated,  Table  I  has  been 
calculated.  It  will  afford  a  convenient  means  for  finding  not 

only  the  width  of  belt  for  a  given  horsepower,  but  the  horse- 
power for  a  given  width  as  well.  In  the  first  column,  the  arc 
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covered  by  the  belt  is  stated  in  degrees,  and  in  the  second 

column  in  fractional  and  decimal  parts  of  the  circumference 

covered.  The  third  column  gives  the  greatest  allowable 

values  of  (7\  —  T,),  or  the  effective  pull,  per  inch  of  width, 

for  single  leather  belts.  These  values  were  computed  by 

assuming  a  value  for  71  of  66|  pounds,  and  a  coefficient  of 
friction  of  .27.  This  latter  has  been  found,  by  experiment, 

to  be  a  fair  value  to  use  for  leather  belts  running  over  cast- 
iron  pulleys,  under  conditions  met  with  in  practice. 

The  arc  of  contact  on  the  smaller  pulley  of  a  pair  may  be 

very  readily  found.     Let  R  and  r  represent  the  radii  of  the 
TABLE  I 

EFFECTIVE    PULL    OF    BELTS 

Arc  Covered  by  Belt Allowable  Value  of 
Effective  Pull,  or 
(T.-T,)  per 
Inch  of  Width Degrees 

Fraction  of 
Circumference 

90 

T  =  .25 
23.0 

1125- 

IT  =  .312 

27-4 

I2O 3    =    -333 
28.8 135 

1  =  -375 
31-3 

ISO 

~h  =.417 

33-8 

157* 
^=•437 

34-9 1  80  or  over i  =  .50 

38,1 
large  and  small  pulleys,  respectively,  and  let  h  represent  the 
distance  between  centers.     Then,  if  the  number  of  degrees 

in  the  arc  of  contact  is  denoted  by  a,  cos  -  =  -  -  ~  r.      By 2i  h 

substituting  the  known  values  of  R,  r,  and  h,  the  cosine  of 

half  the  angle  a  is  found,  and  the  angle  -  can  easily  be  deter- A 

mined  by  referring  to  a  table  of  cosines.     This,  multiplied 
by  2,  will  give  the  arc  of  contact,  in  degrees. 

18.  To  use  the  table  in  finding  the  width  of  a  single 
leather  belt  required  for  transmitting  a  given  horsepower, 
the  following  rule  may  be  applied: 
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Rule. — Compute  the  effective  pull  of  the  belt.  Divide  the 
result  by  the  suitable  effective  pull  per  inch  of  width,  as  given 
in  the  third  column  of  Table  I;  the  quotient  will  be  the  width 
of  belt  reqidred,  in  inches. 

EXAMPLE.— What  width  of  single  belt  is  needed  to  transmit  20 
horsepower  with  contact  on  the  small  pulley  of  f  of  the  circumference 
and  a  speed  of  1,500  feet  per  minute? 

SOLUTION.— The  effective  pull  is,  from  the  formula  in  Art.    16, 
33  000  X  20 

TI  —  Ta  =  — S~K7v) — ~  ~  440  Ib.     From  Table  I,  the  allowable  pull  per 440 

inch  of  width  is  31.3  Ib.     Hence  the  width  required  is  ̂ -^  =  14  in. 
Ans. 

19.  Horsepower  Transmitted  by  a  Belt. — The  proc- 
ess of  finding  the  horsepower  that  a  single  belt  will  transmit 

must  evidently  be  just  the  reverse  of  the  preceding.     It  is, 
therefore,  as  follows: 

Rule. — M^dtiply  together  a  suitable  value  for  the  effective 
pull,  taken  from  Table  I,  the  width  of  the  belt,  in  inches,  and 
the  speed,  in  feet  per  minute.  The  result  divided  by  33,000  gives 
the  horsepower  that  the  belt  will  transmit. 

EXAMPLE. — What  horsepower  will  a  1-iuch  belt  transmit  with  a 

speed  of  900  feet  per  minute  and' an  arc  of  contact  of  180°? 
SOLUTION.—  7\  -  T3,  from  Table  I,  =  38.1.  38.1  X  1  X  900 

=  34,290,  which,  divided  by  33,000,  gives  1.04  H.  P.,  nearly.  Ans. 

20.  General  Rule  for  Belting. — From  the  last  exam- 
ple, it  appears  that  a  single  belt  traveling  900  feet  per  minute 

•will  transmit  i  horsepower  per  inch  of  width  when  the  arc  of 

contact  on  the  smaller  pulley  does  not  vary  much  from  180°. 
This  rule  may  be  expressed  algebraically  as  follows: 
Let  H  =  horsepower  to  be  transmitted; 

W  =  width  of  belt,  in  inches; 

6*  =  belt  speed,  in  feet  per  minute. 

Then,  ff=^M  (1) 

W '  = 

s  = 

900 

900/7 
5 

900/7 
W 

(2) 

(3) 
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EXAMPLE  1.— Two  pulleys,  48  inches  in  diameter,  are  to  be  con- 

nected by  a  single  belt,  and  make  200  revolutions  per  minute;  if  40 

horsepower  is  to  be  transmitted,  what  must  be  the  width  of  belt? 

SoLtmoN.-The  belt  speed  is  2°°  X  ̂   3'1416  =  2,513  ft.  per  min- 
900  X  40 

ute,  about.    Applying  formula  2,  W  =  —%&$-  =  14-3  in-    Ans- 

A  14-in.  belt  might  safely  be  used,  since  the  rule  gives  a  liberal 
width  when  the  pulleys  are  of  equal  size. 

EXAMPLE  2.— What  size  pulleys  should  be  used  for  a  4-inch  belt 
tnat  is  to  connect  two  shafts  running  at  400  revolutions  per  minute 

and  transmit  14  horsepower?  Both  pulleys  are  to  be  of  the  same  size. 

900  X  14 

SOLUTION.— By  formula  3,  5  =    -^ —  =  3,150  ft.  per  minute. 

Since  this  speed  equals  the  circumference  of  the  required  pulley  in 
.     3,150  X  12       ..  r    . 

feet  X  400,    the    circumference    of    pulley    is     ^   =  94.5  m.; 
94  5 

the  diameter  is  -     '  ̂   =  30  in.    Ans. 

21.  Double  Belts. — Double  belts  are  made  of  two 
thicknesses  o£  leather  cemented  together  throughout  their 

whole  length;  they  are  used  where  much  power  is  to  be 
transmitted.  In  Europe  it  is  common  practice  to  rivet  as 
well  as  cement  double  belts.  As  the  formulas  for  single 
belts  are  based  on  the  strength  through  rivet  or  lace 
holes,  when  these  are  used,  a  double  belt,  if  twice  as  thick, 
should  be  able  to  transmit  twice  as  much  power  as  a  single 

belt;  and,  in  fact,  more  than  this,  where,  as  is  quite  common, 
the  ends  of  the  belt  are  glued  together  instead  of  being 
laced.  Double  belts,  however,  are  not  usually  twice  as 
thick  as  single  belts. 

Where  double  belts  are  used  on  small  pulleys,  the  con- 
tact with  the  pulley  face  is  less  perfect  than  it  would  be  if 

a  single  belt  were  used,  owing  to  the  greater  rigidity  of 
the  double  belts.  More  work,  also,  is  required  to  bend 
the  belt  as  it  runs  over  the  pulley  than  in  the  case  of  the 

thinner  and  more  pliable  belt,  and  the  centrifugal  force  tend- 
ing to  throw  the  belt  from  the  pulley  also  increases  with  the 

thickness.  Moreover,  in  practice,  it  is  seldom  that  a  double 
belt  is  put  on  with  twice  the  tension  of  a  single  belt.  For 
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these  reasons,  the  width  of  a  double  belt  required  to  transmit 
a  given  horsepower  is  generally  assumed  to  be  about  seven- 
tenths  the  width  of  a  single  belt  to  transmit  the  same  power. 
On  this  basis,  formulas  1,  2,  and  3  of  Art.  20  become,  for 
double  belts 

r/r/o 
(1) 630 

(3) (    } 

EXAMPLES    FOR   PRACTICE 

1.  If  the  effective  pull  on  a  belt  per  inch  of  width  is  50  pounds, 
and  the  belt  passes  over  a  pulley  36  inches  in  diameter,  which  makes 
160  revolutions  per  minute,  how  wide  should  the  belt  be  to  transmit 

12  horsepower?  Ans.  5-j  in. 

2.  What  width  of  single  belt  should  be  used  to  transmit  5   horse- 
power, when  the  belt  speed  is  2,000  feet  per  minute,  and  the  arc  of 

contact  on  the  smaller  pulley  is  90°?  Ans.  3i  +  in. 

3.  Using  the  general  rule,  find  the  horsepower  that  a  16-inch  single 
belt  will  transmit,  the  belt  speed  being  1,000  feet  per  minute. 

Ans.  17.8  H.  P. 

4.  Using   Table    I,    how    much   power  could    the   above   belt    be 
depended  on  to  transmit  if  the  arc  of  contact  on  the  smaller  pulley  is 
i  of  the  circumference?  Ans.  14  H.  P.,  nearly 

5.  Required  the  diameters  of  pulleys  necessary  to  enable  a  10-inch 
belt   to  transmit  9  horsepower  at  125  revolutions   per  minute,  both 
pulleys  being  of  the  same  size.  Ans.  2  ft.,  nearly 

6.  How  much  power  would  the  belt  in  example  3  transmit  if  the 
belt  were  double?     Ans.  25.4  H.  P.,  nearly 

CARE  AND  USB  OF  BELTING 

22.  The  belts  most  commonly  used  are  made  of  leather, 
single  and  double,  but  canvas  belts  covered  with  rubber 
are  sometimes  used,  especially  in  damp  places,  where  the 
moisture  would  ruin  the  leather. 

Leather  belts  are  generally  run  with  the  hair  or  grain  side 
next  to  the  pulley.  This  side  is  harder  and  more  liable  to 
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crack  than  the  flesh  side.  By  running  it  on  the  inside  the 

tendency  is  to  cramp  or  compress  it  as  it  passes  over  the  pul- 
ley, while  if  it  ran  on  the  outside,  the  tendency  would  be 

for  it  to  stretch  and  crack.  Moreover,  as  the  flesh  side  is 

the  stronger  side,  the  life  of  the  belt  will  be  longer  if  the 
wear  comes  on  the  weaker  or  grain  side. 

The  lower  side  of  a  belt  should  be  the  driving  side,  the 

slack  side  running  from  the  top  of  the  driving  pulley.  The 

sag  of  the  belt  will  then  tend  to  increase  the  arc  of  con- 
tact, as  illustrated  by  the  full  lines  in  Fig.  11.  Long  belts, 

running  in  any  direction  other  than  the  vertical,  work  better 

than  short  ones,  as  their  weight  holds  them  more  firmly  to 
the  pulleys. 

It  is  bad  practice  to  use  rosin  to  prevent  slipping.  It 

gums  the  belt,  causes  it  to  crack,  and  prevents  slipping  for 

only  a  short  time.  If  a  belt  properly  cared  for  persists  in 

slipping,  a  wider. belt  or  larger  pulleys  should  he  used,  the 
latter  to  increase  the  belt  speed.  Belts,  to  be  kept  soft  and 

pliable,  should  be  oiled  with  castor  or  neat's-foot  oil,  or  other 
suitable  belt  dressing.  Mineral  oils  are  not  good  for  this 

purpose. 
Tightening  or  guide  pulleys,  whenever  used  to  increase 

the  length  of  contact  between  the  belt  and  pulley  or  to  tighten 
a  belt,  should  be  placed  on  the  slack  side,  if  possible.  Thus 

placed,  the  extra  friction  of  the  guide  pulley  bearings  and 
the  wear  and  tear  of  the  belt  that  would  result  from  the 

greater  tension  of  the  driving  side  are  avoided. 

23.  Guiding  Belts. — When 'a  belt  is  to  be  shifted  from 
one  pulley  to  another,  or  must  be  guided  to  prevent  running 
off  the  pulley,  the  fork  or  other  device  used  for  guiding 
should  be  close  to  the  driven  pulley,  and,  so  placed  as  to 
guide  the  advancing  side  of  the  belt. 

This  principle  is  sometimes  made  use  of  where  pulleys 
have  flanges  to  keep  the  belt  from  running  off  the  pulleys. 
Where  constructed  with  straight  flanges,  as  in  Fig.  12,  if  the 
belt  has  any  inclination  to  run  on  one  side,  its  tendency 
is  to  crowd  up  against  the  flange  as  shown  at  at  a.  When 
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constructed  as  in  Fig.  13,  however,  with  the  flanges  gro
oved 

as  *t  c,  c.  the  advancing  side  of  the  belt  will  be  guided  a
t  6, 

just  as  it  reaches  the  pulley,  by  contact  with  the  thick  p
ortion 

c      c 

FIG.  12  PIG'13 

of  the  flange,  and  during  the  rest  of  the  w
ay  will  not  touch 

the  flange  at  all. 

In  Fig  14  is  shown  the  arrangement  of  a  b
elt  shitter;  g  is 

the  driving  pulley,  and  t  and  /  are  tight  a
nd  loose  pulleys  on 

the  driven  shaft  c  d;  b  is  the  shifter,  and  
can  be  moved  par- 

allel to  c  d.  The  acting 

surface,  or  face,  of  g  is 

made  straight  to  allow 

the  belt  to  shift  readily, 

and  the  faces  of  /  and  / 

are  crowned — that  is, 

the  diameters  of  the 

pulleys  are  increased 

slightly  toward  the 

centers  of  the  pulley 

faces  — so  that  the  belt 

will  not  tend  to  run  off. 

24.     The  Climbing 

of  Belts.— In  Fig.  15, 

suppose  the  shafts  a,  a 

to  be  parallel,  and  the 

pulley  d  to  be  cone-shaped. 

PIG.  14  FlG-  15 

The  right-hand  side  of  the  belt puney  a-  iu   uc  ̂ vu^-i^^r* —      *•>•         & 

will  be  pulled  ahead  more  rapidly  than
  the  left-hand  side, 

because   of   the   greater   diameter   and    co
nsequent    greater 

I  L  T  374B— 11 



26 PULLEYS  AND  BELTING 

PIG.  16 

speed  of  that  part  of  the  pulley.  The  belt  will,  therefore, 
leave  its  normal  line  at  c,  and  climb  to  the  high  side  of  the 
pulley.  This  tendency  is  taken  advantage  of  by  crowning 
pulleys  in  the  middle.  Each  side  of  the  belt  then  tends  to 

move  toward  the  middle  of  the  pulley;  that  is,  the  tendency 
is  for  the  belt  to  stay  on  the  pulley. 

25.     Belt  Fastenings. — There  are  many  good  methods 
of  fastening  the  ends  of  belts  together,  but  lacing  is  generally 
used,  as  it  is  flexible  like  the  belt  itself,  and  runs  noiselessly 

over  the  pulleys.  The  ends  to 
be  laced  should  be  cut  squarely 
across,  and  the  holes  in  each 
end  for  the  lacings  should  be 
exactly  opposite  each  other 
when  the  ends  are  brought 
together.  Very  narrow  belts, 
or  belts  having  only  a  small 
amount  of  power  to  transmit, 

usually  have  only  one  row  of  holes  punched  in  each  end,  as 
in  Fig.  16;  a  is  the  outside  of  the  belt,  and  b  the  side  running 
next  to  the  pulley.     The  lace  is  drawn  half  way  through  one 
of  the  middle  holes,  from  the 
under  side,  as  at  1;  the  upper 
end  is  then  passed  through  2, 
under  the  belt,  and  up  through 
3,_back  again  through  2  and  3, 
through  4  and  up  through  5, 
where  an  incision  is  made  in 

one  side  of  the  lace,  forming 
a  barb   that  will  prevent  the 
end  from  pulling  through.  The 
other  side  of  the  belt  is  laced  with  the  other  end,  first  passing 
it  up  through  4.     Unless  the  belt  is  very  narrow,  the  lacing 
of  both  sides  should  be  carried  on  at  once. 

Fig.  17  shows  a  method  of  lacing  where  double  lace  holes 

are  used,  b  being  the  side  to  run  next  to  the  pulley.   The  lacing 
for   the   left   side    is   begun   at   1,    and   continues    through 

1 
—  "w-^ 

b 

—  s^_-  - 

f. 

* 

n- 

fe 

b 
"~—w-vv 

x-v^  •—  - FIG. 
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2,3,4,5,6,7,4,5,  etc.  A  6-inch  belt  shou
ld  have  seven 

holes,'  four  in  the  row  nearest  the  end,  and  a  10-inch  bel
t 

should  have  nine  holes.  The  edge  of  the  holes  shou
ld  be  at 

least  f  inch  from  the  sides,  and  the  holes  shou
ld  not  be 

nearer  than  *  inch  to  the  ends  of  the  belt.  The  s
econd  row 

should  be  at  least  If  inches  from  the  end. 

Another  method  is  to  begin  the  lacing  at  one  si
de  instead 

of  in  the  middle;  this  method  will  give  the  rows  of
  lacing  on 

the  under  side  of  the  belt  the  same  thickness  a
ll  the  way 

across.  ,->•>•     ^     A 

It  is  also  quite  common  to  cement  the  ends  of
  a  belt  instead 

of  lacing  them  together.  To  do  this,  the  end
s  to  be  cemented 

are  shaved  off,  with  a  uniform  taper,  for 
 a  distance  about 

equal  to  the  width  of  the  belt,  then  coated 
 with  cement  and 

laid  together,  and  subjected  to  pressure  until
  the  joint  is  dry. 

BELT  CONNECTIONS  FOR  NON
-PARALLEL  SHAFTS 

26.  It  very  frequently  happens  that  on
e  shaft  must  drive 

another  at  an  angle  with  it.  Sometime
s  this  involves  the 

use  of  guide  pulleys,  and  occasionally  gui
de  pulleys  must  be 

used  to  connect  parallel  shafts,  where  
the  shafts  are  near 

together,  or  there  is  some  obstruction  i
n  the  way.  In  all 

such  cases  the  point  at  which  the  center  of  th
e  belt  is  delivered 

from  each  pulley  must  lie  in  the  middle  pla
ne  of  the  other  Pulley. 

The  middle  plane  of  a  pulley  is  the  pla
ne  through  the  cen- 

ter of  the  pulley,  perpendicular  to  its  ax
is.  Unless  the  shaft- 

ing is  to  turn  backwards  at  times,  it  is  i
mmaterial  in  what 

direction  a  belt  leaves  a  pulley;  but  it  mu
st  always  be  dehvered 

into  the  plane  of  the  pulley  toward  which
  it  is  running.  If  it 

is  necessary  for  a  belt  to  run  backward
s  as  well  as  forwards, 

it  must  also  leave  in  the  plan,  of  the  p
ulley.  This  principle 

applies  to  the  guide  pulleys  as  well  
as  to  the  mam  pulleys. 

27  Shafts  at  Right  Angles.-The 
 common  method  of 

connecting  shafts  at  right  angles  is  by
  means  of  a  quarter- 

turn  belt,  as  shown  in  Fig.  18.  Here, 
 the  pulley  d  is  the 

driver,  rotating  in  the  direction  shown, 
 and  the  pulley  /  is 
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the  follower.  The  point  at  which  the  belt  is  delivered  from 

the  pulley  d  lies  in  the  middle  plane  of  the  pulley  /,  that  is, 

in  the  line  B  B\  also,  the  point  at  which  the  belt  is  deliv- 
ered from  the  pulley  /  lies  in  the  middle  plane  of  the  pulley  d, 

or  in  the  line  A  A.  Thus  arranged,  the  belt  will  run  from  d 
to  /  without  running  off  either  pulley.  The  reason  for  this 
will  be  made  clearer  by  referring  to  Fig.  19,  in  which  the 
belt  is  represented  by  A  B  and  CD,  and  is  traveling  in  the 

FIG.  18 FIG.  19 

direction  of  the  arrows.  The  two  shafts  being  parallel,  and 
the  pulleys  lying  in  the  same  plane,  the  belt  runs  from 
A  to  B  and  from  C  to  D  with  no  tendency  to  run  off.  Let  a 
line  A  C  be  drawn  tangent  to  the  pulleys  at  the  middle  points 
of  their  faces,  where  the  belt  leaves  the  pulleys.  •  This  line  may 
then  be  considered  as  an  axis  around  which  the  pulley  B  C 
may  swing  without  affecting  the  action  of  the  belt.  For, 
suppose  the  pulley  B  C  to  be  swung  on  the  axis  A  C  through 
a  right  angle,  that  is,  into  the  position  of  pulley  /,  Fig.  18. 
Then,  since  the  point  A  will  still  lie  in  the  middle  plane  of 
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B  C,  and  the  point  C  will  still  lie  in  the  middle  plane  of  A  D, 
.the  action  of  the  belt  will  remain  unchanged;  that  is,  the 
center  of  the  belt  at  the  point  where  it  leaves  either  pulley 
will  lie  in  the  middle  plane  of  the  other  pulley,  and  there  will 
be  no  tendency  to  run  off.  If  the  pulley  B  C  be  turned 
through  any  other  angle  about  A  C,  the  required  condition 
will  be  fulfilled  and  the  belt  will  run  properly. 
With  the  arrangement  shown  in  Fig.  18,  however,  the 

pulleys  cannot  run  backwards,  because  D,  the  point  of  deliv- 
ery of  /,  is  not  in  the  middle  plane  A  A,  and  C  is  not  in  the 

middle  plane  B  B. 
The  following  simple  method  of  locating  the  pulleys  for  a 

quarter-turn  belt  may  be  used  in  practice:  Locate  the 
pulley  d  and  the  machine  so  that  the  pulleys  d  and  /  will  be 
as  near  the  correct  position  as  can  be  judged  by  the  eye. 
Using  a  plumb-bob,  drop  a  plumb-line  from  the  center  of  the 
right-hand  side  of  the  pulley  d,  and  move  the  machine  until 
the  center  of  the  back  side  of  the  pulley  /  touches  the  plumb- 
line.  In  case  it  should  not 
be  convenient  to  move  the 
machine,  shift  the  pulleys 

instead.  If  it  be  desired  to  a  I  IE      If!       ̂ >(toY       I1U 
run  the  belt  in  the  direc- 

tion opposite  to  that  indi- 
cated  by  the  arrow  in 
Fig.  18,  shift  the  machine 
carrying  /  to  the  left  until 
the  center  of  the  front  side 
of  the  pulley  /  touches  a 
plumb-line  dropped  from 
the  center  of  the  left-hand 
side  of  the  pulley  d;  that  is,  wJ 
from  the  point  C.  t  ̂(W  HUB 

28.    There  is  this  objec-  FJG. 20 
tion  to  a  quarter-turn  belt:  when  the  angle  at  which  the  belt 
is  drawn  off  the  pulleys  is  large,  the  belt  is  strained,  especi- 

ally at  the  edges,  and  it  does  not  hug  the  pulleys  well. 
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Small  pulleys  placed  quite  a  distance  apart,  with  narrow 

belts,  give  the  best  results,  from  which  it  follows  that, 

quarter-turn  belts,  like  the  foregoing:,  are  not  well  suited 

to  transmit  much  power.  Fig.  20  shows  how  the  arrange- 
ment can  be  improved  by  placing  a  guide  pulley  against 

the  loose  side  of  the  belt.  The  driver  d  rotates  counter- 

clockwise, thus  making'  A  B.  the  driving  or  tight  side  of  the 
belt.  To  determine  the  position  of  the  guide  pulley,  select 
some  point  in  the  line  A  B,  as  D;  draw  lines  CD  and  ED; 
the  middle  plane  of  the  guide  pulley  should  then  pass  through 
the  two  lines.  Looked  at  from  a  direction  at  right  angles  to 
pulley/,  line  CD  coincides  with  A  -B;  looking  at  right  angles 
to  pulley  d,  line  ED  coincides  with  AJB. 

29.     A  third  method  of  connecting  two  shafts  at  right 
angles  is  shown  in  Fig.  21.     In  general,  it  is  to  be  preferred 

FIG.  21 

to  the  quarter-turn  belt.  The  pulley  d  is  the  driver.  The 
belt  passes  around  the  loose  pulley  /  and  back  around  a  loose 

pulley  d'  on  the  driving  shaft  behind  d.  It  then  goes  around  /, 
which  is  fast  on  the  shaft  a  a,  and  finally  back  again  and 
around  d.  Since  the  loose  pulleys  turn  in  a  direction  oppo- 

site that  of  their  shafts,  their  hubs  should  be  long.  The 
two  pulleys  on  each  shaft  must  be  of  the  same  size.  It  is 
evident  that  either  /  or  d  can  be  the  driver  and  can  run  in 
either  direction. 

It  is  to  be  observed  that  while  a  quarter-turn  belt  can  be 
used  with  the  shafts  at  an  angle  other  than  a  right  angle,  the 
last  arrangement  cannot. 
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In  Fig.  22  is  shown  a  method  of  connecting  the  shafts 
when  it  is  not  possible  to  put  the  follower  /  directly  under  the 

driver  d.  The  guide  pulleys  g,g'  must  be  so  placed  that  the 

FIG.  22 

belt  will  lead  correctly  from  the  point  A  into  the  middle  plane 
of  the  guide  pulley  ̂   from  B  into  the  middle  plane  of  d,  and  so 
on  around.  By  twisting  the  belt  at  c,  the  same  side  will  come 
in  contact  with  all  the  pulleys;  this  is  a  desirable  arrangement. 

PIG.  23 

In  the  arrangement  shown  in  Fig.  23,  the  shafts  a  and  b 
would  intersect,  if  long  enough.  Examples  occur  where 
shafts  running  on  two  sides  of  a  room  are  to  be  connected. 

Guide  pulleys  g>g' ,  like  those  in  the  figure,  termed  mule 
pulleys,  are  used.  As  their  planes  are  horizontal,  means 
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must  be  provided  to  prevent  the  belt  from  running  off  at 
the  bottom.  Sometimes  this  is  done  by  simply  crowning 

the  pulleys,  and  sometimes  by  putting  flanges  on  the  lower 
sides. 

30.  Other-  Examples  of  Belt  Transmission. — Guide 
pulleys  are  sometimes  used  to  lengthen  the  belt  between  two 
shafts  that  are  too  close  together  to  be  connected  directly, 

— o 

FIG.  25 

or  it  may  be  that  it  is  not  possible  to  get  two  pulleys  in  the 
same  plane.  Fig.  24  shows  an  arrangement  of  this  kind. 
The  diameter  of  each  guide  pulley  should  be  equal  to  the 

distance'  between  the  planes  of  d  and  /.  With  the  guide 
pulleys  arranged  as  shown,  the  belt  will  run  in  either  direc- 

tion. It  is  more  convenient,  however,  to  place  the  guide 
pulleys  on  one  shaft.  In  that  case,  their  axes  will  be  on  the 

line  O  0;  g'  will  be  in  the  line  CK,  and  g  in  the  line  A  B. 
Then  the  belt  will  be  delivered  from  d  into  the  middle  plane 
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of  g'\  and  from  g'  into  the  middle  plane  of  /.     The  belt  will 
run  in  only  one  direction,  however. 
A  device  for  connecting  two  horizontal  shafts  making  an 

angle  with  each  other  is  given  in  Fig.  25.  It  can  be  used 

where  a  quarter-turn  belt  will  not  work  successfully.  The 

guide  pulleys  turn  in  the  same  direction,  which  is  a  con- 
venience, because  they  can  then  be  mounted  on  one  shaft, 

turning  in  bearings  at  the  ends,  and  the  belt  will  run  in 
either  direction. 
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METALS 

IRON 

MANUFACTURE  AND   PROPERTIES   OF   IRON 

1.  Forms  of  Iron. — A  knowledge  of  the  physical  properties 
of    the    different    materials    used    in   machine    construction    is 

exceedingly  important  to  the  designer  and  builder  of  machines 
and  structures  because  it  enables  him  to  select  the  materials  best 

suited  for  the  various  parts.     The  materials  most  used  are  the 
various  forms  of  iron.     Iron  is  an  element  obtained  from  iron 

ore,  which  is  mined  and  treated  by  processes  that  remove  most 
of  the  impurities.     As  used  commercially  it  is  impure,  but  the 
impurities  give  the  iron  certain  properties,  or  character,  accord- 

ing to  the  relative  amounts  present  in  it.     The  metals  resulting 
from  the  purifying  processes  are  known  as  pig  iron,  wrought 
iron,  and  steel. 

2.  Pig  iron  can  be  melted  and  poured  into  molds,  after; 

which  it  again  solidifies,  the  process  being  known  as  casting. 
After  the  iron  has  solidified,  it  is  known  as  cast  iron.     Wrought 
iron  can  be  heated  until  it  becomes  plastic  and  may  then  be 
worked  into  various  shapes,  either  under  a  hammer  or  in  a 

press.     Steel  is  simply  a  special  form  or  alloy  of  iron,  and  may 
be  divided  into  four  classes  known  as  machine  steel,  structural 
steel,  tool  steel,  and  steel  castings.     Machine  steel  is  the  ordi- 

nary steel  used  for  machine  parts,  such  as  shafts,  etc. ;  structural 
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steel  is  a  mild  steel,  elastic  and  tough,  used  for  bridges,  frame- 
work of  buildings,  and  the  hulls  of  ships ;  tool  steel  is  less  easily 

worked,  but  is  capable  of  being  hardened  and  tempered  and  is 

largely  used  for  cutting  tools ;  while  the  steel  used  for  making 

castings  differs  from  the  other  varieties  of  steel  in  that  it  can 
be  cast  in  molds. 

3.  In  order  to  become  familiar  with  the  physical  properties 
of  iron  and   steel,  it  is  desirable  to  know  something  of  the 

processes  employed  in  their  manufacture,  as  the  methods  of 

producing  iron  and  steel  have  a  marked  effect  on  their  proper- 

ties; also,  the  presence  of  quantities  of  other  elements,  some- 

times as  impurities,  may  have  still  greater  effects.     One  ele- 
ment that  has  a  very  important  bearing  on  the  properties  of  iron 

and  steel  is  carbon.     Other  substances  affecting  them  in  a  greater 

or  less  degree  are  silicon,  sulphur,  phosphorus,  tungsten,  nickel, 
chromium,  vanadium,  and  manganese.     Small  percentages  of 
some  of  these  elements  will  frequently  produce  marked  changes 
in  the  characteristics  of  the  finished  product. 

4.  Ores  of  Iron. — Iron  exists  in  nature  as  ore,  which  is  a 
combination  of  iron  and  other  elements  in  the  form  of  rock  or 

earth.     Frequently,   the  iron  is   not  distinguishable  except  by 

chemical  analysis.     The  only  ores  from  which  iron  is  manu- 
factured in  large  quantities  are  those  containing  the  oxides  and 

carbonates  of  iron,  the  oxides  being  the  richer  in  iron.     The 
ore  known  as  magnetite,  Fe304,  is  an  oxide  containing  about 
72  per  cent,  of  iron;  another  oxide  known  as  red  hematite, 
Fe203,  contains  about  70  per  cent,  of  iron;  while  still  another 
oxide,  brown  hematite,  2FezOZ!  3H2Oj  contains  about  60  per 
cent,  of  iron.     These  constitute  the  valuable  oxide  ores.     The 

carbonate  ore,  ferrous  carbonate,  FeC03,  contains  about  48  per 
cent,  of  iron. 

5.  Magnetite  is  black  and  brittle,  and  is  attracted  by  a  mag- 
net, from  which  characteristic  it  derives  its  name.     Red  hematite 

varies  in  color  from  a  deep  red  to  a  steel  gray,  but  all  varieties 
make  a  red  streak  when  drawn  across  unglazecl  porcelain.     On 
account  of  its  abundance  and  the  character  of  the  iron  it  yields, 
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red  hematite  is  the  most  important  of  the  ores  of  iron.  Brown 
hematite  varies  in  color  from  a  brownish  black  to  a  yellowish 
brown.  The  carbonate  varies  in  color  from  yellow  to  brown, 
but  the  light-colored  ore  rapidly  becomes  brown  when  exposed 
to  the  air.  This  ore  is  reduced  to  Fe20B  by  roasting  and 
exposure  to  the  air,  which  drives  off  the  carbon  dioxide  and 
water,  as  well  as  much  of  the  sulphur  and  arsenic,  when  these 
are  present.  The  carbonate  is  thus  changed  to  an  oxide  having 
the  same  composition  as  red  hematite. 

6.  Separation  of  Iron  From  Its  Ores. — Iron  in  the  metallic 
form  is  extracted  from  the  ores  by  the  action  of  heat.     The 
ores  are  first  heated  at  a  comparatively  low  temperature,  so  as 
to  drive  off  all  moisture  and  volatile  matter  that  may  be  present. 
Then  they  are  heated  to  a  comparatively  high  temperature  by  a 
blast  of  hot  air,  in  the  presence  of  carbon,  C,  or  carbon  mon- 

oxide, CO.     At  this  higher  temperature,  the  oxygen  of  the  ore 
combines  with  the  carbon  or  carbon  monoxide  to  form  carbon 

dioxide,    CO.2i   thus    leaving    the    iron    chemically    free.     This 
process  is  known  as  the  reduction  process,  since  the  ores  are 
reduced,  or  deprived  of  their  oxygen  and   other  non-metallic 
substances,  leaving  the  metal  itself  quite  free. 

7.  The  fuel  used  to  produce  the  high  temperatures  in  the 
reduction  process  is  coke.     The  heating  is  done  in  a  furnace 
lined  with  some  material,  such  as  firebrick,  which  is  not  easily 
affected   by   great   heat.     The    ores    charged   into    the    furnace 
usually  contain  silica,   alumina,   or  some   other  substance  that 

is   difficult   to   remove,   except   by   chemical    combination   with 
another  substance  put  in  especially  for  that  purpose  and  known 

as  a  flux.     The  flux,  usually  limestone,  unites  with  the  impuri- 
ties in  the  ore  and  becomes  fluid,  when  it  is  known  as  slag. 

The  slag  is  lighter  than  the  molten  iron,  and  consequently  floats 
on  the  surface  of  the  iron,   from   which  it  may  be  removed 

either   by   tapping   off   the   iron   from   below   and   leaving   the 
slag  to  be  drawn  later,  or  by  drawing  off  the  slag  through  a 
tap  hole  at  the  surface  of  the  molten  iron,  without  disturbing 
the  iron. 
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8.  Blast  Furnace. — All  iron  used  for  manufacturing  pur- 

poses is  obtained  by  reducing  the  ores  of  iron  in  a  special  fur- 
nace called  a  blast  furnace.     In  Fig.  1  is  shown  the  common 

form  of  blast  furnace  used  in  this  work.     It  consists  of   a 

slightly  tapering  shell  a,  called  the  stack,  built  up  of  iron  plates 
and   lined  with  firebrick.     The  lower  end   b   of  the  shell  is 

conical,  with  the  small  end  of  the  cone  pointing  downwards, 
and  is  called  the  bosh.     At  the  bottom  of  the  furnace  is  the 

.hearth  c.     Its  object  is  to  hold  the  molten  iron  and  the  slag. 

When  the  furnace  is  in  operation  the  region  of  highest  tem- 
peratures is  at  the  bosh,  where  most  of  the  melting  takes  place. 

The  ore,  fuel,  and  flux  are  charged  into  the  furnace  at  the  top, 

through  an  opening  that  is   closed  by  the   bell  d  to  prevent 
the  escape  of  gases.     The  charging  apparatus  consists  of  the 
hopper  e  into  which  the   charge  is  put.     Directly  under   the 
hopper  is  the  gas  outlet  /.     At  g  and  h  are  stoves,  or  devices 
for  heating  the  air  before  it  enters  the  furnace. 

9.  In  ordinary  operation,  the  furnace  is  kept  filled  with  the 

charge  to  about  the  level  shown  in  the  illustration.     The  low- 
est temperatures  exist  near  the  top  of  the  furnace,  the  mass 

growing  gradually  hotter  as  it  descends.     As  fast  as  the  metal 
at  the  bottom  melts,  the  charge  above  settles,  being  regularly 
replenished  by  charging  at  the  top.    Thus  there  is  a  continual 
downward  movement  of  the  charge. 

The  low  temperatures  existing  at  the  top  of  the  furnace, 
where  the  fresh  ore  lies,  are  sufficient  to  dry  the  ore  and  drive 
off  volatile  substances.  Sometimes,  however,  the  ore  is  roasted 

.  in  a  separate  furnace  before  being  charged  into  the  blast  fur- 
nace. This  roasting  not  only  serves  to  drive  off  volatile  mat- 

ter and  moisture,  but  also  oxidizes  much  of  the  impurities  con- 
tained in  the  ore,  since  the  process  is  carried  on  in  the  presence 

of  a  plentiful  supply  of  air. 

10.  As  the  charge  in  the  blast  furnace  descends  into  the 

zone  of  greater  temperatures,  the  reduction  process  takes  place, 
and  the  molten  iron  collects  at  the  bottom.     The  slag,  which 
contains   much   of   the  impurities  and   undesirable   substances 
carried  in  the  ore,  collects  just  above  the  mass  of  molten  iron, 
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since  it  is  of  less  specific  gravity  than  iron.  This  is  especially 
advantageous  since  it  protects  the  iron  from  the  oxidizing 
effect  of  the  hot  blast  entering  through  the  tuyeres  at  i,  Fig.  1. 

The  slag  is  drawn  off  .at  intervals  through  the  cinder  notch  j, 
which  is  slightly  below  the  level  of  the  tuyeres. 
The  air  blast,  by  means  of  which  the  combustion  is  hastened 

and  the  higher  temperatures  obtained,  is  furnished  by  blowing 
engines.  It  enters  near  the  base  of  the  furnace,  through  the 
tuyeres,  at  a  pressure  of  from  5  to  15  pounds  per  square  inch. 
As  the  blast  passes  up  through  the  charge,  the  oxygen  of  the 

heated  air  combines  with  the  carbon  of  the  fuel,  forming  car- 
bon monoxide,  CO,  since  the  amount  of  oxygen  present  is 

insufficient  to  form  carbon  dioxide,  C0.2.  As  carbon  monox- 
ide is  quite  combustible,  it  is  conveyed  by  the  pipe  k  from  the  top 

of  the  furnace  to  one  of  the  reheating  stoves,  as  g,  instead  of 

being  allowed  to  escape  at  once  into  the  atmosphere.  In  mod- 
ern furnaces  part  of  the  gas  is  used  as  fuel  for  gas  engines 

that  run  compressors  or  blowers  for  generating  the  blast  air. 

11.  The  stove,  g  or  h,  Fig.  1,  is  an  iron  shell  lined  with  fire- 
brick and  containing  a  combustion  chamber  I  and  check  envork  in. 

The  checkerwork  is  simply  a  column  of  firebrick,  so  arranged 

as  to  form  large  spaces  between  the  bricks.  The  carbon 
monoxide  from  the  blast  furnace  is  led  into  the  combustion 

chamber  and  additional  air  is  there  supplied  to  cause  the  CO 

to  burn  to  COZ.  The  hot  gases  resulting  from  this  combus- 

tion pass  upwards,  and  then  downwards  through  the  checker- 
work,  thus  heating  it,  after  which  they  pass  out  through  the 

opening  n  to  the  stack. 
As  soon  as  the  checkerwork  in  the  stove  g  is  heated,  valves 

in  the  pipes  are  turned  so  that  the  gases  from  the  top  of  the 
furnace  are  led  to  the  other  stove  h.  At  the  same  time,  the 

cold-air  blast  from  the  blowing  engines  is  allowed  to  enter  at  n, 

pass  through  the  checkerwork  m,  become  heated  by  contact, 
and  thence  pass  out  through  the  space  I  and  the  pipe  o  to  the 

furnace  tuyeres.  As  soon  as  the  checkerwork  becomes  com- 
paratively cool,  the  valves  are  again  changed,  and  the  cold  air  is 

driven  through  the  stove  h,  which  by  this  time  has  become 
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thoroughly  heated,  and  the  stove  g  is  again  heated  up.  By  this 

arrangement,  a  hot-air  blast  is  supplied  to  the  furnace,  thus 

saving  much  heat  that  would  otherwise  be  wasted,  and  at  the 

same  time  insuring  better  operation.  There  should  be  at  least 

three  stoves  for  each  furnace,  so  that,  in  case  one  stove  should 

need  repairs,  two  others  would  be  available,  enabling  the  fur- 
nace to  run  without  interruption.  In  some  cases,  four,  or  even 

five,  stoves  are  used.  By  frequently  changing  the  air  blast 

from  one  stove  to  another,  a  fairly  constant  blast  temperature 

may  be  maintained. 

12.  Pig  Iron. — After  the  blast  furnace  has  been  started 

it  is  continuous  in  its  operation,  the  molten  iron  being  drawn 

off  at  regular  intervals  through  a  tap  hole  in  the  bottom  of 
the  furnace.     In.  the  sand  floor  that  surrounds  the  base  of  the 

furnace  and  sloping  downwards  from  it,  a  long  trench  is  dug, 

leading  away  from  the  tap  hole  from  which  the  molten  iron  is 

drawn.     From  this  trench  branch  trenches   are  dug  at  inter- 

vals, and  the  branches  lead  to  numerous  smaller  trenches  or 

molds  about  3  feet  long  and  from  3  to  4  inches  wide  and  deep. 

When  sufficient  molten  iron  has  collected  in  the  'bottom  of  the 
furnace,  the  blast  is  shut  off,  the  tap  hole  is  opened,  and  the 

iron  runs  out,  filling  the  trenches  and  molds.     The  tap  hole  is 

then  plugged,  and  the  blast  again  turned  on.     The  molten  iron, 

on  cooling,  is  known  as  pig  iron,  and  is  the  first  stage  in  the 
manufacture  of  iron  and  steel. 

13.  Pig  iron  contains  from  90  to  95  per  cent,  of  pure  iron. 

Of  the  impurities  the  larger  part  is  carbon,  although  silicon, 

sulphur,   manganese,  phosphorus,  and  other   elements  may  be 

present.     Pig  iron  is  usually  classified  according  to  its  condi- 
tion, the  impurities  it  contains,  and  the  purposes  for  which  it  is 

to   be   used.     It   is    especially   valuable   because   it   melts    and 

becomes  quite  fluid  at  a  temperature  of  about  2,200°  F.,  which 
is  readily  attainable  in  the  foundry  cupola.     This  property  of 

pig  iron,   combined  with  its  relative  cheapness  and  its   exten- 
sive use  in  the  manufacture  of  wrought  iron  and  steel,  makes 

it  the  most  useful  form  of  iron. 

I  L  T  374B— 12 
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14.  The  carbon  in  the  pig  iron  may  be  in  two  different  forms, 
combined  carbon  and  graphitic  carbon.  In  the  latter  form,  the 
carbon  is  distributed  through  the  iron  in  flakes,  while  the 
combined  carbon  is  in  chemical  combination  with  the  iron. 

Graphitic  carbon  makes  the  iron  gray  and  weak,  whereas  com- 
bined carbon  whitens  the  iron,  makes  it  close-grained,  and 

therefore  stronger.  At  the  same  time  it  reduces  the  fluidity 
of  the  iron  for  casting  purposes,  and  lowers  the  melting  point. 
The  gray  iron  is  used  for  making  cast  iron  in  the  foundry 
cupola,  while  the  white  iron  is  used  for  the  manufacture  of 
malleable  cast  iron.  White  iron  is  rarely  made  into  castings 
and  then  for  special  purposes  only,  as  white  iron  castings  are 
brittle  and  very  hard  to  machine. 

CAST  IRON 

15.  Cupola. — In  making  iron  castings,  pig  iron  is  melted 
in  a  special  form  of  melting  furnace  called  a  cupola,  and  is 
then  poured  into  molds  of  sand.     After  it  has  solidified,  it  is 
known  as  cast  iron.     The  pig  iron  used  in  foundry  work  and 
melted  in  the  cupola  is  known  as  foundry  pig. 

A  form  of  cupola  largely  used  in  foundry  work  is  shown  in 
Fig.  2.  The  outer  shell  a  is  made  of  iron  plates  firmly  riveted 
together  and  lined  with  firebrick.  The  base  b  is  made  of  cast 

iron,  and  contains  a  pair  of  doors,  which  are  kept  -in  a  closed 
position  by  an  iron  bar  or  strut.  At  the  end  of  a  run  or  cast, 
the  strut  is  knocked  out,  and  the  doors,  opening  downwards, 
allow  all  the  slag  and  iron  remaining  in  the  cupola  to  drop  out. 
The  cupola  is  supported  on  columns  c,  and  has  a  total 

height,  from  the  sand  bottom  d  to  the  charging  door  e,  of 

from  3  to  3-|  times  the  inside  diameter,  the  latter  varying 
from  22  to  100  inches.  At  /  are  shown  the  tuyeres,  which 
conduct  the  air  blast  from  the  wind  belt  g  to  the  interior  of 

the  cupola.  The  molten  iron  is  drawn  off  into  ladles  through 
the  tap  hole  h,  and  is  then  carried  to  the  molds,  while  the 
slag  is  removed  through  the  slag  notch  i. 

16.  In  preparing  to  operate  the  cupola,  the  bottom  of  the 
furnace  is  first  covered  with  sand,  which  is  rammed  down  hard. 



FIG.  2 
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A  good  fire  of  soft  light  wood  is  then  built  on  the  sand  bot- 
tom and  coke  is  thrown  in.  As  soon  as  the  coke  has  begun 

to  burn  well,  air  is  admitted  gently  through  the  tuyeres.  '  Alter- 
nate charges  of  pig  iron  and  coke  are  put  in  through  the  charg- 

ing door  e.  Care  should  be  taken  to  charge  in  very  even  lay- 
ers. Usually  scrap  iron  is  added  on  top  of  the  pig  iron,  and 

some  limestone  for  the  formation  of  a  slag  with  the  impuri- 
ties. The  iron  is  broken  up  before  being  charged.  As  the 

iron  in  the  lower  end  of  the  cupola  melts,  the  mass  slowly  set- 
tles, and  fresh  charges  of  coke  and  iron  are  added  at  the  top. The  air  blast  is  furnished  by  a  fan  or  a  blower. 

17.  Soon  after  the  blast  has  been  turned  on  full,  the  metal 
makes  its  appearance  at  the  tap  hole,  which  is  then  plugged 
with  clay.  When  sufficient  metal  has  accumulated  on  the 
hearth,  the  furnace  is  tapped  and  the  molten  metal  run  off  into 
ladles.  The  ladles  are  iron  pots  lined  with  fireclay  and  lifted 
by  an  overhead  crane.  The  pouring  is  done  by  tilting  the  ladle 
by  means  of  a  gear-wheel  and  pinion.  The  pinion  is  fastened 
at  the  end  of  a  long  rod  at  the  other  end  of  which  is  the  hand 
wheel  for  the  operator.  In  this  way  the  rate  of  pouring  is 
under  perfect  control  and  the  operator  is  at  a  safe  distance  from 
the  ladle  and  from  the  gas  vents  in  the  molds. 

18.  Characteristics  of  Cast  Iron.—  Cast  iron  is  a  metal  of 
crystalline  formation,  very  strong  in  compression  and  com- 

paratively weak  in  tension.  There  are  several  grades  of  cast 
iron,  differing  chiefly  in  the  amount  of  carbon  contained 
although  distinctive  properties  are  given  to  the  iron  by  other 
elements,  such  as  silicon,  sulphur,  phosphorus,  and  manganese. 

19.     Carbon  in  Cast  Iron.—  The  quality  of  cast  iron  depends largely  on  the  condition  of  the  carbon  present  in  the  iron      In 
iron  containing  combined  carbon  the  appearance  of  the  frac- 

ture, when  a  piece  is  broken,  is  silvery-white  and  the  casting    " 
will  be  hard,  brittle,  and  almost  impossible  to  machine;  while 
if  an  iron  containing  graphitic  carbon  is  broken,  it  shows  a 
dark-gray   fracture   and  the  casting   will  be   soft   and   easily machined.     The  range  from  combined  carbon  to  graphitic  car- 
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bon  is  dependent  on  the  percentage  of  the  impurities  present, 
mainly  silicon,  and  also  depends  on  the  rate  of  cooling  in  the 
mold  after  casting.  The  slower  the  rate  of  cooling,  the 
coarser  will  be  the  particles  of  iron  that  solidify.  The  spaces 
between  the  particles  will  be  taken  up  by  flakes  of  graphitic 

carbon,  making  a  soft,  gray-iron  casting.  The  gray  iron  is 
quiet  in  the  ladle;  after  standing  a  while  the  surface  of  the 
iron  will  become  covered  with  a  scum  composed  of  flakes  of 
graphite  that  have  escaped  from  the  bath.  A  bath  of  white 

iron  is  much  more  turbulent  in  the  ladle,  often  throwing  off  a 
quantity  of  sparks,  and  the  metal  is  not  so  fluid. 

20.  The  melting  point  of  gray  iron  is  about  2,200°  F. ;  and 

of  white  iron,   about  2,000°    F.     The   average   value   of   the 
tensile  strength  of  gray  cast  iron  is  about  20,000  pounds  per 
square   inch,   and   of   the   cornpressive   strength  about   90,000 
pounds  per  square  inch ;  that  is,  it  would  take  a  force  of  20,000 

pounds  per  square  inch  of  cross-section  of  the  iron  to  cause 
it  to  fail  by  pulling  it  in  two  and  90,000  pounds  per  square 
inch  to  crush  it.     White  cast  iron  is  stronger  than  gray  cast 
iron,  in  both  tension  and  compression.     But  since  the  white 
iron  is  very  hard  and  brittle,  it  is  difficult  to  work,  and  conse- 

quently the  softer  gray  iron  is  more  generally  used  for  foun- 
dry work.     A  cubic  foot  of  dark-gray  iron  weighs  about  425 

pounds,   and   a  cubic   foot  of   white  iron  about  475   pounds. 

21.  Silicon,  Sulphur,  Phosphorus,  and  Manganese  in  Cast 

Iron. — Silicon  in  small  proportions  tends  to  change  the  com- 
bined carbon  in  cast  iron  into  graphitic  carbon,  making  a  softer 

iron.     More   than  2   per    cent,   of    silicon   makes    the   casting 
strong  but  brittle,  and  with  more  than  4  per  cent,  of  silicon  the 
brittleness    increases    and    the    strength    decreases.     Silicon    is 
always  necessary  in  commercial  cast  irons  because  it  cleans  the 
metal  by  deoxidizing  it ;  that  is,  it  prevents  the  formation  of 

free  oxygen  gas  by  combining  with  the  oxygen,  and  in  so  doing 
prevents  the  formation  of  blowholes,  thus  making  a  sound  cast- 

ing.    Sulphur  counteracts  silicon  in  its  power  to  form  graphite, 
and  tends  to  make  the  iron  hard  and  brittle,  and  a  high  per- 

223—2 
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centage  causes  blowholes.  As  sulphur  cannot  be  eliminated  in 
the  cupola  process  of  melting  pig  iron,  the  pig  iron  should  be 
as  free  from  sulphur  as  possible.  Cast  iron  containing  phos- 

phorous is  very  weak  and  brittle  but  very  fluid  in  the  molten 
state.  It  can  be  used  to  advantage  for  stove  and  ornamental 
castings,  in  which  strength  is  not  so  much  required  as  is  the 
ability  of  the  metal  to  fill  all  the  cavities  of  a  complicated  mold. 
Manganese  has  the  property  of  increasing  the  amount  of  com- 

bined carbon  in  cast  iron  and  so  gives  a  harder  iron,  rendering 
it  less  plastic  and  more  brittle.  It  also  increases  the  shrinkage. 
However,  it  unites  readily  with  the  sulphur  in  the  cast  iron 
and  thus  tends  to  remove  the  latter  from  iron  by  forming  a 
slag  that  can  be  run  off. 

22.  Change  of  Volume  of  Cast  Iron.— It  is  well  known 
that  cast  iron  contracts  while  cooling  in  the  mold.  The  amount 
of  contraction  depends  on.  the  size  and  shape  of  the  casting, 
the  composition  of  the  iron,  and  the  rate  of  cooling.  Light 
bars  contract  more  than  heavy  ones,  and  slow  cooling  causes 
less  contraction  than  rapid  cooling,  while  a  white  hard  iron 
contracts  more  than  a  gray  soft  one.  The  contraction  may 
become  large  enough  to  cause  the  metal  to  shrink,  that  is,  to 
cause  portions  of  the  metal  to  separate  from  each  other  due  to 
an  insufficient  supply  of  liquid  metal  to  fill  the  spaces  left  by 
the  contraction.  Shrinkage  makes  it  necessary  to  supply  a 
continued  amount  of  liquid  metal  to  the  casting  while  the  solidi- 

fication is  in  progress. 

The  usual  allowance  on  a  pattern  for  the  shrinkage  of  an 
iron  casting  is  •&  inch  per  foot,  but  this  does  not  apply  in  all 
cases.  .  In  fact,  it  is  customary  for  the  patternmaker  to  allow 
for  shrinkage  according  to  the  methods  used  in  the  foundry  and 
the  condition  of  the  iron  used.  The  shrinkage  usually  varies 
from  tV  inch  to  &  inch  per  foot.  The  fact  that  castings  of 
different  thicknesses  do  not  shrink  at  the  same  rate  makes  it 
necessary  to  use  care  when  a  casting  of  varying  thickness  is 
made,  as  so-called  cooling  stresses  may  be  set  up  in  the  cast- 

ing and  greatly  weaken  it:  The  design  of  patterns  for  castings 
is  to  a  great  extent  controlled  by  the  shrinkage  considerations. 
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23.  It  has  been  found  that  the  volume  of  a  piece  of  cast 

iron  can  be  increased  by  alternately  heating  it  to  redness  and 
allowing  it  to  cool  slowly.  In  some  cases,  the  volume  has  been 
increased  as  much  as  40  per  cent.  The  strength,  however,  is 
reduced  by  this  process. 

24:.  Chilled  Castings. — In  many  cases,  when  a  casting  is 
to  be  subjected  to  wear,  it  is  desirable  to  have  the  surface  quite 

hard.  In  such  cases  it  is  advantageous  to  use  white-iron  cast- 
ings. White  cast  iron  is  not  only  harder  and  stronger  than 

gray  cast  iron  but  retains  its  hardness  up  to  a  red  heat  and  is, 
therefore,  successfully  used  for  rolls  in  steel  and  paper  mills, 
the  treads  of  carwheels,  crusher  jaws,  etc.  Such  castings  are 

made  by  pouring  molten  pig  iron,  of  low  silicon  content  into 
molds  that  have  their  faces  lined  with  thick  metal  plates.  As 
soon  as  the  molten  iron  touches  these  metallic  surfaces,  it  is 

chilled,  the  heat  being  conducted  away  quite  rapidly.  Some- 
times the  iron  parts  of  the  mold  are  water- jacketed,  water 

being  circulated  through  them  to  increase  the  chilling  effect. 
The  result  of  this  rapid  chilling  of  the  casting  is  to  form  a 

hard,  close-grained  surface  that  is  admirably  adapted  to  resist 
wear. 

25.  Castings  made  in  the  manner  just  described  are  called 
chilled  castings,  and  the  iron  faces  of  the  mold,  by  which  the 
sudden  cooling  is  effected,  are  called   chills.     The  term  chill 
is  applied  also  to  the  hardened  portion  of  the  casting,  the  depth 
of  the  chill  meaning  the  depth  to   which  the  hardened  part 
extends.     The  depth  of  the  chill  depends  on  the  composition  of 
the  iron  and  the  effectiveness  of  the  chills  used  in  the  mold. 

Silicon,  manganese,   and   sulphur  have  considerable   influence 
on  the  depth  of  the  chill.     A  casting  made  of  iron  poured  while 
quite  hot  will  chill  deeper  than  one  poured  from  cooler  iron, 
and  a  heavy  casting  will  chill  to  a  less  depth  than  a  light  one, 
the  thickness  of  the  chills  in  the  mold  being  the  same  in  each 
case.     The  fracture  of  the  chilled  portion  of  a  casting  is  white, 
since  the  greater  part  of  the  carbon  is  in  the  combined  form. 

26.  Malleable  Castings. — The  ordinary  iron  casting  can- 
not be  bent  to  any  extent  without  breaking,  as  it  is  quite  brit- 
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tie.  In  order  to  render  cast  iron  tough  and  pliable,  it  may  be 
annealed,  after  which  process  it  is  known  as  a  malleable  cast- 

ing. A  malleable  casting  is  made  of  a  special  grade  of  cast 
iron  chilled  in  a  sand  mold  and  then  annealed.  The  annealing 
process  changes  the  form  of  the  carbon  contained  in  the  iron, 
and  a  portion  of  it  near  the  surface  may  be  removed,  thus 
changing  the  properties  of  the  iron. 

The  castings  before  they  are  annealed  are  white,  the  carbon 
being  in  the  combined  form,  and  they  are  very  hard  and  brit- 

tle. They  are  annealed  by  being  packed  in  cast-iron  boxes, 
surrounded  by  oxide  of  iron,  which  is  commonly  mill  scale,  and 
heated  to  a  redness  for  a  period  of  from  4  to  6  days.  The 
process  can  also  be  performed  in  sand  or  fireclay,  but  the  skin  of 
the  casting  will  not  be  decarbonized  to  the  same  extent  as  when 
packed  in  oxide  of  iron. 

27.  The  temperature  during  the  annealing  process  is  kept 
at  a  little  above  1,470°  R,  during  which  time  the  hard  crystal- line structure  of  the  iron  will  break  down  and  the  combined  car- 

bon changed  to  an  uncombined  form  known  as  temper  carbon, 
differing  somewhat  from  the  graphitic  form.  In  forming  tem- 

per carbon,  the  casting  expands  an  amount  equal  to  about  one- 
half  of  its  original  contraction  in  the  mold.  The  malleable  cast- 

ing becomes  a  network  of  soft  steel,  formed  about  the  particles 
of  temper  carbon,  with  the  result  that  the  iron  becomes  more 
ductile  and  may  be  readily  bent  or  rolled.  The  casting  really  is 
converted  into  a  piece  of  soft  steel  having  about  £  per  cent,  of 
combined  carbon,  the  remainder  of  the  combined  carbon  being 
changed  to  temper  carbon,  which  is  enclosed  by  the  crystals  of 
the  iron.  The  effect  is  to  make  a  casting  weaker  than  solid 
steel,  but  .still  about  twice  as  strong  as  ordinary  cast  iron. 

28.  The  decomposition  process  is  started  at  the  outside 
oMhe  casting,  owing  to  the  oxidizing  gases. given  off  by  the 
oxide  of  iron.  The  gases  penetrate  the  surf  ace  of  the  casting  to 
a  depth  of  about  ̂   inch  and  to  that  depth  remove  all  the  carbon. 
This  outside  band  from  which  the  carbon  has  been  removed 
tries  to  replenish  its  carbon  content  from  the  adjacent  region 
just  inside  the  band  and  in  so  doing  spreads  the  decomposition 
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to  the  inside  of  the  casting.  A  fracture  of  a  malleable  casting 
would  show  an  outer  rim  of  white  iron,  thence  a  dark-gray  frac- 

ture to  the  center.  In  some  cases  there  may  be  a  brittle  white  or 
grayish  core  left  in  the  center  where  the  decomposition  has  not 
yet  penetrated.  The  black  fracture  is  responsible  for  the  commer- 

cial name  of  blaxkheart  malleable  iron.  A  malleable  casting 

showing  a  dull-gray  fracture  with  a  banded  structure  is  gener- 
ally weak.  If  the  iron  has  received  excessive  annealing,  the 

fracture  will  be  almost  entirely  white,  and  will  have  a  black  spot 
at  the  center.  If  the  interior  has  white  spots,  resembling  flakes, 
radiating  from  the  center,  the  casting  is  probably  insufficiently 
annealed. 

29.  The  elements  found  in  malleable  castings  are  the  same 

as  those  in  ordinary  gray  iron,  but  they  vary  in  quantity.     The 
composition  of   good  malleable  castings  should  be  within  the 
following  limits : 

ELEMENT  PER  CENT. 

Silicon   35  to  1.25 

Manganese   15  to     .30 
Phosphorus   08  to     .25 
Sulphur   02  to     .07 
Total  carbon      1.50  to  4.20 

In  malleable  iron  there  are  three  forms  of  carbon;  namely, 
combined  carbon,  graphitic  carbon,  and  temper  carbon.  The 
carbon  of  the  white  hard  casting  should  be,  as  far  as  possible, 
in  the  combined  form,  for,  if  there  is  sufficient  graphitic  carbon 
to  make  the  fracture  appear  light  gray,  the  malleable  casting 
made  from  it  will  be  weaker  than  an  ordinary  gray  casting. 

30.  Malleable  iron  can  be  bent  and  worked  to  some  extent 

like  wrought  iron,  but  it  cannot  be  welded.     It  should  not  be 

used  where  it  is  liable  to  be  subjected  to  high  temperatures,  as 
its  strength  will  be  greatly  injured.     The  tensile  strength  of  a 
good  piece  of  malleable  iron  should  be  from  37,000  to  45,000 

pounds  per  square  inch,  although  iron  having  a  tensile  strength 
of  only  35,000  pounds  may  be  used.     The  tensile  strength  of 
malleable  iron  may  run  as  high  as  52,000  pounds  per  square 
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inch,  but  this  usually  occurs  in  a  casting  that  is  weak  in  resisting 
shocks.  A  high  tensile  strength,  approaching  that  of  wrought 
iron  or  of  a  low-carbon  steel,  is  obtained  by  adding  from  2  to 
5  per  cent,  of  steel  scrap  to  the  mixture  from  which  the  casting 

is  made.  It  is  considerably  cheaper  than  wrought  iron  or  steel 
and  in  some  cases  competes  commercially  with  them  as  a  struc- 

tural material,  as,  for  instance,  in  the  draft  and  coupling  gear  of 
freight  cars,  in  the  greater  part  of  agricultural  machinery,  or  in 
hardware  and  pipe  fittings. 

31.  Case-Hardening  Malleable  Castings. — The  annealing 
process  usually  affects  the  white-iron  casting  to  a  depth  of 
about  y\  inch,  although  thin  castings  are  rendered  malleable 
throughout.  As  the  skin  of  the  casting  is  practically  soft  steel, 
it  is  very  low  in  carbon,  but  it  may  be  enriched  in  carbon  by  the 
case-hardening  process.  After  this  process,  the  casting  may  be 
hardened  and  tempered.  Castings  thus  treated  are  used  largely 
in  some  grades  of  hardware,  being  much  cheaper  than  when 
forged  from  steel.  The  carbonizing  may  be  done  either  by 
dipping  the  casting  into  melted  high-carbon  steel,  or  by  applying 
yellow  prussiate  of  potash  to  the  red-hot  casting.  Castings 
whose  surfaces  already  contain  sufficient  carbon  may  be  hardened 
by  being  heated  and  then  plunged  into  water.  If  hardened 
malleable  castings  are  heated  and  then  cooled  slowly,  they  again become  soft. 

WROUGHT   IRON 

33.  Purity  of  Wrought  Iron.— Of  all  the  forms  of  iron 
obtained  from  the  ores  by  processes  of  manufacture,  wrought 
iron  is  the  purest.  It  not  only  contains  very  little  or  no  carbon, 
but  the  best  grades  are  also  free  from  the  other  impurities  so 
common  to  cast  iron  and  steel.  Wrought  iron  can  be  produced 
either  from  the  ore  directly  or  by  the  conversion  of  pig  iron  in  a 
reverberatory  furnace,  that  is,  a  furnace  in  which  the  heat  from 
the  fuel  is  reflected  by  the  wall  on  to  the  metal.  In  the  latter 
process,  called  the  puddling  process,  pig  iron  is  melted  and  sub- 

jected to  an  oxidizing  flame  until  the  carbon  is  burned  out  or 
becomes  less  than  .25  per  cent. 
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33.  Puddling  Furnace. — The  most  common  type  of  rever- 
beratory,  or  puddling,  furnace  is  shown  in  Fig.  3.     The  hearth  a 
is  made  large  enough  to  hold  from  1,000  to  1,500  pounds  of 
molten  metal.     A  door  b  is  built  into  the  side  wall  of  the  fur- 

nace.    Through  this  door  the  iron  is  charged  into  the  furnace, 
and  through  it  the  workman,  or  puddler,  watches  the  iron  and 
works  it  as  required.     The  fire  is  built  on  the  grate  c,  the  fuel 
being  supplied  through  the  opening  d.     In  this  furnace  the  fuel 
and  iron  are  kept  separate  instead  of  being  intimately  mixed  as 
in  the  blast  furnace.     The  furnace  bottom  is  generally  composed 

of  fettling  material  in  the  form  of  iron  oxides,  mill  scale,  ham- 
mer scale,   etc.     The   fettling  material   furnishes   oxygen   for 

burning  the  carbon  from  the  charge  of  iron.     Additional  oxy- 
gen is  obtained  by  admitting  an  excess  of  air  through  the  ash- 

pit e, 

34.  The  air  supply  enters  through  the  ash-pit  e,  Fig.  3, 
and  passes  up  through  the  bed  of  fuel  on  the  grate,  where  the 
combustion  is  only  partial.     The  gases  formed  above  the  fire 
are  carried  back  over  the  bridge  wall,  burning  as  they  go,  so 
that  there  is  a  long  flame  passing  over  the  iron  on  the  hearth 
into  the  flue  /.     The  heat  is  reflected  downwards  by  the  arched 
top  of  the  furnace,  making  the  material  on  the  hearth  extremely 
hot,    the    iron    being    worked   at   temperatures    ranging    from 

2,500°   F.   to  3,000°    F.     Pig  iron  is  generally  used   for  the 
charge;  it  contains  from  3  to  10  per  cent,  of  impurities,  while 
the  wrought  iron  produced  contains  less  than  1  per  cent.     The 
loss  of  iron  in  the  process  is  comparatively  small.     Scrap  iron, 

machine-shop  borings  and  turnings,  etc.,  are  used  as  a  charge 
when  they  are  available ;  and,  as  they  are  in  a  finely  divided  state, 
a  heat  may  be  finished  in  20  minutes,  while  with  a  charge  of 
pig  iron  it  requires  from  1^  to  2  hours. 

35.  Siemens    Regenerative    Furnace. — Another    type    of 
furnace  used  in  the  manufacture  of  wrought  iron,  known  as  the 

Siemens  regenerative  furnace,  is  shown  in  Fig.  4.     The  fur- 
nace is  called  a  regenerative  furnace  because  a  portion  of  the  heat 

in  the  waste  gases  is  returned  to  the  furnace  with  the  incoming 
air  and  gas.     This  is  accomplished  by  the  arrangement  shown 
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m  section,  the  furnace  illustrated  being  built  to  use  gas  as  a 
fuel.  The  hearth  is  at  a ;  the  crown,  or  roof,  at  b ;  the  open- 

ings c  are  the  charging  doors;  d,d'  are  air  ports;  e,er  are  gas 
ports  ;  f,  f  and  g,  g'  are  chambers,  commonly  called  regenerative chambers,  filled  with  checkerwork,  which  consists  of  special 
checker  brick  about  2iin.X24in.X9in.  in  size,  laid  up  loosely 
in  alternate  layers  about  1|  inches  apart;  A,  h'  are  air-inlet  flues  : 
and  i,  *'  are  gas-inlet  flues.  The  flues  h,  h'  and  i,  i'  are  connected 
with  pipes  and  valves  so  arranged  as  to  cause  the  incoming  air 
and  gas  to  enter  either  side  of  the  furnace,  as  desired  by  the 

FIG.  3 

operator,  the  burned  gases  escaping  at  the  opposite  side.  When 
the  air  and  gas  enter  at  d  and  et  the  burned  gases  go  out  at  d' and  y,  and  in  circulating  through  the  checkerwork  in  the  cham- 

bers f  and  tf  heat  the  brick  to  a  high  temperature.  The  direc- 
tion of  the  gases  through  the  furnace  can  be  reversed,  as  in  the 

blast-furnace  heating  stoves  shown  in  Fig.  1.  The  operation  of the  furnace  in  other  respects  is  very  much  like  that  of  the  fur- nace shown  in  Fig.  3. 

36.  Puddling  and  Rolling.— In  either  of  the  furnaces  illus- 
trated in  Figs.  3  and  4,  the  iron  is  heated  until  it  melts  into  a 

thick  fluid  mass.  While  in  this  condition,  it  is  thoroughly 
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stirred  and  worked  by  means  of  a  long  iron  bar,  to  insure  all 

parts  of  the  iron  being  treated.  This  working-  is  called  nibbling. 

The  puddling  process,  carried  on  at  a  high  temperature  with 

the  iron  in  a  fluid  state,  causes  most  of  the  impurities  to  be 

burned  out,  or  else  separated  as  slag.  When  the  process  is 

nearly  completed,  the  iron  becomes  thicker  and  is  known  as  a 

mat.  The  workman  divides  the  mat  into  masses  of  about 

160  pounds  each,  and  with  his  bar  rolls  them  into' balls  on  the 
hearth  of  the  furnace.  A  small  amount  of  slag  will  adhere  tc 

the  balls  and  be  rolled  up  in  them.  Consequently,  as  fast  as 

they  are  formed,  the  balls,  sometimes  called  blooms,  are  removed 

from  the  furnace  and  passed  through  a  squeezer,  which  is  a 

form  of  press,  or  hammered  under  a  steam  hammer.  This 

forces  out  most  of  the  slag  remaining  in  the  ball,  awl  welds  the 
iron  into  a  solid  mass,  after  which  it  is  passed  through  rolls. 

The  rolling-  process  works  out  more  slag  and  reduces  the  iron 
to  the  form  of  bars. 

After  the  first  pass  through  the  rolls  the  iron  is  known  as 
muck  bar,  but  contains  too  much  slag  to  be  iiseful.  The  liars 
are,  therefore,  cut  by  power  shears,  piled  crosswise,  and  reheated 
and  finally  rerolled  to  improve  their  quality,  the  purer  iron  being 
known  as  merchant  bar. 

37.  Properties  of  Wrought  Iron.. — At  a  temperature  of 

1,500°  F.  or  1,600°  F.,  wrought  iron  softens;  and  itr  the  sur- 
faces of  two  pieces  thus  heated  are  brought  together,  with  a 

flux  to  remove  the  oxide  formed  011  the  surfaces,  the  separate 

pieces  can  be  welded  or  made  to  unite  into  one  piece  by  ham- 
mering or  pressing. 

Good  wrought  iron  is  tough  and  malleable  and  is  ductile  ; 

that  is,  it  can  be  drawn  out  into  wire.  It  can  easily  be  forged 
and  welded,  but  only  with  great  difficulty  can  it  be  melted  and 
poured  into  molds,  like  cast  iron  and  steel,  since  its  melting 

point  is  about  3,000°  F.  When  broken  by  a  tensile  force,  its 
fibrous  structure  is  plainly  apparent.  Wrought  iron  has  a 
greater  tensile  strength  than  cast  iron,  and  can  withstand 
shocks  much  better.  The  tensile  strength  of  good  wrought  iron 
is  about  55,000  pounds  per  square  inch. 
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38.  When  wrought  iron  is  cold-rolled  under  great  pres- 
sure, as  is  done  in  the  case  of  the  best  wrought-iron  shafting, 

the  strength  of  the  material   is  greatly  increased.     Wrought 
iron  cannot  be  hardened  and  tempered  like  steel,  but  it  can  be 
case-hardened  by  rubbing  the  surface,  when  at  a  red  heat,  with 
potassium  cyanide  or  potassium  ferrocyanide,  and  quenching  in 
water.     The    same    result   may   be   obtained   by   packing   the 
wrought  iron  in  powdered  charcoal  and  heating  it  for  several 
hours,  and  then  quenching  it  in  water.     This  process  of  case- 
hardening  converts  the  iron  into  steel  to  a  slight  depth  below  the 
surface.     Wrought-iron    bars,    when    heated    and    quenched, 
become   permanently   shorter    than   before,    in    which    respect 
wrought  iron  differs  from  cast  iron,  since  the  latter  increases  in 
volume  under  similar  treatment. 

39.  Wrought  iron  may  contain  as  much  carbon  as  mild 
steel,  but  it  is  far  more  fibrous  and  less  crystalline  than  steel. 
This  is  due  to  the  manner  in  which  it  is  made,  the  successive 
squeezing  and  rolling  having  a  tendency  to  cause  the  fibers 
of  the.  iron  to  lie  parallel  to  the  direction  in  which  the  bar 
is   rolled.     A  small   amount   of   slag  remains   in   the   finished 
product,  rolled  out  into  fibers  that  lie  between  the  fibers  of  the iron. 

The  different  grades  of  wrought  iron  are  termed  common,  or 
merchant,  bar  iron,  best  iron,  double  best,  and  triple  best, 
according  to  the  amount  of  working  each  receives.  The  qual- 

ity of  the  pig  iron  and  the  methods  of  manufacture  also  influ- 
ence the  quality  of  the  wrought  iron.  Thus,  Swedish  iron  is 

generally  considered  the  best  wrought  iron,  because  high-grade 
stock  is  used,  and  great  care  is  exercised  in  its  manufacture. 
It  is,  however,  too  expensive  for  most  classes  of  work. 
Wrought  iron  is  extensively  used  in  the  manufacture  of  crucible 
steel,  and  is  also  used  for  making  staybolts,  rivets,  water  pipes, 
boiler  tubes,  horseshoes,  etc. 

40.  Defects  in  Wrought  Iron.— Wrought  iron  produced 
from  poor  ore  and  having  an  excess  of  phosphorus  is  said  to 
be  cold  short;  that  is,  it  is  very  brittle  when  cold,  and  is  liable 
to  crack  when  bent.  It  can,  however,  be  worked  very  well  at 
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high  temperatures.  If  the  iron  contains  sulphur,  it  is  said  to 
be  hot  short,  or  brittle  and  liable  to  crack  when  hot,  although 
fairly  good  when  cold.  Hot-short  iron,  sometimes  called  red 
short,  is  useless  for  welding,  but  is  tough  when  cold  and  is  much 
used  for  making  tin  plate.  In  order  to  test  wrought  iron  for 
hot-shortness,  a  sample  may  be  raised  to  a  white  heat  and  an 
attempt  made  to  forge  and  weld  it. 

The  slag  that  remains  after  rolling  is  a  troublesome  factor 
in  the  use  of  wrought  iron  for  finished  machine  parts;  for, 
when  a  file  is  applied,  the  particles  of  slag  work  loose  and, 
being  caught  between  the  file  and  the  work,  score  the  latter. 
This  scoring  is  also  liable  to  occur  in  a  bearing  having  a 
wrought-iron  journal,  which  would  result  in  heating  and  exces- sive wear. 

STEEL 

CLASSIFICATION 

41.  Definition. — Steel  is  essentially  an  alloy  of  iron  and  a 
small  quantity  of  carbon  to  the  amount  of  less  than  2  per  cent. 
This  percentage  of  carbon  is  greater  than  that  in  wrought  iron 
and  smaller  than  that  in  cast  iron.  The  main  difference  between 

steel  and  wrought  iron  is  in  their  manufacture.  Wrought  iron 
is  allowed  to  solidify  in  the  furnace  to  a  pasty  mass,  unavoidably 
trapping  some  slag  in  the  metal.  In  the  manufacture  of  steel 
the  metal  is  tapped  in  the  liquid  state  from  the  bottom  of  the 
furnace,  leaving  the  slag,  which  floats  on  top  of  the  steel,  in  the 
furnace.  The  manufacture  of  steel  is  mainly  a  purification 
process,  accomplished  by  the  oxidation  of  all  foreign  elements 
out  of  the  liquid  metal  until  only  pure  iron  remains,  after  which 
the  bath  is  deoxidized  and  brought  to  the  composition  of  the 
steel  desired  by  addition  of  special  alloys  containing  usually 
manganese,  silicon,  and  carbon.  Small  percentages  of  other  ele- 

ments are  often  added  in  order  to  give  special  properties  to  the 
product. 

4:2.  Forms  of  Steel. — Ordinary  carbon  steel  is  made  in 
several  grades.  A  grade  containing  small  percentages  of  car- 
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bon,  known  as  low-carbon  steel,  mild  steel,  machine  steel,  or 
structural  steel,  is  largely  used.  It  is  stronger  than  wrought 
iron,  although  it  may  contain  the  same  percentage  of  carbon, 
and  it  can  easily  be  forged.  It  will  not,  however,  harden  to 
any  extent,  like  steels  containing  larger  percentages  of  carbon. 

Tool  steel  has  the  greatest  percentage  of  carbon,  is  much 
stronger  than  mild  steel,  and  will  become  very  hard  if  heated 
and  quenched.  It  is  very  difficult,  if  not  altogether  impossible, 

to  weld  it,  though  it  can  be  softened  or  annealed,  after  harden- 
ing, by  first  heating  it  to  redness  and  then  allowing  it  to  cool 

slowly.  In  order  to  temper  it — that  is,  give  it  a  certain  desired 

.  degree  of  hardness — it  is  first  hardened  and  then  heated  slowly. 
As  the  heating  proceeds,  the  surface  of  the  piece  shows  chang- 

ing colors,  each  color  corresponding  to  a  certain  temperature. 
Consequently,  when  the  desired  color  appears,  the  piece  is  at 
once  quenched,  when  it  will  possess  the  hardness  or  temper 
corresponding  to  that  color  and  temperature. 

43.  The  amount  of  carbon  present  in  steels  is  very  small, 
the  carbon  content  of  even  the  hardest  tool  steels  not  exceeding 
1.5  per  cent,  by  weight;  but  the  effect  of  this  small  amount  of 

carbon  on  the  properties  of  steel  is  very  great.     This  is  due  to 
the  form  in  which  the  carbon  is  present  and  in  the  internal 
structures  of  the  steel  which  it  causes.     Steels  that  have  received 
no  special  heat  treatment,  or  have  not  been  cold  worked  to 

improve  their  qualities,  and  having  a  carbon  content  from  zero 
to  .7  per  cent,  are  ductile;  with  from  .7  per  cent,  to  1.5  per 
cent.  of  carbon  they  are  much  less  ductile  and  much  harder; 
when  the  carbon  content  exceeds  1.5  per  cent,  the  steels  are  brit- 

tle and  useless. 

44.  Several  substances,  such  as  nickel,  tungsten,  chromium, 
manganese,  molybdenum,  vanadium,  aluminum,  etc.,  have  great 
influence  on  the  quality  of  the  steel  containing  them.     Some  of 
these  are  added  to  the  molten  metal  during  the  process  of  manu- 

facture, for  the  purpose  of  modifying  its  quality  to  meet  certain 
requirements.     Others  may  exist  in  the  steel  as  objectionable 
impurities,  derived  from  either  the  ore  or  the  fuel,  or  from  both. 
Among  the  latter  are  sulphur,  silicon,  phosphorus,  etc.     Sulphur 
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is  injurious  because  it  causes  hot  shortness,  and  for  this  reason 
must  be  kept  under  .1  per  cent.  Phosphorus  makes  the  steel 
brittle  against  shock.  Silicon  is  usually  present  in  small 
amounts  from  .1  per  cent,  to  .3  per  cent.,  and  its  effects  are slight. 

Manganese  and  silicon  are  purposely  added  to  the  liquid  steel 
at  the  end  of  the  purification  process  in  order  to  deoxidize  the 
bath,  for  which  purpose  aluminum  may  also  be  used.  These 
•elements  with  the  oxygen  in  the  metal  form  oxides  that  float  to the  top  and  are  skimmed  off  as  slag.  Manganese  also  counter- 

acts ^  the  bad  effects  of  sulphur  by  combining  with  the  sulphur 
making  the  steel  harder  and  more  brittle.  Titanium  and  vana- 

dium are  also  effectively  used  as  deoxidizers  and  purifiers  but 
are  too  expensive  for  ordinary  use. 

OPEN-HEARTH  STEEL  AND  BESSEMER  STEEL 

45.     Open-Hearth  Process. — Open-hearth  steel  is  made  by 
melting  a  charge  of  pig  iron  with  wrought-iron  or  steel  scrap, 
or  by  melting  pig  iron  and  iron  ore  in  an  oxidizing  flame  to 
.remove  the  excess  of  carbon.     The  furnace  is  termed   open- 
hearth  because  it  is  open  at  both  ends.     It  resembles  the  one 
shown  in  Fig.  4,  consisting  of  a  rectangular  hearth  about  twice 
as  long  as  it  is  wide,  made  of  firebrick,  silica  brick,  or  other 
refractory,  or  heat-resisting,  material.     The  roof  is  arched,  so 
as  to  deflect  the  flame  on  to  the  charge.     In  the  open-hearth 
process,  the  excess  carbon  in  the  charge  is  burned  out  until  only 
the  desired  percentage  remains,  at  which  point  the  process  is 
stopped.     Gaseous  fuel  is  used,  and  (except  in  the  case  of  nat- 

ural gas)  both  the  gas  and  the  air  are  highly  heated  by  the  waste 
gases  in  regenerative  furnaces.     The  process  is  similar  to  the 
puddling  process   for  making  wrought  iron,  but  is  carried  on 
at  a  much  higher  temperature,  the  products,  both  metal. and  slag, being  molten. 

46.  As  soon  as  slag  begins  to  form,  a  charge  of  hematite 
ore  is  added  to  the  bath,  causing  a  vigorous  gas  evolution  due 
to  the  oxygen  in  the  hematite  combining  with  the  carbon  in  the 
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bath.  Boiling  commences  and  more  slag  is  formed.  From 
time  to  time  a  sample  is  withdrawn  from  the  bath  and  examined 

by  a  simple  color  test  to  determine  how  far  the  purification  has 
progressed.  The  operation  can  be  stopped  in  time  to  leave  the 
required  percentage  of  carbon  in  the  metal;  or,  the  metal  can 

be  completely  purified,  and  the  right  amount  of  carbon  added 

again  in  the  form  of  steel  scrap,  or  in  the  form  of  ferroman- 
ganese  or  spiegeleisen,  which  are  ores  rich  in  carbon  and  free 
from  sulphur  and  phosphorus. 

FIG.  4 

Open-hearth  steel  is  used  for  the  better  grades  of  steel  plate, 
forgings,  machine  shafts,  car  axles,  structural  steel,  etc.  It  is 
the  steel  used  in  steel  ship  construction  for  deck  plates,  etc.  In 
fact,  the  steel  made  by  this  process  is  superior  for  all  work  to 
that  made  by  the  Bessemer  process.  However,  Bessemer  steel 

is  so  much  lower  in  cost  than  open-hearth  steel  that  it  is  desir- 
able to  use  the  former  wherever  possible. 

47.  Bessemer  Process. — The  Bessemer  process  consists  in 
decarburizing,  or  taking  out  the  carbon  from,  a  charge  of  pig 
iron  by  forcing  a  blast  of  air  through  it  while  in  a  molten  con- 

dition. The  oxygen  of  the  air  unites  with  the  carbon,  carrying 
off  the  latter  as  C02.  A  quantity  of  pig  iron  rich  in  carbon  and 
free  from  objectionable  impurities  is  then  added,  so  as  to  give 

just  the  required  percentage  of  carbon  to  the  steel,  this  opera- 
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tion  being  known  as  recarburizing.  The  molten  metal  is  then 
poured  into  ingot  molds,  and  the  cold  blocks  of  metal,  when 
taken  from  the  molds,  are  known  as  ingots.  These  are  after- 

wards heated  and  rolled  into  commercial  shapes.  Bessemer  steel 
is  used  for  rails,  nails,  structural  shapes,  etc.,  wherever  its 
cheapness  makes  it  desirable  and  wherever  it  will  be  just  as  sat- 

isfactory as  the  higher  grade  and  more  expensive  open-hearth steel. 

FIG.  5 

48.  The  decarburizing  and  recarburizing  processes  used 
in  making  Bessemer  steel  are  carried  on  in  a  vessel  known  as 
a  Bessemer  converter,  a  sectional  view  of  which  is  shown  in 
Fig.  5.  The  converter  consists  of  a  shell  of  heavy  steel  plate 
riveted  together  and  lined  with  refractory  material.  It  is  hung 
on  trunnions  d  and  df ,  the  latter  being  hollow  and  serving  as  a 
passage  through  which  the  air  blast  may  enter  the  elbow  e, 
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whence  it  is  conveyed  to  the  bottom  of  the  vessel  and  then 
through  the  tuyeres  to  the  metal.  The  vessel  is  rotated  by 

hydraulic  power  applied  through  a  rack  and  pinion.  The  con- 
struction is  such  that  it  can  be  made  to  revolve  completely  and 

empty  out  any  slag  after  pouring  the  steel. 
The  converter  consists  of  three  principal  sections  keyed 

together.  The  middle,  or  main  section,  b,  around  which  the 
trunnion  ring  a  extends,  holds  the  body  of  metal  while  it  is  being 
blown.  The  bottom  m  is  detachable,  and  is  held  to  the  body  of 

the  vessel  by  keys  and  links  I.  This  construction  facilitates 
repairs  and  speed  of  working.  Beneath  the  bottom  proper  is 

the  tuyere  box  / ;  its  cover  is  keyed  on  at  k  and  is  air-tight ;  the 
nose  of  the  converter  c  is  also  bolted  to  the  main  part,  permitting 
its  removal  for  repairs,  etc. 

49.  Converters  are  made  in  sizes  of  from  1  to  20  tons 

capacity,  but  are  made  to  take  about  5  tons  in  small  plants  and 

from  10  to  20  tons  in  the  large  plants ;  converters  having  a  capac- 

ity of  less  than  5  tons  are  generally  used  in  steel-casting  plants 
where  the  output  is  small.     The  metal  fills  only  a  small  part  of 
the  space,  as  the  reaction  is  so  violent  that  abundant  room  must 
be  allowed  for  it.     At  the  finish  of  the  blow,  carbon  is  added  by 
the  introduction  of  spiegeleisen  or  ferromanganese,  so  as  to  bring 
the  carbon  content  of  the  steel  up  to  the  required  percentage. 

The  operation  of  the  converter  requires  a  considerable  amount 
of  skill  on  the  part  of  the  operator.     The  blow  must  be  stopped 
at  precisely  the  right  moment ;  if  stopped  too  soon,  some  of  the 

impurities  are  left  in,  and  if  carried  on  too  long,  the  air  pene- 
trating the  molten  metal  will  burn  the  iron  and  require  an  addi- 

tional amount  of  carbon,  added  in  the  form  of  ferromanganese, 
to  deoxidize  the  spoiled  bath  and  restore  it. 

50.  Steel  made  in  the  Bessemer  converter  or  by  the  open- 
hearth  process  is  often  referred  to  as  either  acid  or  basic  steel. 
Whether  steel  is  either  acid  or  basic  depends  on  the  nature  of 

the  lining  used  in  the  converter  or  the  open-hearth  furnace.     If 
the  lining  consists  of   an  acid  material  like  ganister  or  silica 
brick,  the  steel  is  said  to  be  acid.     If  the  lining  is  made  of  some 



MATERIALS  OF  CONSTRUCTION  27 

basic  material  like  dolomite,  magnesite,  lime,  etc.,  the  steel  pro- 
duced is  basic  steel.  Steel  that  has  a  high  phosphorus  content 

must  be  treated  in  a  furnace  or  a  converter  with  a  basic  lining 
because  the  phosphorus  is  eliminated  from  the  bath  by  adding 
limestone  as  a  flux,  and  limestone  would  attack  and  destroy  an 
acid  lining  but  has  no  effect  on  a  basic  lining.  The  basic  lining 
will  even  aid  in  the  elimination  of  the  phosphorus  by  combining 
with  a  portion  of  it.  The  basic  slag  thus  produced,  if  containing 
enough  phosphorus,  is  ground  to  a  fine  powder  and  used  as  a 
fertilizer.  Iron  free  from  phosphorus  may  be  melted  in  a 
furnace  or  a  converter  with  an  acid  lining.  Basic  Bessemer  steel 
is  made  in  Europe  but  not  in  the  United  States. 

BLISTER  STEEL  AND  SHEAR  STEEL 

51.  Blister  Steel. — Blister  steel  consists  of  wrought-iron 
bars  that  have  been  treated  by  the  cementation  process.     This 
treatment  consists  in  heating  the  bars  to  a  high  temperature, 

approximately  2,100°  F.,  for  several  days  in  an  air-tight  com- 
partment of  a  furnace  and  in  contact  with  carbon.     The  carbon 

enters  the  iron,  converting  it  into  steel  to  a  greater  or  less  depth, 
depending  on  the  length  of  time  the  process  is  continued.     The 
surfaces  of  the  bars  become  rough  and  spotted  with  blisters,  and 
the  product  thus  becomes  known  as  blister  steel.     It  is  made  in 
several  grades,  depending  on  the  percentage  of  carbon  absorbed, 
which  usually  varies  from  .5  to  1.5  per  cent. 

52.  Shear  Steel. — Shear  steel  is  made  from  blister  steel. 
A  number  of  bars  of  blister  steel  are  welded  together  under  the 
hammer  so  as  to  form  a  single  large  bar,  which  is  then  hammered 
or  rolled  down  to  the  desired  dimensions.     Shear  steel  is  made 

in  different  grades,  as  single  shear,  double  shear,  etc.,  each  suc- 
cessive and  higher  grade  being  produced  by  cutting  the  bars  of 

the  next  lower  grade,  welding  them  together,  and  working  to 
size.     Both  blister  steel  and  shear  steel  are  frequently  used  in 
making  crucible   steel.     Razors   and   surgical   instruments    are 
often  made  of  shear  steel. 
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CRUCIBLE    STEEL 

53.  Crucible  Steel. — The  oldest  and  simplest  process  of 
steel  manufacture  is  the  crucible  process.     The  stock  is  melted 
in  a  crucible,  made  of  a  mixture  of  certain  clays  and  plumbago, 
and  heated  by  a  fire  of  coke,  hard  coal,  or  gas.     The  air  supply 
is  heated  in  regenerative  chambers.     The  iron  that  is  melted  to 

form  the  steel  may  be  either  high  in  carbon,  requiring  no  addi- 
tion of  carbon,  or  low  in  carbon,  requiring  recarburizing.     The 

stock  used  in  the  manufacture  of  crucible  steel  is  chiefly  wrought 
iron  and  steel  scrap,  with  sufficient  charcoal  to  give  the  required 
percentage  of  carbon. 

It  is  maintained  that  the  highest  grade  of  crucible  steel  can 
be  manufactured  only  from  blister  steel  made  from  the  purest 
Swedish  iron.  As  no  sulphur  or  phosphorus  is  removed  from 
the  charge  during  the  melting  process,  the  stock  must  be  free 
from  these  impurities. 

54.  In  American  practice,  the  crucible  is  filled  with  the 

stock  while  either  hot  or  cold  and  before  inserting  it  in  the 
heating  furnace.     The  time  required  for  melting  varies  from 
2£  to  3  hours.     Soft  steel,  or  steel  low  in  carbon,  requires  a 

longer  time  to  melt  than  high-carbon  steel.     The  presence  of 
manganese,  however,  shortens  the  period  of  melting.     Holding 
the  steel  at  a  melting  temperature  until  a  change  occurs  that 
gives  sound  ingots  or  castings  is  known  as  killing,  or  dead  melt- 

ing.    The  change  consists  in  boiling  the  gases  out  of  solution  in 
the  metal. 

For  making  tool  steel  the  slag  is  first  removed  from  the  top 
of  the  molten  metal  and  the  contents  of  the  crucibles  are  poured 
into  cast-iron  ingot  molds  about  3  or  4-|  inches  square  and  deep 
enough  to  hold  the  steel  from  one  or  more  crucibles.  The 
molds  open  lengthwise,  so  that  the  ingot  may  be  easily  removed. 
The  cost  of  making  steel  by  the  crucible  process  is  higher  than 
by  either  the  open-hearth  or  the  Bessemer  process,  for  which 
reason  crucible  steel  is  used  chiefly  in  the  manufacture  of  tools, 
springs,  and  in  other  cases  where  its  high  cost  is  compensated 
by  the  better  quality  of  the  product. 
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55.  Superiority   of    Crucible   Steel. — The    superiority   of 
crucible  steel  is  believed  to  be  due  to  the  purity  of  the  stock 
used  and  to  the  care  exercised  during  the  melting,  the  crucible 

being  kept  covered  so  that  no  injurious  substances  are  absorbed 
by  the  steel  from  the  fuel  in  the  furnace.     The  materials  used 
for  making  crucible  steel  are  chiefly  puddled  iron  and  wrought 

iron  and  steel  scrap ;  blister  steel  and  shear  steel  are  also  some- 
times used.     A  wide  range  in  the  composition  of  crucible  steel  is 

possible.     Since  it  is  largely  used  for  tools,  it  generally  contains 

from  .5  to  1.5  per  cent,  of  carbon.     The  percentage  of  man- 
ganese varies  from  .1  to  .75  per  cent.,  and  the  silicon  generally 

ranges  from  a  few  hunclredths  of  1  per  cent,  to  .2  per  cent., 

although  there  is  a  considerable  amount  of  steel  made  that  con- 
tains higher  percentages  than  these.     Sulphur  and  phosphorus 

are  usually  kept  below  .02  per  cent.,  but  for  less  exacting  pur- 
poses there  may  be  as  much  as  .05  per  cent,  of  each.     In  the 

highest  grades  of  Swedish  stock,  there  is  not  more  than  .01  per 
cent,  of  sulphur  or  phosphorus.     The  effects  of  these  impurities 
are  more  marked  in  high-carbon  than  in  low-carbon  steel,  since 
in  the  former  the  metal  is  more  sensitive,  and  small  amounts  of 

sulphur,  phosphorus,  and  silicon  exert  greater  influences.     In 

determining-  the  carbon  in  crucible  steel,  the  ingots  are  topped ; 
that  is,  the  upper  end  is  broken  off  and  the  fracture  examined. 
An  experienced  eye  can  detect  differences   in  the  percentage 
of  carbon  as  small  as  .05  per  cent. 

56.  Tool  Steel. — Crucible  steel  is  used  to  a  large  extent 
for  making  shop  tools,  and  when  manufactured  for  this  purpose 
is  called  tool  steel.     The  various  uses  to  which  the  different 

grades  of  tool  steel  are  put  may  be  stated,  in  a  general  way,  as 
follows :     Crucible  steel  containing  from  .5  to  .75  per  cent,  of 

carbon  is  used  for  battering  tools,  hot  work,  dull-edge  cutting 
tools,  etc. ;  steel  containing  .75  to  1  per  cent,  of  carbon  is  used 

for  dies,  axes,  knives,  large-sized  and  medium-sized  drills,  etc. ; 
steel  containing  from  1  to  1.5  per  cent,  of  carbon  is  used  for 

razors,  lathe  tools,  gravers'  tools,  small  drills,   etc.     The  best 
tool  steel  for  general  work  has  from  .9  to  1.1  per  cent,  of  carbon, 
and  is  adapted  to  a  wider  range  of  uses  than  any  other  grade. 
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Table  I  shows  the  composition '  of  several  grades  of  cru- 
cible steel,  with  some  of  the  purposes  for  which  each  is  used, 

although  by  giving-  it  suitable  treatment  and  tempering  it 
TABLE  I 
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properly  the  field  of  usefulness  of  any  grade  may  be  consider- 
ably increased.  For  high-speed  cutting  tools  on  modern 

machine  tools,  ordinary  carbon  tool  steel  has  lost  its  usefulness, 
as  tools  made  of  it  dull  rapidly  and  have  to  be  frequently  hard- 

ened and  ground. 

ELECTRIC  FURNACE   STEEL 

57.  Types  of  Electric  Furnace.— Two  types  of  electric 
furnace  are  in  commercial  use  in  the  United  States,  namely,  the 
arc  furnace  and  the  induction  furnace.  In  the  manufacture  of 
steel  the  arc  furnace  is  used  almost  exclusively.  In  some  designs 
the  heat  is  generated  by  an  electric  arc  between  the  part  by 
which  the  electric  current  enters  the  furnace,  known  as  an  elec- 

trode, and  the  charge,  while  in  other  types  the  heat  is  generated 
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by  an  arc  between  two  electrodes  by  which  the  current  enters 
and  leaves  the  furnace,  the  charge  being  heated  by  radiation  from 
the  arc.  In  the  induction  furnace  the  heat  is  generated  by  an 
electric  current  passing  through  the  steel  which  has  a  high 
resistance. 

58.  Properties  of  Electric  Steel. — Steel  is  made  in  the  elec- 

tric furnace  either  from  scrap  iron  and  scrap  steel,  charged  into 
the  furnace  while  it  is  cold,  or  from  metal  that  has  been  pre- 

viously melted  and  transferred  to  the  electric  furnace.     In  the 

first  case  a  high-grade  steel  is  produced,  as  good  as  that  obtained 
by  the  crucible  process,  and  sometimes  better;  in  the  second 
case  the  steel  already  made  is  simply  refined,  and  is  largely  used 
for  making  alloy  steels  by  the  addition  to  the  steel  of  certain 
metals  as  tungsten,  chromium,  vanadium,  etc.     Electric  furnace 

steel  is  expensive  and  is  used  only  where  a  material  possessing 
special  properties   is   required.     The   chief    advantage   of    the 
electric  furnace  is  the  absolute  control  of  the  temperature  of  the 

charge  in  the  furnace  and,  therefore,  of  the  chemical  composi- 
tion of  the  metal.     Among  the  other  advantages  claimed  for 

electric  furnace  steel  are,  greater  density,  more  homogeneous 

composition,  freedom  from  blow-holes,  gases,  shrinkage  cracks, 
and  similar  defects. 

59.  The  charge  of  low-carbon  steel  scrap  or  wrought-iron 
scrap  is  put  on  the  hearth  of  the  electric  furnace  with  a  flux, 
composed  of  iron  ore,  usually  hematite,  and  lime  to  remove  the 
phosphorus  from  the  charge.     The  furnace  is  started  and  after 

a  little  while  the  slag  is  removed,  leaving  the  metal  entirely  free 
of  phosphorus.     A  flux  of  lime  is  then  added  to  remove  the 

sulphur  and  the  bath  is  thoroughly  deoxidized  by  adding  coke 
dust,  which  reduces  the  ferrous  oxide  in  the  bath.     The  slag  is 
next  skimmed  off  and  the  steel  brought  to  the  required  carbon 

content  by  the  addition  of  a  certain  percentage  of  ferroman- 
ganese,  or  spiegeleisen.     The  metal  is  then  poured  into  ladles  in 
the  bottom  of  which  a  small  amount  of  aluminum  has  been 

placed  to  act  as  a  purifier  and  deoxidizer. 
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INGOTS   AND   STEEL  CASTINGS 

60.  Ingots. — The  steel  manufactured  by  any  of  the  proc- 
esses already  described  may  be  poured  into  a  sand  mold  like 

cast  iron  and  be  formed  into  steel  castings,  or  it  may  be  poured 

into  cast-iron  forms,  or  molds,  of  standard  sizes.     These  molds 

are  rectangular  in  horizontal  cross-section,  open  at  the  top  and 
bottom,  and  slightly  tapered  from  the  bottom  to  the  top  so  that 

they  may  be  stripped,  or  pulled  off,  from  the  metal.     The  cast- 
ings thus  obtained  are  called  ingots  and  are  shaped  into  the 

desired  forms  by  rolling,  forging,  or  pressing.     Small  ingots 
solidify  quickly  and  completely  and  are  reheated  for  shaping 

purposes  in  a  gas-fired  furnace  constructed  on  the  regenerative 
principle.     Large  ingots  are  put  into  a  heated  chamber,  called  a 
soaking  pit,  where  they  cool  slowly  until  the  metal  has  solidified 
throughout,  retaining,  however,  enough  heat  to  be  forged  or 
rolled. 

61.  Shaping  of  Ingots. — Shaping  by  rolling1  is  done  by 
passing  the  white-hot  ingot  a  few  times  back  and  forth  through 
the  roughing  rolls  until  it  assumes  approximately  the  desired 
form.     The  heavy  work  of  shaping  the  piece  must  be  finished 
while  the  piece  is  still  above  a  red  heat ;  otherwise  the  desirable 
qualities  of  strength  and  ductility  will  be  lost  to  the  steel.     The 

pieces  are  then  cooled  uniformly  and  slowly  to  ordinary  tem- 

peratures on  so-called  cooling  beds.     Slow  and  uniform  cooling 
is  necessary  to  avoid  uneven  shrinkage,  which  sets  up  severe 
stresses  in  the  steel.     Finally  the  pieces  are  reheated  in  a  gas 
furnace   and  passed   through   finishing   rolls.     Girders,   angle 
iron,  rails,  and  other  structural  shapes  are  made  in  this  manner. 

For  the  manufacture  of  steel  plate  or  for  forgings  the  ingots  are 
first  passed  through  the  roughing  rolls,  in  which  they  are  greatly 
reduced  in  cross-section  and  increased  in  length,  but  retain  their 
rectangular  cross-section.     While  still  hot  they  are  cut  by  power 
shears  into   short  pieces,   called  blooms  or   billets,  which  are 
again  heated  to  a  white  heat  and  then  taken  to  the  steam  ham- 

mer to  be  forged  or  to  the  plate  roll  to  be  rolled  into  plates  of 
the  desired  thickness. 
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63.  Defects  in  Ingots. — Certain  defects  in  the  finished 
steel  are  caused  during  the  solidification  of  the  ingot  and  are 
known  as  pipes,  blowholes.,  and  segregation.  Pipes  are  cavities 
in  the  top  and  center  of  the  ingot,  caused  by  the  uneven  cooling 
of  the  exterior  and  the  interior  of  the  metal.  The  outer  walls 

and  the  top  cool  first,  forming  a  crust ;  when  the  interior  becomes 
solid  there  is  not  enough  material  to  fill  the  entire  volume  within 
the  crust  and  a  cavity  results.  Blowholes  are  holes  due  to  gases 

that  have  developed  and  that  are  dissolved  in  the  steel.  Segre- 
gation is  the  name  given  to  a  non-uniform  composition  of  the 

steel,  usually  indicated  by  a  porous  or  spongy  mass  in  the  cen- 
tral upper  portion  of  the  ingot.  These  defects  cause  cracks  and 

weak  streaks  in  the  finished  steel  and  should  be  checked  as  much 

as  possible. 

63.  Piping  may  be  partially  avoided  by  keeping  the  upper 
end  of  the  ingot  hot  until  the  interior  and  lower  parts  have 
become  solid.     The  hollowed  top  of  the  ingot  is  then  cut  off 
and  discarded;  this  process  is  known  as  cropping.     Molds  are 
sometimes  poured  from  the  bottom  by  means  of  suitable  ducts ; 
this  prevents  piping  to  some  extent  by  forcing  the  lower  portion 
of  the  ingot  to  solidify  last.     Blowholes  may  be  prevented  by 
adding  certain  substances,  such  as  silicon,   aluminum,   etc.,   to 
the  bath  to  combine  with  the  gases  before  they  are  dissolved. 
Segregation  may  be  retarded  by  quick  cooling  of  the  ingot,  or 
remedied  by  discarding  the  part  most  affected. 

64.  Another  defect,  known  as  ingotism.,  is  caused  by  the 
formation  of  large  crystals  in  the  steel.     Large  crystals  adhere 
to  one  another  less  strongly  than  small  ones,  and  ingots  in  which 
ingotism  develops   are   therefore  not  as   sound  and  strong   as 
those  in  which  it  is  not  present.     The  steel  crystals  are  formed 
during  the  solidification   of   the  steel  and  they   grow  in   size 
throughout  the  time  of  cooling.     Ingotism  is  especially  liable  to 
occur  if  the  steel  is  poured  at  too  high  a  temperature  or  is 
allowed  to  cool  too  slowly  through  the  solidification  period.     The 
effect  of  ingotism  may  be  removed  by  annealing  the  ingot  for  a 

sufficiently  long  time  at  from  1,450°  F.  to  1,600°  F. 
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65.  Steel  Castings. — The  steel  for  castings  may  be  made 

by  any  of  the  steel-making  processes  already  described.     For 

the  best  results,  however,  either  the  crucible  or  the  open-hearth 
process  is  used,  the  latter  being  most  largely  employed  because 
it  is  less  expensive  and  because  large   charges  can  be  easily 
handled.     The  mixture  is  generally  made  up  of  steel  scrap,  pig 
iron,  and  iron  ore.     The  percentage  of  scrap  is  variable,  and 

may  range  from  nothing  up  to  80  per  cent,  of  the  charge.     The 
steel  is  cast  in  sand  molds,  in  about  the  same  manner  as  cast 

iron ;  but  the  behavior  of  the  steel  is  different,  and  it  is  more 
difficult  to  produce  good  castings. 

66.  The  shrinkage  of  a  steel  casting  is  greater  than  that 

of  a  casting  of  iron,  being  about  |  inch  per  foot.     This  often 
seriously  affects  the  castings,  because  the  contraction  of  the 
metal  while  cooling  is  hindered  by  the  hard  and  unyielding, 
molds.     Large  sprues  and  risers  are  required  to  supply  liquid 
metal  to  the  casting  as  it  solidifies.     Unless  the  casting  is  of 

such  a  form  that  it  can  contract  readily  and  evenly  as  the  shrink- 
age occurs,  it  will  be  distorted  by  the  internal  stresses  that  would 

be  set  up  and  it  may  even  become  ruptured  in  the  mold  or  be  so 
weakened  as  to  break  when  in  service.     Since  steel  melts  at  a 

much  higher  temperature  than  cast  iron,  the  facings  of  the  molds 
should  be  less  fusible,  and  great  care  must  be  taken  to  prevent 
shrink  holes  and  cavities  in  the  castings. 

67.  In  order  to  make  castings  of  the  best  quality,  it  is  nec- 
essary to  anneal  them.     This  is  done  by  subjecting  them  for 

several  hours  to  a  temperature  of  from  1,200°  to  1,600°  F., 
and  then  cooling  them  slowly  without  exposure  to  the  air,  if 
soft  castings  are  required,  or  cooling  them  rapidly  if  strong 
castings  are  desired.     Annealing  refines  the  grain  of  the  steel 
casting  and  makes  it  more  ductile. 

68.  Steel  castings  may  have  hidden  defects,  which  greatly 
reduce  their  strength,  and  which  cannot  be  detected  by  ordinary 
methods  of  inspection.     One  of  such  defects,  known  as  a  cold 
shut,  is  caused  by  cold  pouring.     Two  streams  from  different 

gates  will  not  make  a  perfect  union  as  they  meet  -if  the  Steel  is 
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poured  too  cold,  and  the  same  is  true  when  the  steel  is  made 
to  run  around  cores. 

69.  Shrinkage  cracks,  cavities,  blowholes,  etc.,  are  fre- 
quently repaired  by  electric  or  gas  welding.     All  bad  material 

and  sufficient  steel  around  cracks  should  first  be  cut  away  so 

that  ample  space  is  provided  for  running  in  the  metal.     Weld- 
ing may  cause  new  stresses  to  be  set  up  in  the  casting  and 

should,  therefore,  be  done  before  the  casting  is  annealed.     Care 

should  be  taken  to  support  the  castings  properly  in  the  anneal- 
ing furnace;  otherwise,  sagging  will  result.     Warping  of  steel 

castings   is  usually  the   result  of   internal   stresses   set  up   by 
uneven  cooling. 

70.  When  steel  castings  are  made  without  defects  they 

are  very  strong-,  and  can  be  subjected  to  considerable  distortion 
without  breaking.     On  account  of  their  relative  cheapness,  steel 
castings  are  largely  used  for  work  that  formerly  was  made  of 

wrought  iron  or  steel  f orgings,  and  also,  in  place  of  cast-iron 
and  malleable   castings,    for  work   where   greater   strength    is 

required.     They  are  used  in  ship  construction  for  shaft  brackets, 

stern  frames,  rudder  frames,  anchors,  forefoot  castings,  rud- 
ders, struts,  and  spectacle  frames.     Many  fittings  such  as  cleats, 

bits,   hawse  pipes,   attachments    for   rigging,   manhole   covers, 
hatch  fittings,  etc.,  are  steel  castings.     Various  parts  of  engines 
and  auxiliary  machinery  are  also  steel  castings.     Among  these 

are   main   bearing    shells,    reversing   arms,    slide-valve    spindle 
brackets,  and  gear  wheels. 

ALLOY   STEELS 

71.  Tungsten  Steel. — Combinations  of  metals  with  each 
other  are  called  alloys.     The  properties  of  the  ordinary  steels 
are  due  almost  wholly  to  the  carbon  they  contain.     The  carbon 
also  affects  the  qualities  of  the  alloys  of  steel,  commonly  called 
alloy  steels,  made  by  adding  other  elements  to  give  them  special 
properties.     One  of  the  most  important  of   these  elements   is 
tungsten,  and  steels  in  which  the  principal  properties  are  due  to 
this   element  are  known   as  tungsten   steels.     The   amount    of 

tungsten  may  vary  from  .1  to  10  per  cent.,  the  usual  amount 
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being  from  3  to  5  per  cent.  The  tungsten  is  introduced  into 
the  crucible  in  the  form  of  ferrorungsten,  which  is  simply  an 
alloy  of  iron  and  tungsten.  The  amount  of  manganese  usually 
runs  from  1.5  to  2.5  or  3  per  cent.,  and  the  percentages  of  sili- 

con, sulphur,  and  phosphorus  are  the  same  as  in  carbon  steel. 

72.  Tungsten  steel  is  used  for  compass  needles  and  for 
permanent  magnets  in  electric  meters,  as  it  may  be  strongly 
magnetized.     Tungsten  may  be  replaced  as  an  alloying  element 
by  molybdenum,  as  this  element  will  cause  the  steel  to  acquire 
the  same  properties  as  tungsten.     The  weight  of  molybdenum 
required  to  bring  out  a  certain  property  is  about  one-fourth 
that  of  tungsten  for  the  same  effect.     Molybdenum,  however,  is 
more  expensive  than  tungsten,  and  tools  containing  it  are  liable 
to  crack  in  quenching. 

73.  Air-hardening,  or  self-hardening,  steel— that  is,  steel 
that  will  harden  in  air  without  being  quenched — usually  contains 
tungsten.     The  older  air-hardening  steels  were  called  musket 
steel;  they  contained  small  percentages  of  tungsten  and  from  1.5 
to  2.3  per  cent,  of  carbon.     The  later  varieties  of  these  steels  are 
much  harder,  and  contain  more  tungsten  and  less  carbon  owing 
to  the  danger 'of  burning  when  the  percentage  of  carbon  is  high. They  are  called  high-speed  steels,  because  of  the  fact  that  tools 
made  from  them  can  be  used  at  much  higher  cutting  speeds 
than  ordinary  steel  tools.     A  typical  high-speed  steel  may  con- 

tain from  10  to  20  per  cent,  of  tungsten,  1  to  6  .per  cent,  of 
chromium,  and  .5  to  .8  per  cent.,  of  carbon.     Chromium  acts 
as  a  hardener  and  helps  to  maintain  the  hard  cutting  edge  of the  tool. 

74.  In  forging  air-hardening  steel,  great  care  must  be 
taken  to  avoid  overheating  it,  for  it  should  not  be  heated  beyond 
a  temperature  of   1,600°.     Its  hardness  is  increased  by  cool- 

ing it  in  a  blast  of  air,  while  still  greater  hardness  is  secured  by 
quenching  in  oil.     When  air-cooled,  it  cannot  be  machined  by 
the  hardest  carbon  steel.     It  can  be  annealed,  however,  so  that 
it  may  be  machined  readily,  as  in  making  milling  cutters,  etc. 
Annealing  is  done  by  heating  it  slowly,  in  from  24  to  36  hours, 
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to  a  bright  red,  or  a  temperature  of  about  1,470°  F.  and  then 
cooling  it  slowly  in  the  furnace,  while  covered  with  sand  or 
ashes. 

75.  Cutting  tools  made  of  tungsten  steel  will  retain  their 
hardness  at  much  higher  temperatures  than  will  tools  made  of 
ordinary   carbon    steel;    hence,    the   speed   of    cutting   can   be 
greatly  increased,  and  much  heavier  cuts  may  be  taken.     The 
cutting  speed  has  been  increased  in  some  cases  from  30  feet 

per  minute  to  400  feet  per  minute  by  the  substitution  of  high- 
speed tungsten  steel  for  the  ordinary  kinds.     With  the  point 

of  the  tool  red-hot  and  the  chip  heated  to  a  blue  heat  the  hard- 
ness of  the  cutting  edge  remains  intact ;  in  fact,  high-speed  tools 

will  do  the  best  cutting  when  they  are  hot.     They  will  not  take 
such  smooth  finishing  cuts  as  an  ordinary  steel  tool  because  they 
do  not  seem  to  keep  a  fine  edge  with  a  light  cut  taken  at  a  slow 

speed. 

76.  High-speed  steel  is  made  by  the  crucible  process  in 
the  same  manner  as  carbon  tool  steel,  but  with  the  addition  of 
certain    other    elements    to   give   it    exceptional   hardness    and 

strength.     The  additional  elements  usually  employed  are  tung- 
sten, chromium,   molybdenum,  and  vanadium,   with   less  than 

1  per  cent,  of  carbon,  and  less  than  .02  per  cent,  of  phosphorus. 
Recent  experiments  show  that  an  addition  of  about  4  per  cent, 

of  cobalt  increases  the  red-hardness  of  high-speed  tool  steel; 
that  is,  it  enables  a  cutting  tool,  made  of  this  steel,  to  retain  its 
hardness  when  red  hot.     Such  tools  can,  therefore,  be  operated 
at  a  greater  speed. 

To  produce  the  highest  grade  of  high-speed  steel,  great  care 
should  be  taken  in  its  manufacture.  The  charge  is  melted  in 

clay-lined  graphite  crucibles,  the  tungsten  being  placed  on  top 
of  the  charge  to  prevent  it  from  settling  because  of  its  high 
specific  gravity.  After  being  melted  in  the  crucible  the  steel  is 

cast  into  ingots.  To  prevent  piping,  red-hot  clay  rings,  known 
as  dossiers,  are  placed  on  top  of  the  ingots.  These  rings  are 
filled  with  molten  steel  that  keeps  the  top  of  the  ingot  molten 

long  enough  to  confine  the  pipe  to  a  small  region  at  the  top. 
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In  so  doing,  the  portion  of  the  ingot  to  be  rejected  on  account 

of  the  pipe  is  much  decreased.  The  ingots  '  are  afterwards 
reheated  to  a  temperature  of  about  2,150°  F.  and  then  rolled 
into  bars  of  the  desired  dimensions,  or  hammered  into  billets 

4  inches  square.  After  being  rolled  or  hammered  the  bars  or 
billets  are  annealed  to  prevent  brittleness. 

77.  Aside  from  the  special  preparation  of  high-speed  steels 
to  obtain  the  best  results,  it  has  been  found  necessary  to  forge 

each  steel  in  a  special  way,  and  a  tool  produced  may  be  prac- 
tically worthless  if  there  is  any  great  variation  from  the  required 

method  of  treating  the  steel;  even  a  slight  deviation  from  the 
correct  temperature  will  lower  the  efficiency  of  the  tool.     If 

heated  to  a  certain  degree,  it  may  be  useless  for  cutting  pur- 
poses, while  a  little  higher  temperature  may  bring  it  to  a  good 

condition,  so  that  with  a  given  steel  the  tool  may  be  either  good 
or  bad,  depending  entirely  on  the  methods  of  hardening  and 
tempering  and  the  temperatures  used.     During  the  process  of 

hardening,  high-speed  tool  steel  is  heated  to  a  white  heat,  in 

some  cases  as  high  as  2,300°  F.,  before  being  quenched  in  oil. 

78.  For  grinding  air-hardening  steel,  the  wet  sandstone 
gives  the  best  results.     If  an  emery  wheel  is  used,  it  should  be 
dry,  and  the  grinding  had  better  be  done  before  the  tool  is 
hardened.     In   dry  grinding   with  an   emery  wheel,   the   steel 
becomes  very  hot,  and  care  must  be  taken  not  to  allow  cold 

water  to  flow  on  it  while  in  this  condition,  as  this  would  probably 
cause  the  steel  to  crack.     The  brands  first  made  were  more  suit- 

able for  roughing  cuts,  and  the  finishing  was  done  with  ordinary 
carbon  steel,  but  the  later  products  are  quite  well  suited  to  all 

classes  of  machine-shop  tools. 

High-speed  steel  will  retain  its  magnetism  better  than  ordi- 
nary carbon  steel.  Its  ability  to  withstand  successfully  the 

effect  of  high  temperatures  enables  it  to  be  used  in  exhaust 

valves  for  gasoline  engines  and  for  the  dies  used  in  the  manu- 

facture of  so-called  extruded  brass,  that  is, 'brass  that  is  forced 
through  dies  into  the  desired  shape,  after  being  heated  nearly 
to  the  melting  point. 
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79.  Manganese  Steel. — Among  all  the  varieties  of  steel, 
the  hardest,  and  toughest  is  manganese  steel.     The  maximum 
strength  is  obtained  with  about  1  per  cent,  of  carbon,  and  about 

13  or  14  per  cent,  of  manganese,  but  the  greater  amount  manu- 
factured contains  from  12  to  14  per  cent.     This  steel  is  high  in 

carbon,  because  the  ferromanganese  used  in  its  manufacture  is 
high  in  carbon.     Manganese  steel  when  slowly  cooled  from  cast- 

ing temperature  is  almost  as  brittle  as  glass ;  but,  if  reheated  to 

about  1,850°  F.  and  rapidly  cooled  by  plunging  into  water,  it 
loses  its  brittleness  and  becomes  one  of  the  very  ductile  steels, 
.at  the  same  time  retaining  most  of  its  hardness.     This  is  one 
of  the  most  noticeable  peculiarities  of  the  steel,  since  the  other 

alloy  steels  increase  in  hardness,  but  decrease  in  toughness,  by 
quenching.     It  is  so  hard  that  it  is  usually  machined  by  means 
of  emery  grinding  wheels,  and  yet  it  is  so  tough  that  it  can  be 
not  only  rolled  and  forged,  but  bars  of  it  may  even  be  tied  into 
knots. 

80.  After  rolling  or  forging  operations  manganese  steel 
is  softened  by  quenching  from  a  yellow  heat.     It  hardens  by 

wear,  which  explains  why  manganese-steel  rails  outlast  all  other 
kinds.     It  may  be  made  in  crucibles,  but  the  open-hearth  process 
is  more  suitable   for  large  quantities.     The  common  way  of 

manufacture   is   by  mixing   steel   of   low-carbon   content,   not 
exceeding  .1  per  cent.,  with  a  quantity  of  ferromanganese  in  the 
ladle,  after  the  ferromanganese  has  been  melted  separately  in  a 
graphite  crucible.     Owing  to  the  large  amount  of  manganese 
that  it  contains,  the  metal  is  extremely  fluid,  and  solid  castings, 
both   heavy   and   light,   are  readily  made.     The   shrinkage   is 
excessive,  being  about  f  inch  to  the  foot,  which  increases  the 

difficulties  of  casting.     Manganese  steel  is  practically  non-mag- 
netic.    Its  uses  are  restricted  to  work  that  does  not  require  much 

machining,  such  as  the  jaws  and  plates  of  rock  crushers  and 
grinding  machinery,  car  wheels,   rails,  vaults,   frogs,  switches, 
etc. ;  in  shipbuilding  it  is  used  principally  for  propellers. 

81.  Nickel  Steel. — The   addition   of  nickel  to   steel  will 

greatly    increase    its    strength,    ductility,    and    elasticity.     The 
amount  of  nickel  added  usually  varies  from  3  to  5  per  cent., 
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although  alloys  containing  as  high  as  30  per  cent,  are  made. 
The  nickel  is  added  to  the  steel  either  as  metallic  nickel  or  as 

ferronickel,  which  is  charged  with  the  rest  of  the  stock  into  the 

furnace.  Nickel  steel  is  made  almost  entirely  by  the  open- 
hearth  process,  though  it  can  be  made  by  either  the  Bessemer  or 
the  crucible  process.  It  is  readily  worked  either  hot  or  cold, 
and  is  easily  forged,  but  is  harder  to  machine  than  ordinary 
carbon  steel.  It  is  largely  used  for  armor  plate,  gun  barrels, 

engine  and  propeller  shafts,  rails,  and  a  great  variety  of  struc- 
tural purposes  in  which  great  strength  and  lightness  are  required, 

and  in  which  high  cost  is  not  prohibitive. 

82.  Nickel  steel  is  especially  valuable  because  it  offers  a 

much  greater  resistance  to  corrosive  influences  than  does  carbon 

steel.     Its  great  resistance  to  repeated  stresses  and  its  low  fric- 
tion resistance  render  it  useful  in  shipbuilding  for  marine  shaft- 

ing, such  as  is  used  for  marine  turbine  rotors,  and  also  for  con- 
necting-rods, etc.     Nickel  steel  containing  as  much  as  30  per 

cent,  of  nickel  can  be  easily  drawn  into  tubes  and  wires  and  is 
used  for  superheater  tubes  in  marine  boilers,  condenser  tubes, 
torpedo  netting,  and  wire  rope.     Salt  water  does  not  affect  it 

and  it  is,  therefore,  well  adapted  for  hawsers  and  for  cable  ser- 
vice.    One  reason  against  its  wider  use,  aside  from  the  fact  that 

it  is  an  expensive  alloy,  is  that  it  is  likely  to  have  seams  and  sur- 
face defects  after  it  has  been  rolled.     The  fracture  of  a  nickel- 

steel  bar  shows  an  extremely  fine  crystalization  of  the  metal. 

The  best  commercial  grade  of  nickel  steel  made  in  large  quanti- 
ties contains  about  3|-  per  cent,  of  nickel  and  about  .35  per  cent, 

of  carbon. 

83.  Chrome   Steel. — When   a  small  percentage  of   chro- 
mium is  added  to  steel  in  the  crucible  process,  the  product  is  a 

steel  having  great  hardness  and  toughness.     It  will  weld  read- 
ily to  itself  or  to  wrought  iron,  and  is  not  injured  by  excessive 

heating,  as  is  the  case  with  ordinary  tool  steel.     When  heated 
to  a  moderate  heat  and  quenched  in  water,   it  becomes  hard 
enough  to  resist  the  action  of  tools.     The  chromium  is  introduced 
into  the  steel  as  ferrochrome,  the  amount  varying  from  .25  to  2 

per  cent.     Chrome  steel  is  used  in  making  high-grade  tools, 
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liners  for  rock  and  roll  crushers,  stamp-mill  shoes,  balls  for 
ball  bearings,  rollers  for  roller  bearings,  armor  plate,  projec- 

tiles, etc.  Hardened  chrome-steel  rolls  having  2  per  cent,  of 
chromium  and  .9  per  cent,  of  carbon  are  used  for  cold-rolling 
metals.  Chrome  steel  is  also  made  by  the  open-hearth  process 
by  adding  f  errochrome  to  the  bath  just  long  enough  before  cast- 

ing for  the  chromium"  to  be  melted  and  well  mixed  with  the 
charge.  It  is  harder  and  stronger  than  manganese  steel,  but  is 
not  so  tough. 

84.  Nickel-Chrome  Steel. — Alloy  steels  made  with  more 
than  one  alloying  element  are  rapidly  coming  into  use.     In  such 
alloys  each  element  added  to  the  steel  imparts   its  individual 
effect  to  the  finished  product,  as,  for  instance,  in  the  manufac- 

ture of  nickel-chrome  steels.     Chromium  alone  would  give  the 
steel  too  great  a  hardness  for  a  particular  purpose,  while  nickel 
alone  would  not  bring  out  the  greatest  strength.     In  such  cases  a 
combination  of  chromium  and  nickel  as  alloying  elements  may 
give  to  the  finished  product  exactly  the  degree  of  hardness,  com- 

bined with  strength,   required   for  the   service   intended.     The 

nickel-chrome  alloy  is  extensively  used  for  armor  plate,  pro- 
jectiles, automobile  crank-shafts,  rails,  etc.     Most  of  the  nickel- 

chrome  steels  are  made  in  the  open-hearth  furnace,  with  the 
exception  of  a  small  amount  made  in  crucibles  or  electric  fur- 

naces.    A  very  strong  and  ductile  composition  of  nickel-chrome 
steel  contains  from  1  to  2  per  cent,  of  nickel  and  .5  to  1  per  cent, 
of  chromium. 

85.  Chrome-Vanadium  Steel. — Vanadium  is  added  to  sev- 

eral types  of  high-grade  steels  in  the  form  of  f errovanadium.  The 
generally  accepted  theory  is  that  vanadium  acts  as  a  scavenger 
and  removes  oxygen.     It  also  greatly  increases  the  strength  of 
the  steel,  both  when  red-hot  and  when  cold.     For  this  reason 

high-speed  cutting  tools  that  perform  their  work  best  when  red- 
hot,  nearly  always  have  vanadium  in  their  composition.     When 
in  addition  to  vanadium  chromium  is  alloyed  with  the  steel  a 
very  strong,  dense,  and  tough  composition  is  obtained  that  has 
found  useful  application  in  several  branches  of  engineering  and 

shipbuilding.     Most  of  the  alloy  is  made  in  the  open-hearth  fur- 
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nace,  the  chromium  and  vanadium  being  added  to  the  steel  just 

before  casting.  The  alloy  may  have  the  following  composi- 
tion: Carbon,  .35  to  .45  per  cent.;  vanadium,  .15  per  cent.; 

chromium,  .75  to  1.25  per  cent. ;  manganese,  .35  to  .65  per  cent. ; 

silicon,  .10  to  .20  per  cent.  Some  of  the  applications  of  chrome- 
vanadium  steel  are  to  be  found  in  marine  reduction-gear  pinions, 
locomotive  frames,  armor  plate,  projectiles,  roller  bearings,  and 
crank-shafts. 

86.  Stainless  Steel. — A  form  of  steel  that  is  commonly 

known  as"  stainless  steel  or  rustless  steel  may  be  produced  by 
using  a  high  percentage  of  chromium  in  the  alloy.     It  resists 

the  action  of  fruit  and  vegetable  acids,  sea  water,  and  the  atmos- 
phere.    It  is  made  in  the  electric  furnace  and  may  be  rolled, 

forged,  hardened,  drawn  into  tubes  and  wire,  or  pressed  into 
sheets.     It  has  been  used  in  the  manufacture  of  table  knives, 
dental  tools,  surgical  instruments,  turbine  blades,   superheater 

tubes,  automobile  parts,  and  so  on.     The  temperature  for  hard- 

ening is  from  1,750°   F.  to  1,850°  F.     Stainless  steel  usually 
contains  about  .30  per  cent,  of  carbon  and  from  9  to  16  per  cent, 
of  chromium,  the  chromium  content  ordinarily  being  between 
12  and  14  per  cent.     If  the  carbon  content  is  kept  below  .12 
per  cent,  the  product  is  known  as  stainless  iron. 

87.  Titanium  Steel. — Titanium  is  one  of  the  most  power- 
ful deoxidizers  known  and  is  therefore  added  to  high-grade 

steel  to  rid  it  of  impurities.     Quantities  of  titanium  as  small  as 

one-fourth  of  1  per  cent,  added  to  the  steel  in  the  ladle  in  the 
form  of  ferrotitanium,  thoroughly  scavenge  the  steel  and  dis- 

appear together  with  the  oxygen,  nitrogen,  and  other  impurities 
in  the  slag.     If  ferrotitanium  is  added  to  the  amount  of  1  per 
cent.,  about  .10  to  .15  per  cent,  of  titanium  will  be  retained  in 
the  steel,  making  the  steel  denser,  stronger,  and  more  durable. 

Titanium  is  usually  added  to  the  steel  together  with  other  alloy- 
ing elements  such  as  tungsten,  nickel,  chromium,  etc.   The  resul- 

tant steel   resists  corrosion  and  is   easily  forged   and   rolled. 
Titanium  steel  is  extensively  used  in  the  manufacture  of  rails, 
structural  shapes,  gears,  locomotive  castings,  etc. 



43 

NON-FERROUS  ALLOYS 

BRASSES  AND  BRONZES 

88.  Value  of   Non-Ferrous   Alloys. — Non-ferrous  metals 
include  all  metals  except  iron.     The  most  important  of  these  in 
engineering-  practice  are  copper,  zinc,  tin,  aluminum  and  lead. 
They  are  used  principally  because  of  special  properties,  such  as 
high  electrical  conductivity,  ease  of  machining,  resistance  to  cor- 
rosion,  etc.     Non-ferrous  alloys  are  those  that  have  no  iron  in 
their  composition.     They  are  of  great  importance  in  the  indus- 

tries and  for  engineering  purposes. 

89.  Brass. — Brass  is  an  alloy  of  copper  and  zinc.     The 
zinc  promotes  solidity,  and  makes  the  alloy  cast  better  than 
would  copper  akrne.     For  engineering  purposes  the  zinc  con-, 
tent  is  rarely  less  than  28  per  cent,  or  more  than  40  per  cent. 
The  alloy  commonly  used  for  brass  castings  is  composed  of 
66  parts,  by  weight,  of  copper  and  34  parts  of  zinc,  although 
from  2  to  4  per  cent,  of  tin  is  often  added  to  give  hardness  to 
the  casting.     Lead  assists  in  giving  the  castings  a  smooth  sur- 

face, as  it  forms  an  oxide  on  the  surface  and  prevents  the 
molten  metal  from  taking  too  sharply  the  impressions  of  the 
sand ;  it  also  facilitates  machining  of  the  metal.     But  the  addi- 

tion of  lead  decreases  the  strength  of  the  castings,  changes  their 
color,  and  makes  them  corrode  more  easily.     It  does  not  com- 

bine chemically  with  copper,  but  forms  a  mechanical  mixture. 

90.  Cast  brass  is  weak  and  low  in  ductility  and  mallea- 
bility.    It  can  be  improved  by  either  hot  or  cold  working  or 

by  annealing,  which  consists  of  heating  the  casting  to  a  tempera- 
ture of  about  950°  F.  and  then  quenching.     Alloys  containing from  56  to  62  per  cent,  of  copper  and  the  remainder  zinc  can  be 

hot  worked  into  sheets  and  rods  by  heating. to  a  red  heat.     Brass 
may  be  hardened  by  cold  rolling  and  hammering ;  the  standard 
alloy  for  cold  working  consists  of  70  per  cent,  of  copper  and 
30  per  cent,  of  zinc  and  is  used  for  making  tubes,  wire,  etc. 
The  strongest  brass  is  produced  by  making  the  alloy  with  40  per 
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cent,  of  zinc.  The  maximum  ductility  is  obtained  with  about 

25  per  cent,  of  zinc.  The  color  of  brass  varies  from  a  copper 

red  to  a  gray,  according  to  the  amount  of  zinc  used.  Ordinary 

yellow  brass  contains  about  30  per  cent,  of  zinc.  Malleable  brass 

is  composed  of  33  parts  of  copper  and  25  parts  of  zinc. 

91.  Some  of  the  widely  used  commercial  brasses,  with 

their  composition  and  uses,  are  as  follows :     Hunts  metal,  an 
alloy  of  60  per  cent,  of  copper  and  40  per  cent,  of  zinc,  may  be 
worked  hot  or  cold  into  sheets  for  ship  sheathing,  and  into  valve 

spindles,  pump  rams,  bolts,  nuts,  etc.     Naval  brass  is  the  name 
given  to  a  composition  of  62  per  cent,  of  copper,  37  per  cent,  of 
zinc,  and  1  per  cent,  of  tin.     The  tin  is  added  to  make  the  brass 
withstand  the  action  of  salt  water.     It  is  used  cold  rolled  and 

may  be  drawn  into  condenser  tubes   for  marine  work.     The 
same  composition  is  also  used  in  castings  for  fittings  in  which 
great  strength  is  not  required.     Spring  brass  has  a  composition 
of  72  per  cent,  of  copper  and  28  per  cent,  of  zinc.     It  is  worked 
cold  with  frequent  annealing  to  prevent  it  from  becoming  too 

hard  and  may  be  drawn  into  wire  or  made  into  solid-drawn 
tubes  for  locomotive  boilers. 

92.  Tobin  bronze  is  really  a  brass  and  consists  of   from 
08  to  60  per  cent,  of  copper  and  about  40  per  cent,  of  zinc,  the 
remainder  being  iron,  tin,  and  lead.     It  is  forged  at  red  heat 
and  used  for  valve  spindles,  pump  rams,  etc.,  and  is  also  rolled 
into  sheets.     Delta  metal  is   similar  in  composition  to  Tobin 
bronze  except  that  it  carries  from  1  to  2  per  cent,  of  iron  to 
increase  the  strength.     It  is  made  into  sheets   and  rods.     Its 

great  resistance  to  the  action  of  sea  water  makes  it  of  special 
importance  in  marine  engineering  for  use  in  propellers,  boiler 

mountings,   valve   spindles    and    seats,   solid-drawn   tubes    for 
superheated  steam,  etc. 

93.  Manganese  bronze  is  the  name  given  to  an  alloy  that 
really  is  a  brass,  as  it  contains  only  a  trace  of  tin.     Manganese 
is  added  to  act  as  a  scavenger,  as  it  releases  the  oxygen  in  the 
metal,  while  aluminum  is  added  to  prevent  the  evolution  of  gases 
during  the  pouring  and  solidification  of  the  metal.     It  is  stronger 
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and  more  ductile  than  ordinary  brass  and  is  not  subject  to  cor- 
rosion, but  it  is  liable  to  develop  segregation  of  the  alloying  ele- 
ments, thereby  weakening  the  alloy.  To  a  large  extent  segrega- 

tion may  be  checked  by  the  use  of  large  feed  heads,  risers,  and 
gates  in  the  molds  and  by  pouring  the  metal  at  a  temperature 
not  too  near  the  solidification  point  as  the  metal  will  set  before 
the  casting  can  be  properly  fed.  The  right  temperature  for  the 

compositions  that  are  given  in  Table  II  is  between  2,000°  and 

2,100°  F.  Manganese  bronze  is  used  for  propellers,  valves, 
pump  rods,  and  high-grade  castings  in  marine  work. 

TABLE  II 
MANGANESE   BRONZES 

Metal 

Formula 
No.  1 

Per  Cent. 

Formula 

No.  2 
Per  Cent. 

Formula 
No.  3 

Per  Cent. 

Formula 

No.  4 
Per  Cent. 

Copper    5800 $6  11 S623 61 

Zinc    40  no 4?  fad. 49  ̂ 7 V7 

Tin    
1  Sfi 

7S 68 

J/ 

Aluminum    40 47 ^0 

Manganese    .  .  .  .  , 04 01 01 

Trace 
CA 

Lead    
02 01 

.ou 

Iron    

1  00 

Carbon      Trace 

Aluminum  brass  is  a  copper-zinc  alloy  containing  up  to  3  per 
cent,  of  aluminum  and  is  used  for  castings  that  must  be  particu- 

larly free  from  blowholes  and  have  a  smooth  surface,  the 
aluminum  causing  the  metal  to  flow  more  freely  and  also  giving 
additional  strength. 

94.  Bronze. — -Bronze  is  an  alloy  of  copper  and  tin.  Tin 
increases  the  fluidity  of  molten  copper  and  the  tensile  strength 
of  the  casting,  but. decreases  its  ductility.  Bronzes  are  largely 
used  for  bearing  metals.  The  quality  of  a  bronze  depends  on 
its  composition,  the  purity  of  the  materials  used,  and  the  care 

exercised  in  melting  and  pouring.  Probably  the  greatest  defect 
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in  bronzes  used  for  bearings  is  caused  by  granules  of  red  oxide 
of  copper,  due  to  a  lack  of  proper  precautions  in  melting  and 
pouring.  These  granules  are  very  hard,  and  the  bearing  is 
very  liable  to  heat  if  any  of  these  spots  occur  on  the  surface. 

The  maximum  -tensile  strength  of  bronze  is  attained  when  the 
alloy  contains  about  18  per  cent,  .of  tin.  About  4  per  cent,  of 
tin  gives  a  bronze  of  greatest  ductility.  The  bronze  having  both 
a  high  tensile  strength  and  great  ductility  consists  of  10  parts 

tin  and  90  parts  copper.  This  composition  is  known  as  gun 
metal,  and  is  very  useful  in  machine  construction  for  valves, 
seats,  pump  castings,  and  for  any  purpose  for  which  an  especially 

close-grained  bronze  is  needed.  It  is  frequently  called  hydraulic 
bronze.  A  bronze  extensively  used  for  the  best  grade  of  ship 
fittings  as  air  port  frames,  etc.,  consists  of  88  per  cent,  of  copper, 
10  per  cent,  of  tin,  and  2  per  cent,  of  zinc.  It  is  tough  and  easily 
machined.  Screw  threads  cut  in  it  will  wear  well. 

95.  Bronzes  generally  are  very  useful  alloys.     They  are 
harder,  denser,  and  stronger  than  copper  and  do  not  oxidize  so 
easily.     Their  strength  is  increased  by  cold  working  just  as  that 
of  brasses.     Their  composition  may  be  varied  to  suit  almost  any 
requirements.     There  are  several  varieties  of  bronze  into  which 
other  ingredients  enter  that  give  the  bronze  some  distinctive 
property.     In  some  cases  the  bronze  takes  its  name  from  the 
material  added.     Zinc  is  added  to  bronzes  to  make  sound  cast- 

ings, lead  for  easy  machining,  manganese  or  phosphorus  as  a 
deoxidizer  or  purifier,  and  iron  for  strength. 

96.  Phosphor  bronze  is  an  alloy  of  copper  and  tin  with  a 
very  small  percentage   of  phosphorus.     Phosphorus   increases 
the  strength,  ductility,  and  solidity  of  castings.     It  is  superior 
to  common  bronze  for  many  kinds  of  bearings.     It  can  be  rolled, 
forged,  and  drawn  into  wire,  and  it  casts  well.     It  is  also  not 

affected  by  the  action  of  salt  water.     Table  III  gives  the  com- 
position of  some  phosphor  bronzes.     The  letters  at  the  heads 

of  the  columns  designate  alloys  that  are  suitable  for  various  pur- 
poses, as  explained  in  the  following  paragraphs  : 

A  is  an  alloy  suitable  for  valves,  valve  stems,  and  parts  of 
machinery  that  are  in  constant  vibration.  It  resists  corrosion. 
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B  is  an  alloy  used  for  hydraulic  machinery,  valve  and  piston 
rods,  cylinder  linings,  and  bolts.  It  is  said  to  be  especially 
good  for  gears. 

C  is  an  alloy  used  for  castings  that  must  resist  wear  and 
corrosion.  It  is  hard,  dense,  and  non-corrodible. 

D  is  an  alloy  that  is  very  dense  and  almost  as  hard  as  steel. 
It  is  especially  well  adapted  to  castings  that  must  resist  wear. 

E  is  a  strong,  hard  alloy  that  resists  corrosion.  It  is  used  for 
bearings,  slides,  boiler  mountings,  propellers,  turbine  blades,  etc. 

TABLE  III 

PHOSPHOR   BRONZES 

Metal A B C D E F G H 

Copper    9225 
8925 8990 8455 89  40 

81  11 94  14 70 

Tin    
725 1000 949 1452 993 

18  66 
5  18 

12 
Lead    41 3 
Phosphorus .50 .75 

.61 
.93 

.26 .23 .68 1 

F  is  an  alloy  used  to  make  bells  of  fine  tone  that  are  not 
liable  to  crack.  For  this  purpose  it  is  better  than  bell  metal. 

G  is  a  very  tough  and  strong  alloy.  The  metal  may  be  made 
so  very  dense  by  hammering  that  it  is  impervious  to  water  even 

at  the  highest  pressures.  It  is  therefore  especially  adapted  for 
piston  rods  and  linings  for  pump  cylinders. 

H  is  an  alloy  used  for  bearings  under  cars,  locomotives,  and 
the  bearings  of  heavy  machinery.  It  wears  well  and  will  not 
injure  the  shaft,  even  when  running  hot. 

Phosphorus  is  seldom  added  to  an  alloy  in  excess  of  1  per 
cent.,  because  the  resulting  alloy  is  so  brittle  as  to  be  of  but 
little  use. 

Bell  metal  contains  78  per  cent,  of  copper  and  22  per  cent,  of 
tin.  It  is  hard  and  brittle  and  has  a  remarkably  sonorous  sound 
and  is  therefore  used  for  the  casting  of  bells.  Copper  coins 
contain  about  95  per  cent,  of  copper  and  5  per  cent,  of  tin. 
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BRONZE    AND    BRASS    CASTINGS 

97.  Casting  Troubles. — Bronzes  and  brasses  are  difficult 
to  cast  owing  to  the  easy  oxidation  of  the  alloying  elements. 
Copper  oxide  forms  in  nearly  all  alloys  containing  much  copper 
when  these  are  heated  in  the  air,  and  reduces  the  strength  and 
ductility  of  the  alloy.     The  addition  of  phosphorus  just  before 

pouring  the  metal  reduces  the  copper  oxide  and  makes  the  cast- 
ing more  ductile.     A  small  amount  of  the  phosphorus  may  com- 

bine with  the  alloy  and  increase  its  strength  and  ductility,  but 
the  greater  part  prevents  the  harmful  effect  of  the  copper  oxide. 
Should  more  phosphorus  than  is  needed  to  remove  the  oxygen  be 
added  to  the  metal,  the  excess  may  alloy  with  the  metal  and  make 
the  resulting  castings  brittle  and  very  hard.     Zinc,  tin,  and  lead 
are  especially  liable  to  separate  out  of  the  mixture  and  form 

patches  in  the  main  body  of  metal,  thus  weakening  it.     Alloys 
containing  these  elements  must  therefore  be  made  with  care. 

Silicon  copper,  an  alloy  of  silicon  and  copper,  is  sometimes  used 
to  remove  the  oxygen  from  the  mixture,  but  an  excess  of  this 
alloy  will  harden  the  castings  and  make  them  brittle. 

98.  Poling. — Another  way  of  deoxidizing  the  mixture  is 
by  stirring  the  mixture  with  an  unseasoned  hardwood  stick. 

This  operation  is  commonly  called  poling,  and  hickory  is  con- 
sidered the  best  wood.     Poling  should  be  continued  until  a  sam- 

ple of  the  metal  will  cool  without  showing  either  a  depression 
or  an  elevation  in  the  center.     When  a  copper  alloy  is  poled  too 

much  its  strength  is  reduced.     During  the  operation  the  sur- 
face of  the  mixture  must  be  kept  covered  with  a  layer  of  char- 
coal, which  protects  it  from  contact  with  air  and  thus  prevents 

oxidation  of  the  metal. 

MISCELLANEOUS  ALLOYS 

99.  Copper-Nickel  Alloys. — An  alloy  of  copper  and  nickel 
containing  from  3  to  5  per  cent,  of  nickel  is  used  in  the  manu- 

facture of  projectiles  and  for  steam-boiler  tubes.  With  a  nickel 
content  of  25  per  cent,  it  is  used  for  coinage  purposes.  The 
composition  of  68  to  70  per  cent,  of  nickel,  1|  per  cent,  of  iron, 
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and  the  remainder  copper  and  a  trace  of  carbon  is  successfully 
used  for  turbine  blades,  motor  boat  propellers,  and  rods  and 
castings  in  places  where  corrosion  is  liable  to  take  place.  It  is  a 
natural  alloy  mined  in  Canada,  silver-white  in  color  and  will 
take  a  high  polish.  Its  strength  is  like  that  of  machine  steel  and 
it  is  slightly  magnetic. 

100.  German   Silver. — An  alloy  of  copper,   nickel,  and 
zinc  is  called  German  silver.     It  is  a  hard,  white,  and  ductile 
metal,  much  used  for  making  table  utensils,  resistance  wire  for 

electrical  apparatus,  ornamental  work,  etc.     There  are  many 
varieties  of  German  silver,  and  their  composition  varies  from 
20  to  30  per  cent,  of  zinc  and  from  18  to  25  per  cent,  of  nickel, 
the  remainder  being  copper.     Sometimes,  tin  or  lead  is  added 
to  cheapen  the  alloy.     Lead  makes  it  more  fusible  and  tin  more 

dense,  so  that  it  will  take  a  better  polish ;  the  addition  of  tin, 
however,  renders  the  alloy  brittle  and  unfit  for  rolling.     The 
addition  of  iron  or  manganese  makes  an  alloy  of  whiter  color 
and  increases  the  strength  and  hardness. 

101.  Silicon  Bronze. — Silicon  bronze  is  a  composition  of 
copper  and  silicon,  sometimes  with  zinc  and  tin  added.     It  is 

largely  used  for  wire  for  trolley,  telephone,  and  telegraph  ser- 
vice, because  of  its  great  strength,  good  electrical  conductivity, 

and  durability. 

102.  Copper-Manganese  Alloy. — An  alloy  of  88  per  cent, 
of  copper  with  about  10  per  cent,  of  tin  and  2  per  cent,  of 
manganese  is  used  in  shipbuilding  for  propellers.     Manganese 
has  a  great  affinity,  for  oxygen,  and  hence  the  addition  of  man- 

ganese tends  to  make  a  clear  alloy,  free  from  copper  oxide. 
The  alloy  is  usually  made  by  fusing  together  copper,  tin,  and 
ferromanganese.     It  has  great  strength,  and  will  not  corrode 
easily. 

103.  Babbitt   Metal. — Babbitt  metal  is  an  alloy  of  tin, 
copper,   and   antimony.     The  term  is  applied   also   to  a  great 
number  of  alloys  on  the  market  that  are  used  to  line  journal- 
boxes.     The  metal  received  its  name   from  the  originator  of 

a  journal-box  made  so  that  it  could  be  lined  with  an  antifric- 
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tion  alloy.  The  proportions  of  the  elements  in  the  alloy  vary 
considerably,  according  to  the  weight  that  it  has  to  carry  and  to 
the  speed  of  the  shaft.  The  proportions  are  also  varied  by  the 
manufacturers,  who  find  out  by  experience  the  combination  that 
gives  the  best  results  for  each  kind  of  work.  Proportions  that 
have  been  found  satisfactory  are,  for  light  service,  50  parts  of 

tin,  2  parts  of  copper,  and  8  parts  of  antimony ;  for  heavy  ser- 
vice, the  copper  is  usually  from  65  to  80  per  cent,  and  the 

remainder  tin  and  antimony.  The  antimony  gives  hardness  to 
the  alloy  and  reduces  contraction,  while  the  tin  gives  it  the 
antifriction  quality. 

104.  For  the  lining  of  marine  bearings  a  babbitt  of  the 
following  composition  is  often  used :  Zinc,  34  per  cent. ;  tin, 
64  per  cent. ;  and  copper,  2  per  cent.  It  is  strong,  tough,  and 
has  excellent  wearing  qualities. 

A  babbitt  that  is  usually  known  in  the  United  States  as  Gov- 
ernment standard  babbitt  is  somewhat  softer  than  the  babbitt 

just  described.  It  is  also  more  fluid  when  melted,  and  linings 
made  of  it  may  therefore  be  made  thinner  than  when  other 
babbitt  is  used.  The  composition  of  Government  standard 
babbitt  is :  _ PER  CENT. 

Tin       88.3 

Antimony          7.8 
Copper            3.9 

The  following  babbitt  is  used  in  the  bearings  of  passenger 
and  freight  cars  and  of  high-speed  locomotives.  It  is  strong, 
is  not  easily  squeezed  out  of  the  bearings,  and  is  therefore 

especially  well  suited  to  bearings  that  are  subjected  to  high 
pressures.     The  composition  of  this  babbitt  is: PER  CENT. 

Tin        83 

Antimony          9 
Copper           8 

,  105.  For  light,  high-speed  machinery  where  the  bearings 
are  not  liable  to  become  heated,  type  metal,  an  alloy  of  about 
80  per  cent,  of  lead  and  20  per  cent,  of  antimony,  is  also  used 
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for  lining  bearings.  In  fact,  wherever  there  is  a  demand  for 
cheapness,  the  tendency  is  to  use  lead  instead  of  the  more 
expensive  metals,  tin  and  copper.  The  grades  having  lead  as  a 
constituent  should  not  be  used  in  bearings  that  support  heavy 
loads  or  that  are  subject  to  a  pound  or  knock.  Lead  and  anti- 

mony combine  with  each  other  without  impairing  the  antifric- 
tion quality  of  the  lead,  which  is  one  of  its  valuable  properties. 

Lead  makes  the  alloy  more  plastic  and  prevents  the  bearings 
from  unduly  overheating.  It  is  nearly  always  present  in  bear- 

ing metals  used  for  lining  the  boxes  of  light  fast-running  jour- 
nals. The  presence  of  lead  in  babbitt  metal  can  be  determined 

by  rubbing  the  metal  on  paper ;  if  lead  is  present,  it  will  leave 
a  mark  on  the  paper  similar  to  that  made  by  a  lead  pencil. 

106.  Solder. — The  several  alloys  used  to  make  metallic 
joints  by  fusion  between  pieces  of  metal  are  called  solders. 
As  the  solder  must  be  more  easily  fused  than  the  metal  to  be 
united,  the  composition  necessarily  varies  a.  great  deal.  Solders 
are  designated  as  hard  or  soft,  according  to  the  temperature 
necessary  to  melt  them.  The  fusing  temperature  of  soft  solder, 

usually  composed  of  lead  and  tin,  ranges  from  about  '200°  to 
480°  F.  The  addition  of  bismuth  lowers  the  melting  point considerably.  A  standard  grade  of  soft  solder  is  half  tin  and 
half  lead ;  but  as  lead  is  much  the  cheaper  metal,  tlie  tendency 
is  to  increase  its  amount. 

Hard  solder  fuses  only  at  a  red  heat.  It  is  an  alloy  of  cop- 
per, zinc,  tin,  antimony,  silver,  gold,  etc.  depending  on  the  kind 

of  metal  with  which  it  is  to  be  used. 

Spelter  is  a  hard  solder  composed  of  copper  and  zinc,  which 
may  be  of  equal  parts,  though  these  proportions  are  sometimes 
varied,  and  some  tin  or  other  metal  may  be  added.  Erasing 
spelter  consists  of  50  to  55  per  cent,  of  zinc,  the  remainder  being 
copper.  Brazing  metal  consists  of  80  per  cent,  of  copper  and 
20  per  cent,  of  zinc.  Brazing  spelter  and  brazing  metal  are 
used  to  unite  brass,  copper,  iron,  and  steel  in  strong  joints.  The 
fluxes,  or  cleaners,  used  with  solders  are  powdered  rosin  or 
hydrochloric  acid  to  which  zinc  scraps  have  been  added.  For 
brazing,  powdered  borax  is  used. 
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ALUMINUM   ALLOYS 

107.  Magnalium. — Magnalium  is  an  alloy  of  aluminum 

and  magnesium.     It  is  very  light  and  is  used  especially  for  cast- 
ings in  which  lightness  is  one  of  the  chief  requirements.     A 

good  aluminum-magnesium  alloy  contains  92  per  cent,  of  alum- 
inum and  8  per  cent,  of  magnesium.     Its  specific  gravity  is  2.56 

and  it  weighs  1.475  ounces  per  cubic  inch,  or  160  pounds  per  cubic 

foot.     It  shrinks  -^  inch  per   foot.     This  alloy  is  sometimes 
cheapened  by  replacing  part  of  the  magnesium  with  antimony, 
copper,  tin  or  nickel. 

108.  Duralumin. — Duralumin   is   an   alloy  of   aluminum 

with  from  3  to  5  per  cent,  of  copper,  .3  to  .6  per  cent,  of  man- 
ganese, .4  to  1  per  cent,  of  magnesium,  and  a  trace  of  chromium. 

It  is  said  to  be  ductile,  stronger  than  cast  iron  in  castings,  and 
when  cold  worked  or  forged  to  have  a  strength  approximately 
that  of  mild  steel.     Its  light  weight  and  its  strength  make  it  a 
useful  alloy  for  reciprocating  parts  in  machinery. 

109.  Aluminum-Zinc  Alloys. — Aluminum-zinc  alloys  are 

largely  used  for  castings  in  which  flexibility  and  extreme  light- 
ness are  not  essential.     The  two  aluminum-zinc  alloys  that  are 

most  commonly  used  are:  65  per  cent,  of  aluminum  and  35  per 
cent,  of  zinc;  and  75  per  cent,  of  aluminum  and  25  per  cent,  of 
zinc.     The  alloy  containing  65   per  cent,  of  aluminum  has  a 
specific  gravity  of  3.3  and  weighs  1.901  ounces  per  cubic  inch, 
or  206  pounds  per  cubic  foot.     The  castings  have  a  shrinkage 
of  ̂   inch  per  foot. 

A  modification  of  these  alloys  consists  of  82  per  cent,  of 
aluminum,  15  per  cent,  of  zinc,  and  3  per  cent,  of  copper.  This 
alloy  is  tough,  may  be  forged,  and  is  easily  machined. 

110.  Aluminum-Copper  Alloy. — One  of  the  most  com- 
monly used  aluminum  alloys  consists  of  92  per  cent,  of  alum- 

inum and  8  per  cent,  of  copper.     It  is  not  exceptionally  strong, 
but  it  resists  vibration  well  and  is  very  uniform  in  quality.     Its 
specific  gravity  is  2.8  and  it  weighs  1.613  ounces  per  cubic  inch, 
or  175  pounds  per  cubic  foot.     It  is  used  in  automobile  work 
in  castings  and  in  pieces  that  are  rolled. 
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Aluminum  bronze  is  made  by  adding  from  2  to  12 
of    aluminum   to    copper.     This    alloy    is    remarkable 
strength,  malleability,  and  ductility.     With  the  addition  oo.  ̂ ._ 
nium  good  solid  castings  are  obtained.     The  alloy  can  be  readily 
soldered.     Aluminum  alloys  oxidize  readily  and  the  oxide  thus 
formed  will  produce  defective  castings   if   it  is  not  removed 
before  casting.     To  remove  the  oxide  from  the  alloy,  a  flux 
should  be  used.     Zinc  chloride  is  the  best  flux  for  aluminum 

alloys  and  common  salt  is  also  good.     Overheating  of  aluminum 
alloys  should  also  be  avoided,  as  it  is  the  cause  of  porous  and 
defective  castings. 

SPECIAL   ALLOYS 

111.  Die-Casting  Alloys. — Castings  are  sometimes  made 
by  forcing  the  molten  metal  under  pressure  into  accurately  cut 
steel  molds.     Castings  made  in  this  way  are  called  die  castings. 
It  is  possible  to  make  die  castings  of  very  complex  shape  that  are 
accurate  in  size  and  have  a  smooth  finish. 

Die-casting  alloys  are  usually  white  metals,  several  of  the 
babbitts  being  used,  and  in  some  cases  white  brass  or  white 

bronze  is  used.  Lead  babbitts  are  of  very  little  use  for  die 
castings,  because  they  lack  both  strength  and  ductility.  In  this 

respect  some  of  the  zinc-base  alloys  are  preferable,  since  they 
are  as  strong  or  stronger  than,  gray  iron;  they  are,  however, 

lacking  in  ductility.  Tin-base  alloys  are  used  to  a  considerable 
extent  in  the  automobile  industry  in  the  manufacture  of  die- 

cast  bearings.  The  compositions  of  some  die-casting  alloys  are 
given  in  Table  IV. 

112.  Stellite. — The  composition  of  the  remarkably  efficient 

alloy  used  for  high-speed  cutting  tools,  known  as  stellite,  is 
approximately  60  per  cent,  of  cobalt,  25  per  cent,  of  tungsten, 
and  15  per  cent,  of  chromium.     Like  most  tungsten  steels,  it  is 

most  efficient  when  in  a  red-hot  condition.     It  is  successfully 
used  for  turning  rolls  of  chilled  iron,  manganese  steel  castings, 
etc. 



CO 

en                            N 
rt                            S3 
T-4                                                                   O 

Ul 
i_O                                               5"** a 

^O 

S ^                     <u u •"^             ,-S 

6      4J 

1  S3 

trj   od  MD 

<;PH 
M 

1     1       T-H <!  £ 

i 
t-i      -t-j o       c 

1'^ 

T-H                         rh  ̂ - 

s  * 

-3  S 

rt    tu 
U  PH 

-4-J 

"d   cu 

rfl  r  ) ^     05 

0)    ̂ —  ' 

•^      OJ 

PH 

f
c
^
 

OOOCNOOOO 
O      IH 

CJ    w 

OO^!-OOOcoCNCM 
1     1        T-H 

B,l 
8O                'Lt~>  O  O   O  O O                tx  O  C  >   O   O 

H    i* OJ CN   fO                 xh   OO  O   CM   Td" i  —  i   j>^  CO   OO   ̂ vO 
PH 

o 

(J      OJ 

C  LJ CD   O    O   O  '-O                         O 

LO   ro  i-O   CO  CO                        -st" 

(U 

oo  co  cc  r^                   co 

PH 

O -N«*««0^000> 



MATERIALS  OF  CONSTRUCTION  55 

NON-METALS 

MORTARS  AND  CONCRETE 

CEMENT 

113.  Portland  Cement. — Portland  cement  is  produced  by 
pulverizing  the  clinker  obtained  by  burning  an  intimate  arti- 

ficial mixture  of  finely  ground  carbonate  of  lime,  silicia,  alumina, 
and  iron  oxide  in  definite  proportions.     When  cement  is  mixed 
with  water  into  a  paste,  the  mixture  soon  stiffens.     This  action 
is  known  as  setting.     After  the  initial  set  has  taken  place  the 
cement  should  not  be  disturbed;  because  if   broken  and  put 
together  again,  the  parts  will  not  join  properly.     A  few  hours 
after  the  initial   set   the   cement   suddenly   begins   to   gain   in 
strength  or  to  harden.     This  gain  in  strength  is  very  rapid  for 
about  24  hours  after  the  beginning  of  hardening  and  then  con- 

tinues at  a  decreasing  rate. 

114.  Portland- Cement    Concrete. — Portland-cement    con- 
crete, one  of  the  most  important  of  construction  materials,  con- 

sists of  sand  and  stone  bound  together  by  a  comparatively  small 
amount  of  cement,  and  since  all  of  these  materials  are  strong, 
durable,  and  comparatively  inexpensive,  the  concrete  also  pos- 

sesses these  properties.     Concrete  is  made  by  mixing  cement, 
sand,  and  stone  with  water  to  form  a  quaky  mass  that  is  cheaply 
and  easily  molded  in  forms  to  any  desired  shape.     After  a  com- 

paratively short  time — from  a  few  days  to  several  weeks,  depend- 
ing upon  circumstances — the  plastic  mass  will  have  hardened 

and  be  able  to  resist  great  loads ;  the  forms  are  then  removed 
and  the  concrete  is  ready  for  use. 

115.  Portland-Cement  Mortar. — Portland-cement  mortar 
is  extensively  used  in  construction  work.     It  consists  of  sand 

1  L  T  J74B—15 
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bound  tog-ether  by  cement,  and  therefore  possesses  qualities 
similar  to  those  of  concrete.  In  fact,  mortar  is  concrete  without 
the  stone;  or,  stating  the  same  fact  differently,  concrete  con- 

sists of  stone  cemented  tog-ether  by  means  of  mortar,  just  as 
mortar  consists  of  sand  grains  cemented  together  by  means  of 
cement. 

116.  Difference  Between  Mortar  and  Concrete.— Since  the 
difference  between  sand  and  stone  is  merely  a  difference  in  size, 
the  difference  between  mortar  and  concrete  is  one  of  degree 
rather  than  of  kind.  All  aggregates,  or  materials  used  with 
cement  to  form  mortar  or  concrete,  retained  on  a  screen  with 

1-inch  openings  are  classified  as  stone;  all  aggregates  passing 
through  a  screen  with  -J-inch  openings  are  classified  as  sand. 
Mortar  may  therefore  be  defined  as  a  mixture  of  cement  with 
aggregates  none  of  which  are  more  than  £  inch  in  diameter,  and 
concrete  as  a  mixture  of  cement  with  aggregates  some  of  which 
are  more  than  •£  inch  in  diameter.  This  distinction  in  the  use 
of  .the  words  mortar  and  concrete  is  not  always  observed  by 

practical  men.  It  is  customary  to  use  the  word  mortar  for  any' 
mixture  used  to  fill  joints  between  surfaces  of  masonry,  such  as, 
for  instance,  the  joints  between  the  bricks  in  a  wall,  and  to  use 
the  word  concrete  for  any  mixture  placed  between  molds  that 
are  intended  to  be  removed  after  the  mixture  hardens,  because 
these  are  the  principal  practical  uses  of  mortar  and  concrete. 

Portland-cement  mortar  is  composed  of  Portland  cement  and 
sand  in  proportions  that  vary  from  one  part  of  cement  and  one 
part  of  sand  to  one  part  of  cement  and  six  parts  of  sand,  this 
variation  being  due  to  the  strength  of  the  mortar  desired.  The 
common  proportion  for  ordinary  masonry  is  one  part  of  cement 
to  three  parts  of  sand. 

117.  Cement. — Cement  used  in  mortar  and  concrete  may 
be  either  hydraulic   or   bituminous.     Hydraulic  cement  when 
mixed  with  water   forms  a  plastic  mass;  bituminous  cement 
becomes  plastic  when  heated.     Hydraulic-cement  mortar  hardens 
by    a    chemical    process;    bituminous-cement    mortar    hardens 
because  it   stiffens   when   cooled.     According  to   the  kind   of 
hydraulic  cementing  material  used  in  it,  concrete  is  known  as 
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Portland-cement  concrete,  natural- cement  concrete,  or  lime- 
cement  concrete,  and  mortar  is  known  as  Portland-cement  mor- 

tar, natural- cement  mortar,  lime-cement  mortar,  or  lime  mortar. 
However,  as  Portland  cement  is  used  so  much  more  in  concrete 
than  is  any  other  kind  of  cementing  material  the  word  concrete 
is  commonly  used  to  denote  Portland-cement  concrete.  Where 
reference  is  made  to  mortar,  it  is  necessary  always  to  distin- 

guish between  cement  mortar,  lime  mortar,  and  lime-cement 
mortar,  unless  it  appears  clearly  from  the  circumstances  which 
kind  is  meant.  In  practice  all  three  kinds  of  mortar  are  exten- 

sively used,  and  great  confusion  is  likely  to  arise  from  failure  to 
distinguish  between  them. 

118.  Cement  Paste. — Cement  paste,  consisting  of  Portland 
cement  mixed  with  water,  also  sometimes  referred  to  as  neat- 
cement  mortar  to  distinguish  it  from  sand-cement  mortar,  is  a 
grayish,  semi-liquid  mass  that  stiffens  rapidly  to  form  a  sub- 

stance resembling  sandstone  but  having  an  even  finer  grain  than 
the  finest-grained  natural  sandstone.  It  is,  in  fact,  an  artificial 
stone,  which  in  time  attains  great  strength  and  hardness  when 
aged  under  proper  conditions;  but  in  spite  of  its  strength  and 
hardness  it  is  not  used  in  its  pure  state  except  for  special  pur- 

poses, largely  because  of  its  high  cost.  This  cost  is  very 
materially  reduced  by  mixing  sand  with  the  cement  paste ;  this 
mixture  is  the  mortar  previously  referred  to.  Mortar  stiffens 
and  becomes  hard  in  time,  just  as  cement  paste  does,  but  the 
hardening  is  slower  and  the  strength  never  becomes  so  great  as 
for  pure  cement,  and  the  greater  the  proportionate  amount  of 
sand,  the  slower  the  setting  and  the  weaker  is  the  mortar.  In 
concrete,  the  pieces  of  broken  stone  are  bound  together  by  the 
mortar  in  much  the  same  way  that  the  grains  of  sand  are  bound 
by  the  cement. 

Since  sand  and  stone  are  cheaper  than  cement,  it  is  desirable 
from  an  economical  point  of  view  to  use  as  much  sand  and 
stone  as  possible  in  concrete  in  order  to  make  the  more  costly 
cement  go  further,  but  since  the  strength  decreases  when  the 
amount  of  cement  is  decreased,  it  is  necessary  to  limit  the 
amounts  of  sand  and  stone  used  with  a  given  quantity  of  cement 
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paste,  and  the  limit  varies  with  the  varying  nature  of  these 
materials  and  of  the  requirements  of  the  work  for  which  the 
concrete  is  to  be  used. 

119.     Proportioning   of  Concrete. — The   selection    of  the 
proper  relative  quantities  of  cement,  sand;  and  stone  is  called 

proportioning  of  the  concrete.     The  proper  proportioning  is  a 
very  important  part  of  concrete  engineering  and  has  received  a 
great  deal  of  attention  both  from  scientists  and  from  practical 
men.     Mortars  and  concrete  must  possess  a  number  of  qualities 
in  order  to  be  acceptable;  the  most  important  of  these  are 
strength,  impermeability,  and  bond.     Strength  is  the  property 
that  enables  the  material  to  carry  loads,  and  it  is  the  one  indis- 

pensable property  required  of   mortar  and   concrete  used   as 
building  materials.     Impermeability  is  the  property  that  prevents 
the  entrance  of  water  into  the  mortar  and  concrete  after  they 
have  hardened.     The  entrance  of  water  is  objectionable  because 
water  expands  when  it  freezes  and  its  expansion  fractures  the 
masonry  causing  rapid   disintegration.     Impermeability   is   an 
indispensable  requirement  where  the  masonry  protects  materials 
susceptible  to  injury  by  dampness,  as,  for  instance,  in  warehouses 
and  dwellings,  and  also  where  the  masonry  contains  steel  bars 
or  steel  beams,  because  they  corrode  if  exposed  to  the  action  of 
water.     Bond  is  the  property  whereby  cement  adheres  to  steel ; 
it  is  the  property  that  makes  it  possible  to  strengthen  concrete 
with  steel  rods  in  reinforced-concrete  construction.     Since  this 
construction  is  extensively  employed  for  such  important  struc- 

tures as  railroad  bridges,  viaducts, 'aqueducts,  and  buildings  of all  kinds,  the  ability  of  mortar  and  concrete  to  adhere  to  steel 
is  very  important.     It  is  therefore  necessary  so  to  prepare  the 
mortar  or  concrete  that  it  shall  possess  strength,  impermeability, and  bond. 

120.  Since  the  concrete  mixtures  usually  contain  twice 
as  much  stone  as  sand,  these  will  consist  of  1  part  of  cement, 
2  parts  of  sand,  and  4  parts  of  stone,  or  other  similar  mixtures, 
such  as  1:2^:5  (read  one  two-and-one-half  five),  or  1:3:6 
(one  three  six).  This  method  is  very  convenient,  since  a  bag 
of  cement,  which  is  assumed  to  contain  1  cubic  foot,  is  made 
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the  basis  of  the  mixtures.  Thus,  a  1 : 2  mortar  is  made  u 

multiples  of  1  bag  of  cement  and  2  cubic  feet  of  sand,  and  a 
1:3:6  concrete  is  made  in  multiples  of  1  bag  of  cement,  3  cubic 
feet  of  sand,  and  6  cubic  feet  of  stone.  A  good  mixture  for  a 

foundation  for  small  engines  is  1 : 2-J :  5.  For  heavy  founda- 
tions and  footings  the  mixture  1:3:6  will  do,  and  is  somewhat 

cheaper. 

121.  Methods     of     Mixing     Concrete. — There    are    two 
methods  of  mixing,  namely,  hand  mixing  and  machine  mixing. 
Hand   mixing   is   always   done  by  mixing  individual   batches, 

whereas  machine  mixing  may  be  done  either  by  batches  or  con- 
tinuously.    In  hand  mixing,  the  ingredients  are  assembled  on  a 

water-tight  mixing  platform.     The  required  amount  of  sand  is 
first  spread  out  on  the  platform,  then  the  proper  number  of 
bags  of   cement  is   dumped   on  top,    and   the   two   are  turned 

together  with  square-pointed  shovels  until  a  uniform  color,  indi- 
cating thorough  mixing,  is  obtained.     Pebbles  or  broken  stone, 

first  thoroughly  wet,  are  then  measured  and  spread  in  a  layer 
on  top  of  the  cement  and  sand,  and  all  of  the  materials  are 

again   mixed   with   shovels.     Then   a    depression  or   hollow   is 

formed  in  the  center  of  the  pile  and  water  is  added  gently, 
preferably  by  a  spray  from  a  hose  or  watering  can,  while  the 
material  is  turned,  water  being  added  until  the  cement,  sand, 
and  pebbles  have  been  thoroughly  and  uniformly  mixed  and  the 
desired  consistency  obtained. 

Sometimes  another  method  is  employed  wherein  water  is 
added  to  the  cement  and  sand  and  a  mortar  formed,  to  which 

the  coarse  aggregate  is  then  added.  Both  methods  of  mixing 
give  satisfactory  results  in  practice. 

122.  Good  concrete  can  be  mixed  by  hand,  but  the  labor 
involved  is  considerable  and  unless  the  job  is  a  relatively  small 
one,  machine  mixing  will  be  .found  more  economical,  and  will 
insure  more  thorough  mixing.     It  is  far  too  common  for  those 

mixing  concrete  by   hand  to   slight  the  work,   thus  producing 
imperfectly  mixed  concrete.     Most  machine  mixers  operate  on 

the  revolving-drum   principle.     Materials   for  a  batch  of  con- 
crete are  fed  into  a  power-driven  revolving  steel  drum  in  which 
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there  are  blades  or  buckets  that  handle  the  ingredients  so  as  tu 
mix  them  thoroughly.  After  about  one  minute  of  mixing,  the 
batch  is  discharged  by  tilting  the  drum  or  by  swinging  a  chute 
into  such  a  position  as  to  catch  the  mixture  and  carry  it  out  of the  drum. 

TIMBER 

CHARACTERISTICS   OF   TIMBER 

123.  Kinds  of  Wood. — Wood,  as  a  building  material,  is 
divided  into  three  general  groups;  namely,  the  evergreen,  the 
tropical,  and  the  hardwood.  In  the  first  of  these  are  classed 
pine,  spruce,  hemlock,  cedar,  cypress,  etc. ;  in  the  second,  palm, 
rattan,  bamboo,  teak,  etc. ;  in  the  third,  oak,  chestnut,  walnut, 
locust,  maple,  hickory,  ash,  boxwood,  whitewood,  and  a  number 
of  others.  Each  of  these  woods  has  peculiarities  and  character- 

istics which  render  it  fit  and  useful  for  some  building  purposes, 
and  utterly  unfit  and  useless  for  others. 

EVERGREEN  TIMBER 

134.  White  Pine. — White  pine,  commonly  known  as 
pine,  or  sometimes  referred  to  as  northern  pine,  to  distinguish  it 
from  Georgia  pine,  is  a  tree  common  in  the  northern  part  of  the 
United  States  and  in  Canada.  It  furnishes  a  light,  soft,  and 
straight-grained  wood  of  a  yellowish  color,  but  is  not  so  strong 
as  other  woods  of  the  same  class,  and  in  building  is  used  prin- 

cipally as  a  finishing  material,  where  a  good,  durable,  but  inex- 
pensive job  is-  required.  As  a  material  for  patternmaking  it 

has  no  equal,  and  its  power  of  holding  glue  renders  it  invaluable 
to  the  cabinetmaker  and  joiner.  In  marine  work  it  is  used  for 
tongue  and  groove  decks  from  £  inch  to  1 J  inches  thick  that  are 
covered  with  canvas,  for  bulkheads  and  partitions,  and  gener- 

ally for  interior  finish. 

125.  Georgia  Pine. — Georgia  pine,  also  known  as  hard 
pine,  pitch  pine,  and  occasionally  as  long-leaf  pine,  is  a  large 
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forest  tree  growing'  along  the  southern  coast  of  the  United 
States,  from  Virginia  to  Texas,  and  extending  only  about  150 
miles  inland. 

The  wood  is  heavy,  hard,  strong,  and,  under  proper  condi- 
tions, very  durable.  For  heavy  framing  timbers  and  floors  it  is 

most  desirable.  It  rapidly  decays  in  a  damp  location,  and  there- 
fore cannot  be  used  for  posts  that  are  in  contact  with  the  ground  ; 

but  if  situated  in  a  dry,  well-ventilated  place,  it  will  remain 
practically  unchanged  for  over  a  century. 

Great  care  should  be  exercised  in  obtaining  Georgia  pine,  as 
in  many  localities  this  wood  is  confused  with  another  material 
variously  known  as  Carolina  pine  and  Northern  yellow  pine, 

which  is  inferior  to  it  in  every  respect.  Long-leaf  yellow  pine  is 
strong  and  is  extensively  used  in  shipbuilding  as  a  covering  for 
decks. 

The  Carolina  pine  is  not  a  long-leaf  pine,  and  is  neither  so 
strong  nor  so  durable  as  the  Georgia  or  Southern  pine.  In 

appearance  it  is  somewhat  lighter  than  the  long-leaf  pine,  and 
the  fiber  is  softer  and  contains  less  resin  than  the  regular  hard, 

or  pitch,  pine.  Short-leaf  yellow  pine  is  not  good  for  exterior 
construction  but  is  extensively  used  for  inexpensive  interior 
work. 

136.  Spruce. — Spruce  is  a  name  given  to  all  the  wood 
furnished  by  the  various  species  of  the  spruce  fir  tree.  There 
are  four  varieties  of  the  wood,  known  as  black  spruce,  white 

spruce,  Norway  spruce,  and  single  spruce. 
Black  spruce  grows  in  the  northern  half  of  the  United  States 

and  throughout  British  America.  Its  wood  is  light  in  weight, 
reddish  in  color,  and,  though  easy  to  work,  is  very  tough  in 
fiber  and  highly  desirable  for  joists,  studs,  and  general  framing 
timber.  It  is  also  extensively  used  for  piles  and  submerged 
cribs  and  cofferdams,  as  it  not  only  preserves  well  under  water 
but  also  resists  the  destructive  action  of  parasitic  Crustacea, 

such  as  barnacles  and  mussels,  longer  than  any  other  similar 
wood.  It  is  used  for  masts,  spars,  oars,  etc.,  in  marine  work 
owing  to  its  light  weight  and  toughness.  It  is  also  used  for 
ceilings  in  the  holds  of  vessels. 
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White  spruce  is  not  so  common  as  the  black  variety,  though, 
when  sawed  into  lumber,  it  can  scarcely  be  distinguished  from 
it.  Its  growth  is  confined  to  the  extreme  northern  part  of  the 
United  States  and  to  British  America.  Another  variety  of 
white  spruce  is  a  large  tree  growing  in  the  central  and  southern 
parts  of  the  Rocky  Mountains,  from  Mexico  to  Montana. 

Norway  spruce  is  a  variety  growing  in  Central  and  Northern 
Europe  and  in  Northern  Asia,  and  its  tough,  straight  grain 
makes  it  an  excellent  material  for  ships,  masts,  spars,  etc.  Under 
the  name  of  white  deal,  it  fills  the  same  place  in  the  European 
woodworking  shops  as  white  pine  does  in  America. 

Single  spruce  grows  in  the  central  and  the  western  part  of 
the  United  States.  It  is  lighter  in  color,  but  otherwise  its  prop- 

erties are  similar  to  the  black  and  the  white  spruce. 

127.  Hemlock. — Hemlock  is  similar  to  spruce  in  appear- 
ance, though  much  inferior  as  a  building  material.     The  wood  is 

very  brittle,  splits  easily,  and  is  liable  to  be  shaky.     Its  grain  is 
coarse  and  uneven,  and  though  it  holds  nails  much  more  firmly 
than  pine,  the  wood  is  generally  soft  and  not  durable.     Some 
varieties  of  it  are  better  than  others,  but  in  commerce  they 
are  so  mixed  that  it  is  difficult  to  obtain  a  large  quantity  of  even 
quality.     Hemlock  is  used  almost  exclusively  as  a  cheap,  rough framing  timber. 

128.  White   Cedar.— White  cedar  is  a  soft,  light,  fine- 
grained, and  very  durable  wood,  but  lacks  both  strength  and 

toughness.     Its   durability   makes  it   a  desirable  material   for 
tanks  in  which  water  is  stored ;  it  is  used  largely  in  boat  building. 
129.  Red  Cedar.— Red  cedar  is  a  smaller  tree  than  white 

cedar,  and  of  much  slower  growth.     The  wood  is  similar  in 
texture  to  white  cedar,  but  even  more  compact  and  durable.     It 
is  of  a  reddish-brown  color,  and  possesses  a  strong,  pungent odor,  which  repels  insects. 

130.  Cypress.— Cypress  is  a  wood  very  similar  to  cedar, growing  in  Southern  Europe  and  in  the  southern  and  western 
portions  of  the  United  States.     It  is  one  of  the  most  durable 
woods,  and  is  much  used  in  the  South  for  construction  work. 
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131.  Redwood. — Redwood  is  the  name  given  to  one  of 
the  species  of  giant  trees  of  California,  and  is  the  most  valuable 
timber  grown  in  that  state.  It  grows  to  a  height  of  from  200 
to  300  feet,  and  its  trunk  is  bare  and  branchless  for  one-third  of 
its  height.  The  color  is  a  dull  red,  and  while  the  wood  resem- 

bles pine  and  is  used  generally  in  the  West  for  the  same  pur- 
poses as  pine  is  in  the  East,  it  is  inferior  to  pine  on  account  of 

its  peculiarity  of  shrinking  lengthwise  as  well  as  crosswise.  It 
is  used  largely  for  railroad  ties,  water  tanks,  water  pipes,  tele- 

graph poles,  .and  other  purposes  where  durability  under  exposure 
is  required.  As  an  interior  finishing  material  it  is  highly  prized, 
as  it  takes  a  high  polish,  and  its  color  improves  with  age. 

TROPICAL  TIMBER 

133  Teak. — Teak  is  a  hard  tropical  wood,  heavy,  strong, 
and  weather  resisting.  It  has  a  close  grain  and  is  easy  to  work, 
and  is  extensively  used  in  shipbuilding.  When  seasoned  it 
weighs  about  45  pounds  per  cubic  foot.  It  takes  a  beautiful 

polish  and  does  not  crack  or  alter  its  shape  even  in  damp 
tropical  climates.  These  qualities  warrant  its  use  in  many 
cases  for  caulked  decks,  deck  houses,  rails,  plank  sheers  of  decks, 

deck  machinery  foundations,  etc.  It  is  further  used  for  bin- 
nacles and  instrument  housings. 

133.  Mahogany. — Mahogany,  which  weighs  from  32  to 
60  pounds  per  cubic  foot,  is  obtained  from  the  West  Indies, 

Central  America,  the  Philippines,  and  other  tropical  and  semi- 
tropical  regions,  but  in  only  a  few  places  in  the  United  States, 
as  in  Florida.  Its  color,  grain,  hardness,  and  weight  vary 
according  to  the  age  of  the  tree  and  the  locality  in  which  it 

grows.  It  is  largely  used  in  cabinetmaking  and  the  manufac- 
ture of  furniture,  and  to  some  extent  for  patterns  of  special 

character. 

HARDWOOD   TIMBER 

134.  Oak. — White  oak  is  the  hardest  of  the  several  Ameri- 

can species  of  the  oak  tree,  and  it  grows  in  abundance  through- 
out the  eastern  half  of  the  United  States.  It  furnishes  a  wood 
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that  is  heavy,  hard,  close-grained,  strong,  and  of  a  light  yellow- 
ish-brown color.  It  is  used  where  great  strength  and  durability 

are  required,  as  in  framed  structures,  and  for  building  wooden 
ships.  It  is  sometimes  used  for  ship  rails. 

Red  oak  is  similar  in  nearly  every  respect  to  white  oak,  except 
in  its  grain  and  color,  the  grain  usually  being  coarser  and  the 
color  darker  and  redder.  It  is  also  somewhat  softer. 

English  Oak  is  similar  to  the  American  oaks  in  color,  tex- 
ture, and  appearance,  but  is  superior  to  them  for  such  structural 

purposes  as  ship  building. 

135.  Ash. — Ash,  the  wood  of  a  large  tree  growing-  in  the 
colder  portions  of  the  United  States,  is  heavy,  hard,  and  very 
elastic.     Its  grain  is  coarse,  and  its  color  is  very  similar  to  that 
of  red  oak,  which  it  also  resembles  in  strength  and  hardness. 
Its  tendency,  after  a  few  years,  to  decay  and  become  brittle 
renders  it  unfit  for  structural  work. 

136.  Hickory. — Hickory  is  the  heaviest,  hardest,  tough- 
est, and  strongest  of  all  the  American  woods.     The  flexibility 

of  the  wood,  together  with  its  toughness  and  strength,  render  it 
valuable  for  interior  trim  requiring  bent-wood  details. 

As  a  building  material,  it  is  unfit  for  use:  first,  on  account 
of  its  extreme  hardness  and  difficulty  of  working;  and  second, 
on  account  of  its  liability  to  the  attacks  of  boring  insects,  even 
after  the  fibers  have  been  filled  and  varnished. 

137.  Locust. — Locust  is  one  of  the  largest  forest  trees  in 
the  United   States,  and  furnishes  a  wood  that  is  as  hard  as 
white  oak.     Its  principal  use  is  in  exposed  places  where  great 
durability  is  required,  while  as  timber  for  construction  work 
in  damp  locations  it  hag  no  superior.     Its  hardness  increases 
with  age.     It  is  used  for  railroad  ties. 

138.  Maple. — Maple  is  a  large-sized  forest  tree  that  fur- 
nishes a  light-colored,   fine-grained,   hard,   strong,   and   heavy 

wood,  highly  prized  in  interior  ship  outfitting  and  decorating for  cabinet  work. 
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139.  Chestnut. — Chestnut,  a  large  forest  tree  common  to 
the  eastern  part  of  the  United  States,  produces  a  comparatively 

soft,  coarse-grained  wood  that,  though  very  brittle,  is  exceed- 
ingly durable  when  exposed  to  the  weather.     It  will  not  stand 

variations  of  slowly  evaporating  moisture  as  well  as  locust,  and 
is  therefore  not  so  well  suited  for  construction  work  in  contact 

with  the  earth;  but  for  exposed  structures  laid  in  concrete  or 
sandy  soil,  it  affords  a  material  much  more  easily  worked  than 
locust  and  nearly  as  durable  as  cedar. 

140.  Beech. — Beech  is  the  wood  of  a  large  forest  tree 

growing'  in  the  eastern  part  of  the  United  States,  and  in  Europe. 
It  is  used  but  slightly  in  building,  owing  to  its  tendency  to  rot  in 
damp  situations,  but  it  is  often  used,  especially  in  European 

countries,  for  piles,  in  places  where  it  will  be  constantly  sub- 
merged.    It  is  very  hard  and  tough,  and  of  a  close,  uniform 

texture,  which  renders  it  a  desirable  material  for  tool  handles 

and  plane  stocks,  a  use  to  which  it  is  often  put. 

141.  Poplar,  or  Whitewood. — Poplar,  or  whitewood,  so 
called  from  the  purity  of  its  color,  is  the  lumber  of  the  tulip 
tree,  a  large,  straight  forest  tree  abundant  in  the  United  States. 
It  is  light,  soft,  very  brittle,  and  shrinks  excessively  in  drying. 
When  thoroughly  dry  it  will  not  split  with  the  grain,  and  in 

even  slight  atmospheric  changes  will  warp  and  twist  exceed- 
ingly.    Its  cheapness,  ease  of  working,  and  the  large  size  of  its 

boards  cause  it  to  be  used  in  carpentry  and  joinery,  in  many 

places  where  it  is  utterly  unsuited. 

143.  Buttonwood. — Buttonwood,  also  called  sycamore,  is 
the  name  given  in  the  United  States  to  the  wood  of  a  species  of 
tree  generally  known  as  plane  tree.  The  wood  is  heavy  and 
hard,  of  a  light  brown  color,  and  very  brittle.  Its  grain  is  fine 
and  close,  but,  though  susceptible  to  a  high  polish,  it  is  not 
much  used  in  general  carpentry  or  joinery,  as  it  is  very  hard  to 

work  and  has  a  strong  tendency  to  warp  and  twist  under  varia- 
tions of  temperature.  In  damp  places  it  will  soon  show  signs 

of  decay  and  is  therefore  unfitted  for  any  but  the  most  pro- 
tected positions. 
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143.  Cherry. — The  wood  commonly  known  as  cherry  is 
obtained  from  the  wild  cherry  tree  and  weighs  about  36  pounds 

per  cubic  foot.     It  has  a  brownish-red  color  and  a  fine  grain 
and  takes  a  high  polish.     It  is  much  used  in  cabinet  work  and 
fine  moldings,  as  well  as  for  imitation  of  more  expensive  woods 
like  rosewood  and  mahogany. 

144.  Lignum  Vitas. — Lignum  vitse  is  an  exceedingly  heavy 
hard,   and    dark-colored   wood,    with   an   almost   solid   annual 
growth.     It  is  very  resinous,  and  difficult  to  split.     Its  color  is 
dark  brown,  with  lighter  brown  markings,  and  it  is  used  mostly 
for  small  turned  articles,  tool  handles,  and  the  sheaves  of  block 

pulleys.     In  shipbuilding  it  is  the  ideal  wood  for  propeller-shaft 
stern  bearings,  rudder  stock  bearings,  and  other  bearings  under 
water.     The  wood  naturally  wears  much  better  across  the  grain 

than  along  the  grain  and  should,  therefore,  be  ordered  in  edge- 
grain  slabs  or  in  blocks  from  which  the  desired  edge-grain  strips 
can  be  cut  without  excessive  waste.     It  weighs  about  75  pounds 
per  cubic  foot.     The  wood  is  further  used  for  fairleads,  rollers, 
mast  and  flagpole  trucks,  etc. 

WOOD   PRESERVATIVES 

145.  Wood  for  construction  purposes  must  be  thoroughly 
seasoned  before  it  is  used,  in  order  to  prevent  decay  caused  by 
the  growth  of  various  injurious  fungi  and  germs,  resulting  in 
diseases  known  as  dry  rot,  wet  rot,  brown  rot,  etc.  Rot  may  be 
prevented  by  drying  out  the  sap  before  the  wood  is  used.  Dur- 

ing the  drying  process  wood  gains  considerably  in  strength.  To 
withstand  the  attack  of  insects  and  especially  the  attack  of  the 
so-called  marine  borer,  on  wood  used  for  construction  work  in 
or  under  water,  as  in  piles,  the  wood  should  be  thoroughly 
impregnated  with  a  chemical  preservative,  such  as  zinc  chloride,  • 
creosote,  etc.  A  further  protection  is  provided  by  painting  the 
wood.  Paint  prevents  the  access  of  moisture  and  germs  by 
covering  the  wood  with  a  tough  waterproof  coating  consisting 
of  a  base  of  white  lead,  red  lead,  zinc  white,  iron  oxide,  etc., 

combined  with  linseed  oil.  Wood  that  is  constantly  submerged 
does  not  decay. 
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TRANSMISSION  ROPE 

MANUFACTURE  OF  ROPE 

146.  Classification. — Ropes  for  transmission  of  power  are 
made  from  one  of  three  materials  :  steel  or  won  wire,  cotton,  and 

manila  fiber.     Wire  rope  is  used  to  advantage  for  transmitting 
large  powers  over  great  distances,  as  in  cable  railways,  but  is 

not  adapted  for  high-speed  transmission  except  over  sheaves  of 
large  diameter,  owing  to  the  destructive  action  of  the  bending 
stresses  set  up  in  the  wire  when  passing  over  the  sheaves. 
Repeated  bending  ultimately  causes  failure  by  crystallization  of 
the  wire. 

Cotton  ropes  are  used  to  transmit  small  powers  in  protected 
places.  They  are  softer  and  more  flexible  than  manila  ropes 
but  are  not  nearly  so  strong  and  are  not  durable  when  used  for 
exposed  drives. 

Manila  fiber,  or  hemp,  is  the  substance  left  over  from  the  leaf 
stalks  of  a  tropical  plant  after  the  pulp  has  been  scraped  off. 
Most  of  the  transmission  rope  used  in  the  United  States  is  made 

from  hemp  grown  in  the  Philippine  Islands.  The  stalks,  which 
are  about  6  inches  wide  and  from  6  to  12  feet  long,  are  first 
scraped  and  then  hung  out  to  dry.  The  hemp  thus  obtained 

has  a  white,  lustrous  fiber,  that  is  very  strong  when  sub j  ected  to 
strains  in  the  direction  of  its  length  but  weak  against  strains 

acting  across  the  fiber. 

147.  Manufacture  of  Manila  Rope. — In  the  manufacture 
of  manila  rope  the  hemp  is  first  separated  by  machine  and  spun 

into  yarns  about  -J  inch  in  diameter,  each  yarn  being  twisted  in 
a  right-hand  direction.     From  20  to  80  of  these  yarns,  depend- 

ing on  the  size  of  rope,  are  then  twisted  together  into  a  strand, 

in  a  left-hand  direction.     Finally,  three,  four,  or  six  such  strands 
are  then  twisted  together  into  the  final  rope,  the  twist  being 

again  in  the  right-hand  direction.     Hence,  when  each  strand  is 
twisted,  it  will  untwist  to  some  extent  some  of  the  component 
fibers,  and  later,  when  the  strands  are  twisted  into  a  rope,  the 
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strands  will  be  slightly  untwisted  but  the  individual  fibers  will 

be  twisted  up  again.  This  process  produces  a  strong  rope 
because  any  load  carried  by  the  rope  tends  to  lengthen  it,  thereby 
untwisting  the  strands  and  twisting  the  fibers  tighter. 

148.  The  wear  of  a  transmission  rope  is  internal  as  well 

as  external.  The  internal  wear  is  caused  by  sliding  of  the  fibers 
over  each  other  when  the  rope  is  bending  over  the  sheaves ;  the 
external  wear  is  caused  by  slipping  and  wedging  of  the  rope  in 

the  sheave  grooves.  It  follows  that  both  internal  and  external 

wear  are  increased  when  the  speed  is  increased.  To  reduce  the 

internal  chafing  and  friction  of  the  fibers  the  yarns  and  strands 
are  each  lubricated  with  plumbago  mixed  with  tallow  or  fish  oil, 
while  the  rope  is  manufactured.  As  a  result,  driving  ropes 

made  of  hemp  are  practically  self-lubricating  and  need  no  exter- 

nal dressing  during  operation.  Owing  to  the  internal  lubrica- 
tion a  hemp  rope  is  also  more  weather-resisting  as  moisture  can- 
not penetrate  into  the  interior. 

MOUNTING  OF  HEMP  ROPE 

149.  Iii  mounting  a  hemp  rope  care  should  be  taken  not 

to  splice  the  rope  too  tightly  over  the  sheaves,  because  in  damp 
weather  hemp  will  contract  and  may  cause  heated  bearings. 
Rope  that  is  very  slack  has  a  tendency  to  jump  out  of  the  grooves 
of  the  sheaves  with  variations,  in  load.  It  should  be  carefully 
ascertained  that  no  keys,  keyways,  or  other  sharp  projections 
will  come  in  contact  with  the  rope  when  it  is  laid  over  the  sheaves, 
and  the  sheave  grooves  should  be  polished  to  a  smooth  finish,  as 
the  slightest  roughness  is  fatal  to  the  life  of  a  hemp  rope. 

The  stretch  of  a  transmission  rope  during  its  life  amounts  to 

from  2  to  4  per  cent,  of  its  length.  Usually  rope  drives  are  pro- 
vided with  mechanical  means  for  compensating  for  the  gradual 

lengthening  of  the  rope  and  keeping  the  tension  constant.  If 
such  means  are  not  provided,  the  stretch  may  be  taken  up  by 
shortening  and  resplicing  the  rope.  In  order  to  minimize  the 
stretch  as  much  as  possible,  each  strand  of  the  rope  during  the 
manufacturing  process,  and  finally  the  finished  rope,  is  subjected 
to  a  considerable  tension. 
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150.  Rope,  as  a  means  for  transmitting -power,  has  sev- 
eral distinct  advantages  over  leather  belting,  chief  among  which 

are  the  ability  to  transmit  large  powers  over  long  distances  with 
a  minimum  of  slip,  quiet  running,  and  economy  of  first  cost 
and  maintenance.  It  is  not  subject  to  danger  of  fire  from  static 

electricity  as  in  the  case  of  leather  belting  and  is  therefore  fre- 
quently used  in  textile  and  flour  mills,  etc. 

SELECTION  OF  MATERIALS 

151.  In  selecting  the  material  for  any  part  of  a  machine, 
the  cheapest  materials  that  will  satisfactorily  render  the  service 
demanded  should  be  chosen.     The  materials  commonly  used  for 
machine  parts  are  cast  iron,  wrought  iron,  machine  steel,  steel 
castings,  crucible  or  tool  steel,  malleable  iron,  brass  or  bronze, 

and  babbitt.     Alloy  steels  are  selected  if  some  particular  property 
is  desired  that  cannot  be  duplicated  in  ordinary  carbon  steel,  as, 

for  instance,  where  a  combination  of  high  strength  and  great  duc- 
tility is  required,  or  a  very  high  resistance  to  shock  coupled  with 

light  weight,  etc.     Non-ferrous  metals  and  their  alloys,  although 
much  more  expensive  than  cast  iron  and  steel,  are  extensively 

used  in  shipbuilding  owing  to  special  properties,  such  as  resis- 
tance to  corrosion,  lack  of  magnetic  attraction,  etc.     In  machin- 

ery where  light  weight  combined  with  strength  is  important,  the 

alloys  of  aluminum  with  copper,  nickel,  manganese,  or  magne- 
sium are  successfully  used,  as  in  the  case  of  pistons  and  crank 

cases  for  automobile  engines.     The  lightness  of  such  parts  often 
makes  up  for  the  increased  first  cost. 

152.  When  a  machine-shop  tool  for  cutting  purposes  is 
required,  or  a  spring  is  needed,  a  material  must  be  selected  that 
will   resist   shocks   and  hard   usage.     Consequently,   the   piece 
should  be  made  of  some  grade  of  crucible  steel.     If,  however, 

the  piece  is  to  be  subjected  alternately  to  tension  and  compres- 
sion, through  a  wide  range  of  pressures,  as  in  the  case  of  the 

piston  rod  of  a  steam  engine,  then  it  should  be  made  of  machine 

steel,  since  this  is  cheaper  than  tool  steel  and  combines  the  quali- 
ties of  toughness,  strength,  and  homogeneity. 
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153.  In  the  case  of  a  connecting-rod,  no  portion  of  which 

forms  a  bearing-  surface  for  a  sliding  or  rotating  part,  wrought 
iron  might  be  used,  since  it  can  be  worked  cheaply  in  the  shop, 

and  is  strong  against  varying  pressures  in  tension  and  compres- 
sion.    Wrought  iron  should  never  be  used  for  journals,  how- 

ever, since  it  contains  particles  of  slag,  which  would  cause  cut- 

ting and  heating.     Steel  castings  are  sometimes  used  for  con- 
necting-rods, if  little  machining  is  required,  but  are  entirely  too 

expensive  and  this  practice  is  not  to  be  recommended. 
Pinions  to  run  with  large  gears  are  frequently  made  of 

machinery  steel  or  steel  castings,  for  the  teeth  are  liable  to  be 
undercut,  and  are  subjected  to  greater  wear  than  those  of  the 
gear,  since  they  come  into  action  more  frequently.  Hence,  steel 
is  used  both  for  its  strength  and  its  wearing  qualities. 

154.  Cast  iron  is  most  useful  because  it  can  readily  be 

molded  into  various  shapes,  can  be  machined  easily,  and  pos- 
sesses  considerable   strength.     Engine  cylinders,  being   rather 

intricate  in  construction,  are  made  of  cast  iron,  because  it  is 

cheap,  strong,  and  durable,  forms  a  good  bearing  surface,  and 
is  easy  to   cast  to   the  desired  form.     The    frames   of   most 
machines  are  made  of  cast  iron,  because  it  gives  the  necessary 

weight  and  rigidity  without  undue  cost. 

Small  machine  parts,  such  as  rocker-arms,  which  must  resist 
shocks,  are  frequently  made  of  malleable  iron.  They  are 
cheaper  than  they  would  be  if  made  of  steel,  and  stronger  than 
if  made  of  cast  iron. 

155.  It  has  been  found  desirable,  in  most  cases,  to  make 

a  journal  and  its  bearing  of  dissimilar  metals,  since  this  reduces 

the  friction.     That  is,  metals  of  the  same  kind  running  in  con- 
tact usually  produce   greater   friction  than   unlike  metals.     A 

notable  exception  to  this  rule  is  cast  iron,  which  runs  very  well 

on  cast  iron.     Usually,  also,  the  bearing  is  softer  than  the  jour- 
nal, so  that  it  will  receive  the  greater  part  of  the  wear.     It  may 

then  be  replaced  at  small  expense,  whereas  the  cost  of  a  new 

journal  is  considerable. 
Bronze  and  brass  are  generally  used  to  form  the  wearing  parts 

of  bearings,  although  the  former  is  also  used  for  propellers, 
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71 pump  linings,  and  other  parts  subjected  to  corrosive  action,  and 
which  could  not  be  made  of  cast  iron. 

Babbitt  metal  is  used  to  line  cast-iron  journal-boxes,  since 
it  possesses  good  antifriction  qualities.  The  journal  should  be 
of  machine  steel,  although  cast  iron  and  cast  steel  have  been 
used  successfully. 

156.  The  hulls  of  steel  vessels  are  usually  made  of  mild 

steel.  In  some  large  liners  of  recent  construction  the  upper 
members  of  the  shell  and  the  top  deck  plates  have  been  made  of 

so-called  high  tensile  steel,  which  is  stronger  than  mild  steel 

when  subjected  to  tension  stresses.  This  is  in  order  to  with- 
stand the  high  stresses  that  are  developed  in  these  vessels  due 

to  their  great  length,  without  unduly  increasing  the  weight  of 
the  structure. 
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STRESS   AND    DEFORMATION 

1.  Stress. — The  molecules  of  a  solid  or  rigid  body  are 
held  together  by  the  force  of  cohesion,  and  this  force  must  be 
overcome  to  a  greater  or  less  degree  in  order  to  change  the 
form  and  size  of  the  body  or  to  break  it  into  parts.     The 
internal  resistance  that  a  body  offers  to  any  force  tending  to 
overcome   the  force   of   cohesion   is  called  a  stress.     If  a 
weight  of  1,000  pounds  is  held  in  suspension  by  a  rod,  there 
will  be  a  stress   of   1,000  pounds  in   the  rod.     The   stress 
induced  by  the  acting  force  at  any  section  of  the  rod  is  the 
same  as  the  total  stress  at  any  other  section. 
The  stress  is  equal,  but  opposed,  to  the  external  force 

producing  it,  and  is,  therefore,  measured  and  represented  by 
this  force.  Thus,  a  force  of  1,000  pounds  produces  a  stress 
of  1,000  pounds.  The  external  force  is  the  force  applied  to 
a  fixed  body;  the  stress  is  the  resistance  offered  by  the  body 
to  a  change  of  form;  and  when  the  body  ceases  to  change  its 
shape,  as  when  a  rod  ceases  to  elongate,  the  stress  just 
balances  the  external  force.  In  the  United  States  and  Eng- 

land, stresses  are  measured  in  pounds  or  tons;  in  nearly  all 
other  civilized  countries,  in  kilograms. 

2.  Kinds  of  Stresses. — Whenever  a  force,  no  matter 
how    small,  acts    on    a    body,   it    produces    a  stress  and   a 
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corresponding  change  of  form.  According  to  the  manner  in 
which  forces  act  on  a  body,  stresses  are  divided  into  the 
following-  classes: 

1.  Tension,  which  is  a  tensile,  or  pulling,  stress. 
2.  Compression,  which  is  a  compressive,  or  crushing,  stress. 
3.  Shear,  which  is  a  shearing,  or  cutting,  stress. 
4.  Torsion,  which  is  a  torsional,  or  twisting,  stress. 
5.  Flexure,  which. is  a  transverse,  or  bending,  stress. 
The   first   three — tension,    compression,    and    shear — are 

simple  stresses,  A  solid  body  may  be  subjected  to  any  one  of 
these  stresses  without  the  presence  of  either  of  the  others. 
Torsion  and  flexure,  however,  are  compound  stresses;  that  is, 
they  are  a  combination  of  two  or  more  of  the  simple  stresses 
and  never  appear  as  simple  stresses  themselves.  When  a 
rod  is  being  twisted,  there  is  a  tendency  for  each  section  to 
shear  from  the  one  next  to  it,  and  the  fibers  of  the  outer 
surface  lengthen  and  are  in  tension.  When  a  bar  is  bent,  one 
side  is  lengthened  and  the  other  is  shortened,  thus  combining 
tension  and  compression. 

3.  Unit  Stress. — The  unit  stress,  or  the  intensity  of 
stress,  is  the  stress  per  unit  of  area.  In  the  foregoing  illus- 

tration, in  which  the  rod  is  in  tension,  if  the  area  had  been 
4  square  inches,  the  unit  stress  would  have  been  1,000  -f-  4 
=  250  pounds  per  square  inch.  Had  the  area  been  i  square 
inch,  the  unit  stress  would  have  been  1,000  ~-  %  =  2,000 
pounds  per  square  inch. 

Let     P  —  total  stress,  in  pounds; 
A  =  area  of  cross-section,  in  square  inches; 
61  =  unit  stress,  in  pounds  per  square  inch. P Then, 

S  = 

or 

==  ̂ jt  o 

This  formula  is  true  also  when  the  piece  is  in  compression 
or  in  shear.  That  is,  the  total  stress  in  tension,  compression, 
or  shear  equals  the  area  of  the  section  multiplied  by  the  unit  stress. 

4.  Deformation. — When  a  body  is  stretched,  shortened, 
or  in  any  way  deformed  through  the  action  of  a  force,  the 
change  of  form  is  called  deformation  or  strain,  the  former 
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term  being  generally  considered  preferable.  Thus,  if  the  rod 
before  mentioned  had  been  elongated  TO  inch  by  the  load  of 
1,000  pounds,  the  deformation  would  have  been  rV  inch. 

Within  certain  limits,  to  be  given  hereafter,  deformations 

are  proportional  to  the  forces  producing  them,  and  conse- 
quently to  the  stresses  that  balance  the  forces. 

5.     Unit,  Deformation. — The  tinit  deformation  is  the 
deformation  per  unit  of  length  or  of  area,  but  is  usually  taken 
per  unit  of  length  and  called  the  elongation  per  unit  of  length. 
In  this  Section,  the  unit  of  length  will  be  considered  as 

1  inch.  The  unit  deformation,  then,  equals  the  total  defor- 
mation divided  by  the  length  of  the  body,  in  inches. 

Let  /  =  length  of  body,  in  inches; 
e  =  elongation,  in  inches; 
j  =  unit  deformation. 

Then, 
s  =  -,  or  e  =  Is 

l> 

ELASTICITY 

6.  The  elasticity  of  a  body  is  that  property  by  virtue 
of  which  the  body  tends  to  return  to  its  original  size  and 
shape  when  distorted  by  an  external  force;  it  is  the  quality 
that  gives  spring  to  a  material. 

7.  Experimental    [Laws. — The    following    laws    have 
been  established  by  experiment: 

Law  I.  —  When  a  body  is  subjected  to  a  small  force  causing  a 
small  stress,  a  small  deformation  is  produced;  and  when  the  force 
is  removed,  the  body  springs  back  to  its  original  shape  and  the 

stress  disappears.  This  leads  to  the  conclusion  that,  within  cer- 
tain limits  of  stress,  bodies  are  perfectly  elastic. 

Law  II. —  Within  certain  limits  of  stress,  the  change  of  shape 
(deformation]  is  directly  proportional  to  the  applied  force. 

Law  III. —  When  the  force  producing  a  stress  exceeds  a  certain 
limit,  a  deformation  is  produced  that  is  partly  permanent;  that 
is,  the  body  does  not  spring  back  entirely  to  its  original  form  when 
the  stress  disappears.  This  lasting  part  of  the  deformation  is 
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called  a  set,  and  in  such  cases  the  deformation  is  not  proportional 
to  the  stress. 

Law  IV. — Under  a  still  greater  force ,  the  deformation  rapidly 

increases,  and  the  body  is  finally  ruptured  or  broken. 

Law  V. — A  shock,  or  suddenly  applied  force,  does  greater 

injury  than  a  force  gradually  applied. 

8.  Elastic  Limit. — According-  to  the  first  Taw,  the  body 
will  resume  its  original  form  when  the  force  is  removed,  pro- 

vided that  the  stress  is  not  too  great.     This  property  is  called 

elasticity.     According  to  the  second  law,  the  deformation  is 

proportional  to  the  stress  within  certain  limits.     Thus,  if  a 
pull  of  1,000  pounds  elongates  a  body  .1  inch,  a  pull  of  2,000 
pounds  will  elongate  it  .2  inch.     This  is  true  up  to  a  certain 
limit,  beyond  which  the  body  will  not  resume  its  original 
form   on  the  removal  of  the  force,  but  will  be  permanently 
deformed,  more  or  less,  according  to  the  magnitude  of  the 
force.     The    stress    at   the   point    where  the   set  begins   is 
called  the  elastic  limit.     All    deformations    accompanied 

by  stresses  within  the  elastic  limit  are  directly  proportional 
to  the  stresses. 

9.  If  the  stress  in  a  body  is  increased  beyond  the  elastic 
limit,  and  none  of  the  deformation  disappears  when  the  force 

is  removed — that  is,  if  the  deformation  is  all  permanent — the 
body  is  said  to  be  plastic.     Clay  and  wax  are  examples  of 
plastic  materials. 

If  the  larger  part  of  the  deformation  remains  permanent, 
and  a  small  part  disappears  with  the  removal  of  the  force, 
the  body  is  said  to  be  ductile.  Wrought  iron  and  copper 
are  good  examples  of  ductile  materials.  Such  materials  are 
adapted  to  the  manufacture  of  wire.  Materials  that  cannot 
be  deformed  without  fracture  are  said  to  be  brittle.  Brittle- 
ness  is  a  comparative  term,  no  substance  being  perfectly 
brittle;  cast  iron  and  glass  are  examples  of  brittle  materials. 
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MODULUS    OF    ELASTICITY 

10.  Among    engineers,    the    term    elasticity   means   the 
resistance  that  a  body  offers  to  a  permanent  change  of  form; 
and  by  strength,  the  resistance  that  a  body  offers  to  division 
or  separation  into  parts.    Bodies  that  have  the  highest  elastic 
limit  are  the  most  elastic. 

The  modulus  of  elasticity,  sometimes  called  the  coeffi- 
cient of  elasticity,  is  the  ratio  of  the  unit  stress  to  the  unit 

deformation,  provided  that  the  elastic  limit  is  not  exceeded. 

Let  -S  =  unit  stress; 
s  =  unit  deformation; 

E  =  modulus  of  elasticity. 
£ 

Then,  by  definition,          E  =  — s 

Substituting  the  values  of  ,5  and  s  obtained  from  the 
formulas  in  Arts.  3  and  5, 

E  =  S^-FL^t^PL 
s       A   '  I      Ae 

11.  If,  in  this  formula,  it  is  assumed  that  e  —  I  and  A  =  1 
(1  square  inch),  then  E  =  P.     That  is,  the  modulus  of  elas- 

ticity is  that  force  which,  if  stress  and  deformation  continued 

proportional  to  each  other,  would  produce  in  a  bar  of  unit  area 
a  deformation  equal  to  the  original  length  of  the  bar.     This, 

however,  is  never  the  case,  as  the  elastic  limit  and  the  ulti- 
mate strength  are  reached  before  the  applied  force  reaches 

this  value. 

EXAMPLE. — A  wrought-iron  bar  2  inches  square  and  10  feet  long  is 
stretched  .0528  inch  by  a  force  of  44,000  pounds;  what  is  the  modulus 
of  elasticity? 

SOLUTION. — Using  the  formula  in  Art.  1O, 
„       PI       44,000  X  10  X  12       0_  nnn  nrin  1U  .          . 

A~e  =        29~X~Q528    =  25>000'000  lbl  Per  s<5-  m>    Ans' 
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TENSION 

12.  When  two  forces  act  on  a  body  in  opposite  direc- 
tions, away  from  each  other,  the  body  is  said  to  be  in  ten- 

sion. The  two  forces  tend  to  elongate  the  body  and  thus 
produce  a  tensile  stress  and  deformation;  a  weight  supported 
by  a  rope  affords  a  good  example.  The  weight  acts  down- 

wards, and  the  reaction  of  the  support  to  which  the  upper  end 
of  the  rope  is  fastened  acts  upwards;  the  result  being  that 
the  rope  is  stretched  more  or  less,  and  a  tensile  stress  is 
produced  in  it.  Another  familiar  example  is  the  connecting- 
rod  of  a  steam  engine  on  the  return  stroke.  The  crosshead 
then  exerts  a  pull  on  one  end  of  the  rod,  which  is  resisted  .by the  crankpin  on  the  other. 

EXAMPLE.—  An  iron  rod,  2  inches  in  diameter,  sustains  a  load  of 90,000  pounds;  what  is  the  unit  tensile  stress? 

SOLUTION.—  Using-  the  formula  in  Art.  3, 
=  28'647'82  lb-  Per  S1-  in.     Ans. 

13.  The  ultimate  strength  of  any  material  is  the  unit 
stress  that  exists  in  a  body  when  the  external  force  is  just sufficient  to  break  it. 

The  ultimate  elongation  is  the  total  elongation  produced 
in  a  unit  of  length  of  the  material  having  a  unit  of  area  when 
the  stress  equals  the  ultimate  strength  of  the  material. 

14.  For  the  same  size,  quality,  and  kind  of  material,  the 
ultimate  strength,  ultimate  elongation,  modulus  of  elasticity, 
and    elastic  limit  agree   quite  closely  for    different   pieces! 
Table   I  gives  the  average  values  of  the  modulus  of  elas- 

ticity (Et),  elastic  limit  (Lt),  ultimate  strength  (5*,),  and  ulti- 
mate  elongation   (st)   of  different  materials,   the   quantities 

given  being  for  tension  only.     As  brick  and  stone  are  never- 
used  in  tension,  their  values  are  not  given. 

The  values  in  Table  I  are  average  values,  and  may  differ 
from  actual  values  in  any  particular  case;  hence,  they  should 
not  be  used  in  designing  machine  parts,  where  any  consider- 

able degree  of  accuracy  is  required.  Thus,  the  ultimate 
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tensile  strength  of  steel  varies  from  less  than  60,000  to  more 
than  180, 000  pounds  per  square  inch,  according  to  its  purity  and 
the  amount  of  carbon  it  contains;  that  of  cast  iron,  from  12,000 
or  13,000  to  over  40,000;  wrought  iron  varies  from  40,000  to 
72,000,  according  to  quality,  the  latter  value  being  for  wire. 
Timber  varies  fully  as  much  as,  if  not  more  than,  any  of  the 

TABLE  I 

TENSION" 

Material 

Modulus 
of  Elasticity 

Et 

Elastic 
Limit 

Lt 

Ultimate 
Tensile 
Strength 

Sf 

Ultimate 
Elongation 

St 

Pounds  per 
Square  Inch 

Pounds  per 

Square  Inch 
Pounds  per 

Square  Inch 

Inch  per 
Linear  Inch 

Timber  .    .    . 1,500,000 10,000 

0.015 

Cast  iron    .    . 15,000,000 20,000 

0.005 

Wrought  iron 25,000,000 
25,000 

5o,OOO 

O.200 

Steel  .... 30,000,000 
40,000 65,000 

0.100 

three  preceding. materials,  its  properties  depending  on  the  kind 
of  wood,  its  degree  of  dryness,  the  manner  of  drying,  etc. 

15.  Hereafter  problems  will  be  solved  by  using  the 
average  values  given  in  the  preceding  and  following  tables; 
the  designer,  however,  should  not  use  them,  but  should 
either  test  the  materials  himself  or  state  in  the  specifications 
what  strengths  the  materials  must  have.  For  example,  mild 
steel,  for  boiler  shells,  should  have  a  tensile  strength  of  not 
less  than  55,000  or  65,000  pounds  per  square  inch;  Bessemer 
steel,  for  steel  rails,  not  less  than  110,000;  open-hearth  steel, 
for  locomotive  tires,  not  less  than  125,000,  and  crucible  cast 
steel,  for  tools,  cutlery,  etc.,  not  less  than  150,000.  It  is 
customary,  also,  to  specify  the  amount  of  elongation.  This 
is  necessary  because,  as  a  rule,  the  elongation  decreases  as 
the  tensile  strength  increases.  Having  tested  the  material 
about  to  be  used,  or  having  specified  the  lowest  limits,  the 
designer  can  ascertain  the  strength  and  stiffness  of  construc- 

tion by  means  of  the  formulas  and  rules  that  follow. 
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EXAMPLE  1.—  How  much  will  a  piece  of  steel  1  inch  in  diameter  and 
1  foot  long  elongate  under  a  steady  load  of  15,000  pounds? 

--. 

' 

Ans> 

SOLUTION.—  Apply  the  formula  in  Art.  1O,  Et  = 
From  Table  I,  Et  =  30,000,000  for  steel;  hence, 

-  15.000  X  12 

6  ~  I2  X.  7854X30,000,000  =  '0°764 
NOTE.-  All  lengths  griyen  in  Strength  of  Materials,  Parts  1  and  2,  must  be  reduced to  inches  before  substituting  in  the  formulas. 

EXAMPLE  2.  —  A  piece  of  timber  has  a  cross-section  2  in.  X  4  in.  and 
is  6  feet  long;  a  certain  force  produces  an  elongation  of  .144  inch;  what 
is  the  value  of  the  stress,  in  pounds? 

SOLUTION.—  Applying  the  formula  in  Art.  1O,  Et  =  —  ,  or 

p  = 

1.600,000  X2X4X.  144       o, 

6  X12  --  =  24' 

A 
Ans- 

COMPRESSION 

16.     If  the  length  of  the  piece  is  not  more  than  five  times 
its  least  transverse  dimension  (its  diameter,  when  round;  its 

TABLE    II 

COMPRESSION 

Material 

Modulus  of 
Elasticity 

Ee 

Pounds  per 

Square  Inch 

Elastic  Limit 

Le 

Pounds  per 

Square  Inch 

Ultimate 

Compressive Strength 

s< 

Pounds  per 

Square  Inch 

Timber  .  .  .  . 
Brick    

1,500,000 
8,OOO 

Stone    6  ooo  ooo 2,500 

Cast  iron  .... 
Wrought  iron  .  . 
Steel  ...... 

15,000,000 
25,000,000 
30  ooo  ooo 

25,000 

6r.~~ 
,OOO- 

90,000 

50,000 
65,000 

shorter  side,  when  rectangular,  etc.),  the  laws  of  compression 
are  similar  to  those  of  tension.  The  deformation  is  propor- 

tional to  the  stress  until  the  elastic  limit  has  been  reached; 
after  that,  it  increases  more  rapidly  than  the  stress,  as  in  the 
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case  of  tension.  The  area  of  the  cross-section  is  slightly 
enlarged  under  compression.  In  Table  II  are  given  the 

average  compression  values  of  E,  L,  and  ,5"  for  timber,  brick, 
stone,  cast  iron,  wrought  iron,  and  steel.  (See  also  Table  I.) 
E  is  not  given  for  brick  nor  L  for  timber,  cast  iron,  brick, 
or  stone,  because  these  values  are  not  known.  To  distin- 

guish between  compression  and  tension  when  applying  a 
formula,  Ec,  Lct  and  Sc  will  be  used  for  compression. 

17.  When  the  length  of  a  piece  subjected  to  compression 
is  greater  than  ten  times  its  least  transverse  dimension,  it  is 
called  a  column,  and  the  material  fails  by  a  sidewise  bending 
or  flexure,  often  called  buckling.  Table  II  is  strictly  true 
only  for  pieces  whose  length  does  not  exceed  five  times  the 
least  dimension  of  the  cross-section.  This  statement  may, 
without  material  error,  be  modified  in  practice  to  include 
pieces  whose  lengths  are  not  greater  than  ten  times  their 
least  transverse  dimensions. 

EXAMPLE.  —  How  much  will  a  wrought-iron  bar  4  inches  square  and 
15  inches  long  shorten  under  a  load  of  100,000  pounds? 

PI  PI 

SOLUTION.  —  Applying  the  formula  in  Art.  1O,  Ec  —  -j-,  or  e  = 

100,000  X  15  „„„„_  .         . -=  =  .00375  in.    Ans. 
16  X  25,000,000 

SHEAR 

18.  When  two  surfaces  move  in  opposite  directions  and 
very  near  together  in  such  a  manner  as  to  cut  a  piece  of 
material,  or  to  pull  part  of  a  piece  through  the  remainder, 
the  piece  is  said  to  be  sheared.  A  good  example  of  shear- 

ing is  given  by  a  punch;  the  two  surfaces  in  this  case  are 
the  bottom  of  the  punch  and  the  top  of  the  die.  Another 
example  is  a  bolt  with  a  thin  head;  if  the  pull  on  the  bolt  is 
great  enough,  it  will  be  pulled  through  the  head  and  leave  a 
hole  in  it,  instead  of  the  bolt  breaking  by  pulling  apart,  as 
would  be  the  case  with  a  thick  head.  In  this  case,  the  two 
surfaces  are  the  under  side  of  the  head  and  the  surface 

pressed  against.  Other  examples  are  afforded  by  a  knife. 



STRENGTH  OF  MATERIALS,  PART  1 

a  piece  of  wood  and  an  ordinary  pair  of  shears 
paper.  This  kind  of  stress  takes  its  name  from  the 
L  a  pair  of  shears. 

19.  The  formula  in  Art.  3  applies  in  cases  of  shearing 
stress,  but  the  formulas  in  Arts.  5  and  10  are  never  used 
for  shearing.  In  Table  III,  £t  and  St  are  used  to  represent, 

TABLE  III 
SHEAR 

Modulus Ultimate  Shear- 
Material 

Elasticity 

Ef 

ing  Strength 

st 

Pounds  per Pounds  per 

Square  Inch Square  Inch 

Timber  (across  the  grain) 

3,ooo 

Timber  (with  the  grain)    .    .    . 
400,000 

600 
Cast  iron      6  ooo  ooo 

Wrought  iron    .    .    .... IO  OOO  OOO 

Steel    

respectively,  the  modulus  of  elasticity  in  shear,  and  ultimate 
shearing  strength. 

EXAMPLE  1.— What  force  is  necessary  to  punch  a  1-inch  hole  in  a 
•wrought-iron  plate  f  inch  thick? 

SOLUTION.—  1  in.  X  3.1416  X  I  in.  =  1.1781  sq.  in.  =  area  of 
punched  surface  =  area  of  a  cylinder  1  in.  in  diameter  and  f  in.  high. 
Using  the  formula  in  Art.  3, 

P  =  A  Ss  =  1.1781  X  50,000  =  58,905  Ib.     Ans. 

EXAMPLE  2.— A  wooden  rod  4  inches  in  diameter  and  2  feet  long  is turned  down  to  2  inches  diameter  in  the  middle,  so  as  to  leave  the 
enlarged  ends  each  6  inches  long;  will  a  steady  force  pull  the  rod  apart 
in  the  middle,  or  shear  the  end? 

SOLUTION.—  P  =  A  Ss  =  2  X  3.1416  X  6  X  600  =  22,620  Ib.,  nearly, 
to  shear  off  one  end.  The  force  required  to  rupture  by  tension  is 
P  •-=  A  St  =  22  X  .7854  X  10,000  =  31,416  Ib.  Since  the  former  is  only 
about  two-thirds  of  the  latter,  the  piece  will  fail  through  the  shear- ing off  of  the  end.  Ans. 

Had  a  transverse  force  been  used,  the  force  necessary  to  shear  off  a 
section  of  the  end  would  have  been  4a  X  .7854  X  3,000  =  37,700  pounds, nearly. 
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FACTORS  OP  SAFETY 

20.  It  is  evident  that  no  force. should  ever  be  applied  to 
a  machine  part  that  will  deform  it  beyond  the  elastic  limit. 
The  usual  practice  is  to  divide  the  ultimate  strength  of  the 

material  by  some  number,  depending"  on  the  kind  and  quality 
of  the  material  and  on  the  nature  of  the  stress;  this  number 
is  called  a  factor  of  safety.  The  factor  of  safety  for  any 
material  is  the  ratio  of  its  ultimate  strength  to  the  actual 
stress  induced,  or  the  stress  that  the  body  is  intended  to 
resist. 

In  Table  III,  70,000  pounds  per  square  inch  is  given  as  the 
ultimate  shearing  strength  of  steel.  Now,  suppose  that  the 
actual  stress  in  a  piece  of  steel  is  10,000  pounds  per  square 
inch;  the  factor  of  safety  for  this  piece  will  then  be  70,000 
-=-  10,000  =  7. 

21.  To  find  the  proper  allowable  working  strength  of  a 

material,  divide  the  ultimate  strength  for  tension,  compres- 
sion, or  shearing,  as  the  case  may  be,  by  the  proper  factor 

of  safety. 

Table  IV  gives  factors  of  safety  generally  used  in  Ameri- 
TABLE  IV 

FACTORS    OF    SAFETY 

Material 
For  Steady 

Stress 
Buildings 

For  Varying 

Stress 
Bridges 

For  Shocks 
Machines 

Timber       8 
IO 

1C 

Brick  and  stone  .    . 

IS 

25 

30 

Cast  iron      .... 6 

IS 

20 

Wrought  iron  •    .    . 4 6 
IO 

Steel           5 7 

IS 

can  practice.     Factors  of  safety  will  always  be  denoted  by 
the  letter  /  in  the  formulas  to  follow. 

p    22.     Twice  as  much  deformation  is  caused  by  a  suddenly 
I  applied  force  as  by  one  that  is  gradually  applied.     For  this 
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reason,  a  larger  factor  of  safety  is  used  for  shocks  than  for 
steady  stresses.  In  general,  the  factor  of  safety  for  a  given 
material  must  be  chosen  according  to  the  nature  of  the  stress. 
The  designer  usually  chooses  his  own  factors  of  safety. 

If  the  material  has  been  tested,  or  the  specifications  call  for 
a  certain  strength,  the  factor  of  safety  can  be  chosen  accord- 

ingly. The  general  formula  then  becomes 

P=dS 
EXAMPLE  1.— Assuming  the  mortar  and  brick  to  be  of  the  same 

strength,  how  many  tons  can  be  safely  laid  on  a  brick  column  2  feet 
square  and  8  feet  high? 

SOLUTION.—  P  =  ASC  =  2  X  2  X  144  X  2,500  =  1,440,000  Ib.  =  720 
tons.  The  factor  of  safety  for  this  case  is  15  (see  Art.  21,  Table  IV); hence,  720  -f-  15  =  48  tons.  Ans. 

EXAMPLE  2.— What  must  be  the  diameter  of  the  journals  of  a 
wrought-iron  locomotive  axle  to  resist  shearing  safely,  the  weight  on the  axle  being  40,000  pounds? 

SOLUTION.—  Let  /  be  the  factor  of  safety;    then,  P  -  ̂-^,  or  A 
Pf 

=  ̂ 7'     Since  tlie  axle  has  two  journals,  the  stress  in  each  journal  is 

20,000  Ib.     Owing  to  inequalities  in  the  track,  the  load  is  not  a  steady 
one,  but  varies;  for  this  reason,  the  factor  of  safety  will  be  taken  as  6. 

'  A  -  -  2-4  s-  ">• 
nearly.     Ans. 

EXAMPLE  3.—  Considering  the  piston  rod  of  a  steam  engine  as  if  its 
length  were  less  than  ten  times  its  diameter,  what  must  be  the  diam- 

eter of  a  steel  rod,  if  the  piston  is  18  inches  in  diameter  and  the  steair pressure  is  110  pounds  per  square  inch? 

SOLUTION.—  Area  of  piston  is  182  X  .7854  =  254.47  sq.  in.  254.47 
X  HO  =  27,991.7  Ib.,  or  say,  28,000  Ib.  =  stress  in  the  rod.  A  =  ?1 

_  28,000  X  15  .         TT  rgT,;- 

65,000       =  6>46  sq>  m'     Hence-  diameter  =  y^  =  2.869  in., say  2|  in.     Ans. 

23.  When  designing  a  machine,  care  should  be  taken  to 
make  every  part  strong  enough  to  resist  any  force  likely 
to  be  applied  to  it,  and  to  make  all  parts  of  equal  strength 
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The  reason  for  the  first  statement  is  obvious,  and  the 
second  should  be  equally  clear,  since  no  machine  can  be 
stronger  than  its  weakest  part  (proportioned,  of  course,  for 
the  load  it  is  to  bear),  and  those  parts  of  the  machine  that 
are  stronger  than  others  contain  an  excess  of  material  that 
is  wasted.  In  actual  practice,  however,  this  second  rule  is 
frequently  modified.  Some  machines  are  intended  to  be 

massive  and  rig-id,  and  need  an  excess  of  material  to  make 
them  so;  in  others  there  are  difficulties  in  casting  that 
modify  the  rule,  etc.  In  most  cases  the  designer  must  rely 
on  his  own  judgment.    

EXAMPLES    FOR    PRACTICE 

1.  A  cast-iron  bar  is  subjected  to  a  steady  tensile  force  of  120,000 
pounds;  the  cross-section  is  an  ellipse  whose  axes  are  6  and  4  inches. 
(a)   What  is  the  stress  per  square  inch?     (&}    What  load  will  the  bar 
carry  with  safety?  A        f  (a)   6,366.18  Ib.  per  sq.  in. Ans-\05>)   62,8321b. 

2.  How  much  will  a  piece  of  steel  2  inches  square  and  10  inches 
long  shorten  under  a  load  of  300,000  pounds?  Ans.   .025  in. 

3.  A  wrought-iron  tie-rod  is  %  inch  in  diameter;  how  long  must  it 
be  to  lengthen  f  inch  under  a  steady  pull  of  5,000  pounds? 

Ans.  69  ft.,  nearly 

4.  A  steel  bar  having  a  cross-section  of  5  in.  X  4  in.  and  a  length 
of  14  feet  is  lengthened  .036  inch  by  a  steady  pull  of  120,000  pounds; 
what  is  its  modulus  of  elasticity?  Ans.  28,000,000  Ib.  per  sq.  in. 

5.  Which   is  the  stronger,  weight    for  weight,  a  bar  of  chestnut 
wood  whose   tensile  strength  is  12,000  pounds  per  square  inch   and 
specific  gravity  .61,  or  a  bar  of  steel  whose  tensile  strength  is  125,000 

pounds  per  square  inch?  '        Ans.  The  wood 

6.  What  should  be  the  diameter  of  a  cast-iron  pin  subjected  to  a 
suddenly  applied  shearing  force  of  20,000  pounds  to   withstand  the 
shocks  with  safety?  Ans.  5rg  in.,  nearly 

7.  What    steady    lond   may   safely  be  placed  on   a  brick   column 
2  feet  square  and  y  teet  high?  Ans.  96,000  Ib. 
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PIPES  AND   CYLINDERS 

24.     A  pipe  or  cylinder  subjected  to  an  internal  pressure 
f  steam  or  water  is  deformed  equally  in  all  its  parts,  and 
Arhen  rupture  occurs,  it  is  in  the  direction  of  its  length. 

Let          d  =  inside  diameter  of  pipe,  in  inches; 
/  =  length  of  pipe,  in  inches; 
p  —  pressure,  in  pounds  per  square  inch; 
P  =  total  pressure,  in  one  direction. 

Then,  P  =  pld  (1) 
This  formula  is  derived  from  a  principle  of  hydrostatics 

that  the  pressure  of  water  in  any 
direction  is  equal  to  the  pressure 
on  a  plane  perpendicular  to  that 
direction.  In  Fig.  1,  suppose  the 
direction  of  pressure  to  be  as 
shown  by  the  arrows;  A  B  will  then 
be  the  plane  perpendicular  to  this 
direction,  the  width  of  the  plane 

being"  equal  to  the  diameter,  and 
the  length  equal  to  the  length  of 
the  pipe.  The  area  of  the  plane 
will  then  be  /  X  d,  and  the  total 

pressure  /'=/X/X^as  before. 
Suppose  the  pipe  to  have  a  thickness  t,  and  let  ,5*  be  the o 

working  strength  of  the  material  =  -—';    then  the  resistance 

of  the  pipe  on  each   side   is   tl  S.     Resistance  must  equal 
pressure;  therefore,  p  Id  =  2  t  IS,  or 

pd  =  2  tS  (2) 

Also,  p 
d 

which  is  the  maximum  pressure  a  pipe  of  a  given  material 
and  of  given  dimensions  can  safely  stand. 
The  pressure  of  water  per  square  inch  may  be  found  by 

the  formula,  p  =  .434/z,  where  h  is  the  head  in  feet.  In 
pipes  where  shocks  are  likely  to  occur,  the  factor  of  safety 
should  be  high.  The  thickness  of  a  pipe  to  resist  a  given 
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pressure  varies  directly  as  its  diameter,  the  pressure  remain- 
ing constant.  A  formula  for  the  thickness  is  readily 

obtained  from  formula  2,  which  becomes 

EXAMPLE  1.—  Find  the  factor  of  safety  for  a  cast-iron  water  pipe 
12  inches  in  diameter  and  |  inch  thick,  under  a  head  of  350  feet. 

SOLUTION.  —  Here/,  pressure  per  square  inch,  equals  .434/5;  =  .434 
X  350  =  151.9  Ib.     Using  formula  3,  by  transposing  and  substituting 

X 

—  =  1,041.6  Ib. the  values  given,  pd  =  2  it  S,  or  S  =  -—  = 

per  sq.  in.     In  Table  I,  Art.  14,  the  ultimate  tensile  strength  of  cast 
iron  is  given  as  20,000  Ib.  per  sq.  in.;    then,  the  factor  of  safety  is 

,       20,000        „  _       . 

/==LlMi76==19-2-     Ans' 
This  is  so  near  the  factor  for  shocks  that,  in  practice,  the  pipe  would 

be  considered  safe  against  shocks. 

EXAMPLE  2. — Find  the  proper  thickness  for  a  wrou-ght-iron  steam 
pipe  18  inches  in  diameter  to  resist  a  pressure  of  140  pounds  per 
square  inch. 

SOLUTION.— Using  a  factor  of  safety  of  10,  the  working  strength 

5  =  50,000  -*•  10  =  5,000  Ib.  per  sq.  in.  From  formula  4,  t  =  ̂  
140  X  18 

=  0-252  in<     *n  Practice>  however,  the  thickness  is  made 2  v  5  000 

somewhat  greater  than  the  formula  requires. 

CYLINDERS 

25.  The  tendency  of  a  cylinder  subjected  to  internal  pres- 
sure is  to  fail  or  rupture  in  the  direction  of  its  length,  as  in 

the  case  of  a  pipe. 
Let  d  —  inside  diameter  of  a  cylinder,  in  inches; 

p  —  pressure  in  cylinder,  in  pounds  per  square  inch; 
/  =  thickness  of  cylinder  wall,  in  inches. 

Then  the  area  of  the  cylinder  head  against  which  the  pres- 

sure acts  is  i  TT  da,  and, 
the  total  pressure  on  the  cylinder  head  =  -4  IT  d* p 

This   pressure   tends   to  rupture  the   cylinder  by  pulling   it 
apart  on  a  line,  around  the  cylinder,  that  has  a  length  of 

I  L  T  374B— 17 
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The  area  of  metal  that  resists  the  tendency  to 

,  therefore,  Ttdt  square  inches. 

,',  equal  the  working  unit  stress,  equal  —  ';  then  ndtS 

jquals  the  resistance  to  rupture  caused  by  the  pressure  act- 

ing on  the  opposite  cylinder  heads  and  tending  to  elongate 

the  cylinder.  Since  the  resistance  must  equal  the  force,  or 

pressure,  ̂ Ttd3p  =  TtdtS,  or 
pd  =  4^5  (1) 
j.       4  1  S  /o\ 

Also,  p  =  —r-  (4) a 

Since,  by  formula  3,  Art.  24,  for  longitudinal  rupture, 

p  =  ̂J^?  it  is  seen  that  a  cylinder  is  twice  as  strong  against 

CL 
transverse  rupture  as  against  longitudinal  rupture.  Hence, 

other  things  being  equal,  a  cylinder  will  always  fail  by 

longitudinal  rupture. 

26.  The  foregoing  formulas  are  for  comparatively  thin 

pipes  and  cylinders,  in  which  the  thickness  is  less  than  about 
one-tenth  the  inside  radius.  For  pipes  and  cylinders  whose 

thickness  is  greater  than  one-tenth  the  inside  radius,  the 

following  formula  is  used,  in  which  r  equals  the  inner  radius, 

and  the  other  letters  have  the  same  meaning  as  before: 

Using  the  data  given  in  the  first  example  of  Art.  24, 
and  substituting  them  in  the  above  formula, 

irnq-   c(6  +  l)2-6°        s      151.9  [(6  +  1)'  +  6'] 151-9-5(6_,_i)*  +  (por6-          (6  +  *)'  -6' 
from  which,   5  =  1,122.7    pounds,   which   is   7.7    per   cent. 

greater  than  the  result  obtained  by  formula  2,  Art.  24. 
In  the  case  of  a  sphere,  the  pressure  acts  outwardly,  and 

the  forces  tending  to  rupture  it  along  any  line  will  amount 

to  \nd'p\  that  is,  the  total  force  tending  to  rupture  a  sphere 
will  be  the  total  force  tending  to  tear  one  half  of  the  sphere 
from  the  other  half.  This  will  be  resisted  by  the  meta)  of 
thickness  t  around  the  sphere,  or  a  total  area  of  ndt  square 
inches;  and  if  the  working  unit  stress  is  S,  as  before,  the 
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total  stress  will  be  Tcdt  S.  The  internal  pressure  must  equal 

the  resistance  to  rupture,  hence,  \nd*p  =  itdtS.  The  for- 
mula for  spheres  is,  therefore,  the  same  as  that  for  trans- 
verse rupture  of  cylinders,  or 

pd  =  4/S  (2) 

27.  Collapsing  Pressure.  —  A  cylinder  under  external 
pressure  is,  theoretically,  in  a  condition  similar  to  one  under 
internal  pressure,  so  long  as  its  cross-section  remains  a 
true  circle.  A  uniform  internal  pressure  tends  to  preserve 
the  true  circular  form,  but  an  external  pressure  tends  to 
increase  the  slightest  variation  from  the  circle  and  to  render 

the  cross-section  elliptical.  The  distortion,  when  once  begun 
increases  rapidly,  and  failure  occurs,  by  the  collapsing  of 
the  tube  rather  than  by  the  crushing  of  the  material.  The 
flues  and  tubes  of  a  steam  boiler  are  the  most  common 
instances  of  cylinders  subjected  to  external  pressure. 

The  letters  having  the  same  meaning  as  before,  the  fol- 
lowing formula  is  frequently  used  to  find  the  collapsing 

pressure  in  pounds  per  square  inch  for  wrought-iron  pipe: ,2.18 

p  =  9,600,000  *--  (1) 
la 

Formula  1  is  known  as  Fair  bairn's  formula,   and  was 
deduced  from  experiments  on  flues  from  4  to  12  inches  in 
diameter  and  from  20  to  60  inches  long.  In  using  the 
formula,  a  proper  factor  of  safety  should  be  chosen;  factors 
of  from  4  to  6  may  be  used  for  small  flues  under  steady  and 
varying  stresses,  and  a  factor  of  10  for  shocks. 
The  following  formulas  are  based  on  recent  experi- 

ments by  Prof.  R.  T.  Stewart  with  commercial  lap-welded 
steel  tubes  from  3  to  10  inches  in  diameter,  and  of  varying 
lengths  up  to  20  feet: 

p  =  86,670  -  -  1,386  (2) d 

and  p  =  1,000  (l  -  -\fl  -  L600  ̂)        (3) \  ct  / 

in  which  p  —  collapsing  pressure,  in  pounds  per  square  inch; 
t  =  thickness  of  tube,  in  inches; 
d  =  outside  diameter  of  tube,  in  inches. 
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Formula  2  applies  to  those  cases  in  which  -  is  greater d 

than  .023  and  p  is  greater  than  581  pounds,  and  formula  3  to 

cases  in  which  -  and  j£  are  less  than  these  values. d 

It  will  be  seen  that  the  length  of  the  tube  is  not  con- 

sidered in  formulas  2  and  3.  Prof.  Stewart's  experiments 
indicate  that  the  length  of  the  tube  has  practically  no  influ- 

ence on  the  collapsing  pressure  of  an  ordinary  lap-welded 
steel  tube,  so  long  as  the  length  is  not  less  than  about  six 
times  the  diameter  of  the  tube. 

Fairbairn's  formula  may  be  considered  as  reasonably  accu- 
rate for  conditions  similar  to  those  on  which  it  is  based. 

For  cases  differing  from  these,  the  results  obtained  are  not 
reliable. 
The  thickness  usually  given  to  boiler  tubes  is  such  as 

to  provide  for  a  good  weld  and  to  allow  the  tubes  to  be 

expanded  into  the  tube-sheets,  and  this  thickness  is  in 
excess  of  that  necessary  to  prevent  collapsing. 

EXAMPLE. — What  must  be  the  thickness  of  a  wrotight-iron  boiler 
flue  8  inches  in  diameter  and  5  feet  long,  if  the  steam  pressure  is  to 
be  not  over  160  pounds  per  square  inch? 

SOLUTION. — Using  formula  1,  with  a  factor  of  safety  of  4,  and 
solving  for  t, 

z-ls^~HJAL  -  2-18/4  X  160  X  5  X  12  X~8  __  z-is/T 9,600,000  \125 
IOP-  4  —  lop4  I^R         _ 

Hence,  log  /  =  —  s  —         %     "     =  1.31429,  or  /  -  .2062,  say  -fo  in. j-i  .  -Lo 

Ans. 

EXAMPLES    FOB    PRACTICE 

1.  What  must  be  the  thickness  of  a  16-inch  cast-iron  stand  pipe 
that  is  subjected  to  a  head  of  water  of  250  feet?     Assume  that  the 
stress  is  steady.  Ans.  .26  in. 

2.  What  pressure  per  square  inch  can  be  safely  sustained  by  a  cast- 
iron  cylinder  12  inches  in  diameter  and  3  inches  thick? 

Ans.  1,282  Ib.  per  sq.  in.,  nearly 

3.  What    is   the   collapsing    pressure    of    a   lap-welded    steel    tube 
4  inches  outside  diameter  and  .11  inch  thick?     Ans.  997  Ib.  per  sq.  in. 
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4.  A  cast-iron  cylinder  14  inches  in  diameter  sustains  an  internal 
pressure  of  1,500  pounds  per  square  inch;  what  is  the  necessary  thick- 

ness,  assuming   that   the   pressure   is   gradually  applied   and   that  the 

cylinder  is  not  subjected  to  shocks?  Ans.  4-f  in. 

5.  A  cylindrical  boiler  shell  3  feet  in  diameter  is  subjected  to  a 
steady    hydrostatic   pressure  of    180  pounds   per  square    inch;    what 
should  its  thickness  be  if  made  of  steel  having  a  tensile  strength  of 
60,000  pounds  per  square  inch?  .  Ans.  .27  in. 

ELEMENTARY  GRAPHIC  STATICS 

FORCE     DIAGRAM     AND     EQUILIBRIUM     POLTGON 

28.  Before  taking  up  the  subject  of  flexure,  some  funda- 
mental principles  of  graphic  statics  not  heretofore  considered 

will  be  explained  and  applied  to  the  case  of  beams.  The 
polygon  of  forces  was  used  to, find  the  resultant  of  several 

o 

FIG.  2 

forces  having  a  common  point  of  application,  or  whose  lines 
of  action  passed  through  a  common  point.  A  method  of 
finding  the  resultant  will  now  be  given  when  the  forces  lie, 
or  may  be  considered  as  lying,  in  the  same  plane,  though 
their  lines  of  action  do  not  pass  through  a  common  point. 



20 

In  Fig.  2  (a] ,  let  f\,  /%,  and  F3  be  three  forces  whose  mag- 
nitudes are  represented  by  the  lengths  of  their  respective 

lines,  and  their  directions  by  the  positions  of  the  lines  and  by 
the  arrowheads.  Construct  the  polygon  of  forces  O123O 
as  shown  in  Fig.  2  (b),  O3  representing  the  direction  and 
magnitude  of  the  resultant.  Everything  is  now  known 
except  the  line  on  which  the  point  of  application  of  the 
resultant  must  lie.  To  find  this,  proceed  as  follows: 

Choose  any  point  P,  and  draw  PO,  Pi,  P2,  and  P3. 
Choose  any  point  b  on  the  line  of  direction  of  one  of  the 
forces,  as  F^  and  draw  lines  through  b  parallel  to  P  O  and 
Pi,  the  latter  intersecting  Fz,  or  F3  prolonged,  in  c.  Draw 
cd  parallel  to  P2  and  intersecting  F3,  or  Fa  prolonged,  in  d. 
Draw  de  parallel  to  P3  and  intersecting  the  line  a  be  parallel 
to  P  O  in  e.  The  point  e  is  a  point  on  the  line  of  direction  of 
the  resultant  of  the  three  forces.  Hence,  through  e>  draw  R 

o 
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parallel  and  equal  to  O  3  and  acting  in  the  same  direction; 
it  will  be  the  resultant.  This  method  is  applicable  to  any 
number  of  forces  considered  as  acting  in  the  same  plane. 
The  resultant  can  also  be  found  when  the  forces  act  in 
different  planes,  but  the  method  of  finding  it  will  not  be 
described  here. 

The  point/3  is  called  the  pole;  the  lines  PO,  Pi,  P2,  P3 
joining  the  pole  with  the  vertexes  of  the  force  polygon  are 
called  the  strings  or  rays;  the  force  diagram,  is  the  figure 
composed  of  the  force  polygon  0123  O,  the  pole,  and  the 
strings.  The  polygon  be  deb  is  called  the  equilibrium 
polygon.  Since  the  pole  P  may  be  taken  anywhere,  any 
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number  of  force  diagrams  and  equilibrium  polygons  may  be 
drawn,  all  of  which  will  give  the  same  value  for  the  resultant, 
and  whose  lines  de  and  a.e  will  intersect  on  the  resultant  R. 

To  test  the  accuracy  of  the  work,  take  a  new  pole  and  pro- 
ceed as  before.  If  the  work  has  been  done  correctly,  de 

and  ae  will  intersect  on  R. 
The  equilibrium  polygon  gives  an  easy  method  of  resolving 

a  force  into  two  components. 

EXAMPLE. — In  Fig.  3,  let  F  =  16  pounds  be  the  force,  and  let  it  be 

required  to  resolve  it  into  two  parallel  components,  A  and  J3,  at  dis- 
tances respectively  of  5  feet  and  15  feet  from  F.  What  will  be  the 

magnitudes  of  A  and  Bl 

SOLUTION. — Draw  Ol  to  represent  F  =  16  Ib.  Choose  any  conve- 
nient pole  /'and  draw  the  rays  PO  and  Pi.  Take  any  point  a  o\\F 

and  draw  ab  parallel  to  PO,  intersecting  A  in  b,  and  ac  parallel  to 

PI,  intersecting  B  in  c.  Join  b  and  c  by  the  line  b  c.  Through  the 

pole  P  draw  P  d  parallel  to  b  c,  intersecting  O  1  in  d.  Then  O  d  is  the 

magnitude  of  A,  measured  to  the  scale  to  which  0 1  was  drawn,  and 
dl  is  the  magnitude  of  B  to  the  same  scale. 

29.  If  the  components  are  not 
force,  they  must  intersect  its  line  of 
direction  in  a  common  point.  In 
Fig.  4,  let  F  =  16  pounds  be  the 
force;  it  is  required  to  resolve  it 

into  two  components  A  and  B,  inter- 
secting at  ay  as  shown.  Draw  01 

to  some  convenient  scale  equal  to 

16  pounds;  then  draw  OP  and  IP 

parallel  to  A  and  B,  and  OP  and  PI 

are  the  values  of  the  components  A  and  B,  respectively,  both 

in  magnitude  and  direction. 

ExAMPLE.-Let  Flt  F,,  Fa,  F<,  and  Fs,  Fig.  5,  be  five  forces  whose 

magnitudes  are  7,  10,  5,  12,  and  15  pounds,  respectively;  it  is  required 

to  find  their  resultant  and  to  resolve  this  resultant  into  two  components 

parallel  to  it  and  passing  through  the  points  a  and  b. 

SOLUTION. —Choose  any  point  O,  Fig.  5,  and  draw  Ol  parallel  and 

equal  to  F,\  1-2  parallel  and  equal  to  F,,  etc.;  O 5  will  be  the  value  of 

the  resultant,  and  its  direction  will  be  from  O  to  5,  opposed  to  the 

other  forces  acting  around  the  polygon.  Choose  a  pole  P,  and  complete 

the  force  diagram.  Choose  a  point  c  on  Fi}  and  draw  the  equilibrium 

PIG.  4 
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polygon  cdefghc;  the  intersection  of  ch,  parallel  to  PO,  and  gh, 
parallel  to  P5,  gives  a  point  h.  Through  h,  draw  R  parallel  to  OS, 
and  it  will  be  the  position  of  the  line  of  action  of  the  resultant  of  the 
five  forces.  The  components  must  pass  through  the  points  a  and  f>, 
according  to  the  conditions;  hence,  through  a  and  b,  draw  V±  and  Vz 
parallel  to  R.  Since  OS  represents  the  magnitude  of  R,  draw  hk 

PIG.  5 

and  hi  parallel  to  PO  and  P5,  respectively,  as  in  Fig.  3  (they,  of 
course,  coincide  with  c h  and  g h,  since  the  same  pole  P  is  used) ,  inter- 

secting Vi  and  V*  in  k  and  /.  Join  k  and  /,  and  draw  PO  parallel to  kl.  Then,  OQ  =  V,,  and  Q5  =  V*. 

COMPOSITION  OF  MOMENTS 

30.  According  to  the  principles  of  mechanics,  the 
moment  of  a  force  about  a  point  is  the  product  of  the 
magnitude  of  the  force  and  the  perpendicular  distance  from 
the  point  to  the  line  of  action  of  the  force.  A  force  can  act 
in  two  ways  on  a  body:  it  can  either  produce  a  motion  of 
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translation — that  is,  cause  all  the  points  of  the  body  to  move 
in  straight  parallel  lines — or  it  can  produce  a  motion  of  rota- 

tion— that  is,  make  the  body  turn.  A  moment  measures  the 
capacity  of  a  force  to  produce  rotation  about  a  given  point. 
For  example,  suppose,  in  Fig.  6,  that  A  C  is  a  lever  30  inches 
long,  having  a  fulcrum  at  B  10  inches  from  A.  If  a  weight 
is  suspended  from  C,  it  will  cause  the  bar  to  rotate  about  B 

in  the  direction  of  the  arrow  at  that  end.  A  weight  sus- 
pended from  A  will  cause  it  to  revolve  in  the  opposite  direc- 

tion, as  indicated  by  the  arrow.  Suppose,  for  simplicity,  that 
the  bar  itself  has  no  weight.  If  two  weights  of  12  pounds 
each  are  hung  at  A  and  C,  it  is  evident  that  the  bar  will 
revolve  in  the  direction  of  the  arrow  at  C,  because  the 
arm  B  C  is  longer  than  the  arm  AB.  Let  the  weight  at  A 
be  increased  until  it 

equals  24  pounds.  The 
bar  will  then  balance 

exactly,  and  any  addi- 
tional weight  at  A  will 

cause  the  bar  to  rotate  "  '  PIG-  6 
in  the  opposite  direction,  as  shown  by  the  arrow  at  that  poirt. 
When  the  lever  is  balanced,  it  will  be  found  that  24  X  10 
=  12  X  20,  or  considering  B  as  the  center  of  moments, 

24  X  perpendicular  distance  A  B  =  12  X  perpendicular  dis- 
tance B  C.  In  other  words,  the  moment  of  W about  B  must 

equal  the  moment  of  P  about  B — that  is,  the  two  moments 
must  be  equal.  Further,  P  tends  to  cause  rotation  in  the 
direction  in  which  the  hands  of  a  watch  move  and  for  con- 

venience will  be  considered  positive,  or  +;  Intends  to  cause 

rotation  in  a  direction  opposite  to  the  hands  of  a  watch  and 

will  be  considered  negative,  or  — .  Adding  the  two  alge- 

braically, PX  BC  +  (-wx  AB}  =  PX  BC-WY.AB 
—  0,  since  the  two  moments  are  equal.  Hence  the  following 
general  rule: 

Rule. — One  of  the  necessary  conditions  of  equilibrium  is  that 
the  algebraic  sum  of  the  moments  of  all  the  forces  about  a  given 

point  shall  equal  zero. 
Applications  of  this  rule  will  occur  further  on. 
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GRAPHIC  EXPRESSIONS  FOR  MOMENTS 

31.  The  moment  of  a  single  force  may  be  expressed 
graphically  in  the  following  manner:  In  Fig.  7,  let  F 

=  10  pounds  be  the  given  force  and  c,  at  a  distance  from 
F  =  fc  =  7k  feet,  be  the  center  of  rotation  or  center  .of 
moments.  Draw  01  parallel  to  F  and  equal  to  10  pounds. 

Choose  any  point  /"as  a  pole,  and  draw  the  rays  P 0  and 
Pi;  also  draw  P2  perpendicular  to  Ol.  Through  any  point 

b  on  F,  draw  the  sides  ab  and^-^  of  the  equilibrium  polygon; 
they  correspond  to  be  and  de,  Fig.  2,  through  the  intersection 

of  which  the  resultant  must  pass,  the  resultant  F  being-  given 
in  the  present  case.  Prolong  a  b,  and  draw  e  d  through  c  par- 

allel to  F,  intersecting  bg  and  a  b  in  d  and  e,  respectively. 

PIG.  7 

By  geometry,  it  can  be  proved  that  the  triangles  b  de  and  0 1  P 
are  similar  and  that  the  sides  of  the  one  are  proportional  to 
the  corresponding  sides  of  the  other.  Hence  Pi  :  01  =  bd 
:  de,  and  since  P2  and  fc  are  perpendiculars  from  the  ver- 
texes  to  the  bases  of  similar  triangles,  P2  :  Ol  =  fc  :  de,  or P2  fc 

0~1  =  Te  ThenP2  xde  =  OlXfc.  BntOl=Fandtc 
=  the  length  of  the  moment  arm.  Then  Ol  X  fc  =  the 
moment  of  F  about  c,  and  therefore  P2  X  de,  which 
equals  OlXfc,  is  also  equal  to  the  moment  of  F  about  c, 
when  P2  is  measured  to  the  same  scale  as  Ol,  anded  is measured  to  the  same  scale  as  cf. 

The  line  P2  is  called  the  pole  distance  and  will  hereafter 
always  be  denoted  by  the  letter  H.     The  line  de  is  called  the 
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intercept.  Hence,  the  pole  distance  multiplied  by  the  inter- 
cept equals  the  moment,  or,  denoting  the  intercept  by  y,  the 

moment  =  H  y. 
The  statement  just  made  is  one  of  the  most  important  facts 

in  graphical  statics,  and  should  be  thoroughly  understood. 
In  the  triangle  POl,  the  lines  PO  and  Pi  represent  the 
components  of  the  force  F  in  the  directions  a  b  and  gb, 
respectively,  while  the  lines  of  action  of  those  components 

are  a  b  andjf^,  meeting  at  b.  As  de  is  limited  "by  gb  and  ab 
(produced),  the  following  definition  is  given:  The  inter- 

cept of  a  force  whose  moment  about  a  point  is  to  be 
found  is  the  segment  (or  portion)  that  the  two  components 
(produced,  if  necessary)  cut  off  from  a  line  drawn  through 
the  center  of  moments  parallel  to  the  direction  of  the  force. 

32.  The  pole  distance  and  intercept  for  the  moment  of 
several  forces  about  a  given  point  may  be  determined  in  a 
similar  manner  by  first  finding  the  magnitude  and  position 
of  the  resultant  of  all  the  forces;  the  moment  of  this  resultant 
about  the  given  point  will  equal  the  value  of  the  resultant 
moment  of  all  the  forces  that  tend  to  produce  rotation  about 
that  point. 

EXAMPLK. — Let  Fl  =  20  pounds,  F2  =  25  pounds,  and  F3  =  18  pounds 
be  three  forces  acting  as  shown  in  Fig.  8;  find  their  resultant  moment 
about  the  point  C. 

O 

SOLUTION. — Draw  the  force  diagram,  equilibrium  polygon,  and 
resultant  ̂   as  previously  described.  Draw  dCe  parallel  to  R.  The 

intercept  de,  multiplied  by  the  pole  distance  PQ  =  the  resultant 
moment. 
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33.  If  all  the  forces  are  parallel,  the  force  polygon  is  a 
straight  line;  this  is  evident,  since,  if  a  line  of  the  force 
polygon  be  drawn  parallel  to  one  of  the  forces  and  from  one 
end  of  this  line  a  second  line  be  drawn  parallel  to  another 
force,  the  second  line  will  coincide  with  the  first. 

EXAMPLE.— Let  Ft  =  30,  Fa  =  20,  and  Fa  =  20,  all  in  pounds,  be 
three  parallel  forces  acting  downwards,  as  shown  in  Fig.  9.  It  is 

Scale  offerees  1-40  fl>. 
Scale  of  distances  Z=4O 

FIG.  9 

required  to  find  their  resultant  moment  (algebraic  sum  of  the  moments) 
and  the  moment  of  their  resultant,  all  moments  to  be  taken  about  the 
point  C. 

SOLUTION.— Lay  off  O  1  =  30  Ib.  =  Flt  1-2  =  20  Ib.  =  F2,  and  2-3 
=  20  Ib.  =  F3,  and  OS  is  the  value  of  the  resultant.  Choose  some, 
point  P  as  a.  pole  and  draw  the  rays.  Take  any  point,  as  b,  on  any 
force,  as  Flt  and  complete  the  equilibrium  polygon  be  deb;  then,  the 
line  of  action  of  the  resultant  must  pass  through  e.  Through  C 
draw  Ci  parallel  to  R  and  prolong  de.  The  moment  of  R  about  C 
equals  the  pole  distance  ff,  multiplied  by  the  intercept  h  i,  since  ft  i  is 
that  part  of  the  line  drawn  through  C  parallel  to  J?,  and  included 
between  the  lines  be  and  de  of  the  equilibrium  polygon,  which  meet 
on  R.  Measuring  hi  to  the  scale  of  distances  (1  in.  =  40  ft.),  it 
equals  23  ft.  Measuring  H  to  the  scale  of  forces,  it  equals  40  Ib. 
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Consequently,  the  moment  of  R  about  C  =  40  X  23  =  920  ft.-lb  Con- 
sidering the  force  F3,  the  intercept  is  gi,  since  F3  is  parallel  to  J?,  and, 

consequently,  to  Ci;  also^z  is  that  part  of  the  line  Ci  included  between 
the  sides  £rfand  de,  which  meet  on  Fa.  Measuring  gi,  it  is  found  to 

equal  28  ft.  Hence,  the  moment  of  F3  about  C  =  40  X  28  =  1,120  ft.-lb. 
The  moment  of  F3  about  C  =  H  X  fg  =  40  X  13  =  520  ft.-lb.  The 
moment  of  Fj.  =  H  X  fh  =  40  X  18  =  720  ft.-lb.  Now  Fa  and  Fz  have 

positive  moments,  since  they  tend  to  cause  rotation  in  the  direction  of 
the  hands  of  a  watch,  while  FI  has  a  negative  moment,  since  it  tends 
to  cause  rotation  in  the  opposite  direction.  Consequently,  adding  the 

moments  algebraically,  the  resultant  moment  =  1,120  +  520  —  720 
=  920  ft.-lb.,  the  same  as  the  moment  of  the  resultant. 

Having  described  the  fundamental  principles  of  graphic 
statics,  the  consideration  of  the  strength  of  materials  will 
now  be  continued,  and  the  stresses  due  to  flexure  and 
torsion  discussed.    

BEAMS 

DEFINITIONS 

34.  Any  bar  resting  in  a  horizontal  position  on  sup- 
ports is  called  a  beam. 

A  simple  beam  is  a  beam  resting  on  two  supports  very 
near  its  ends. 

A  cantilever  is  a  beam  resting  on  one  support  in  its 

middle,  or  which  has  one  end  fixed  (as  in  a  wall)  and  the 
other  end  free. 

An  overhung  beam  is  a  beam  resting  on  two  supports 
with  one  or  both  ends  projecting  beyond  the  supports  and 
sustaining  loads. 

A  restrained  beam  is  one  that  has  both  ends  fixed  (as  a 

plate  riveted  to  its  supports  at  both  ends). 
A  continuous  beam  is,  one  that  rests  on  more  than 

two  supports.  The  continuous  beam  will  not  be  discussed 

here,  as  the  subject  requires  a  knowledge  of  higher 
mathematics. 

A  load  on  a  beam  is  the  weight  that  the  beam  supports. 
A  concentrated  load  is  one  that  acts  on  the  beam  at  one 

point. 
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A  uniform,  load  is  one  that  is  equally  distributed  over  the 
beam,  so  that  each  unit  of  length  has  the  same  load. 

In  the  solution  of  problems  in  flexure,  two  methods  are 
used,  namely,  the  analytic  and  the  graphic.  By  the 
analytic  method,  the  results  are  obtained  by  calculation  and 
the  use  of  formulas;  by  the  graphic  method,  they  are 
obtained  by  means  of  diagrams  drawn  accurately  to  scale,  as 

illustrated  in  the  preceding-  articles  on  Graphic  Statics.  In 
the  following  explanations  and  solutions,  both  methods  will 
be  given.  In  practice,  the  one  may  be  used  that  is  best 
suited  to  the  work  that  is  to  be  done;  or  one  may  be  used 
as  a  check  on  the  other.    

SIMPLE  BEAMS 

REACTIONS    OF    SUPPORTS 

35.  All  forces  that  act  on  beams  will  be  considered  as 
vertical,  unless  distinctly  stated  otherwise.  According  to 
the  third  law  of  motion,  every  action  has  an  equal  and  oppo- 

site reaction;  hence,  when  a  beam  is  acted  on  by  down- 
ward forces,  the  supports  react  upwards.  In  problems  of 

construction  in  which  beams  are  used,  the  weights,  or  down- 
ward forces,  acting  on  the  beams  are  usually  known;  from 

these,  it  is  required  to  find  the  value  of  the  reaction  at  each 
support.  If  a  simple  beam  is  uniformly  loaded  or  has  a 
load  in  the  middle,  it  is  evident  that  the  reaction  of  each  sup- 

port is  one-half  the  load  plus  one-half  the  weight  of  the  beam. 
If  the  load  is  not  uniformly  distributed  over  the  beam,  or  if 
the  load  or  loads  are  not  in  the  middle,  the  reactions  of  the 
two  supports  will  be  different.  In  order  that  a  beam  may  be 

in  equilibrium,  three  conditions  must  be  fulfilled:  j 
1.  The  algebraic  sum  of  all  vertical  forces  must  equal  * 

zero;  otherwise  the  beam  will  move  up  or  down.  | 
2.  The  algebraic  sum  of  all  horizontal  forces  must  equal 

zero;  otherwise  the  beam  will  move  sidewise. 

3.  The  algebraic  sum  of  the  moments  of  all  forces  about  \ 
any  point  must  equal  zero;    otherwise  the  beam  will  turn                       | 
about  that  point,  ! 
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Since  the  loads  a^t  downwards  and  the  reactions  up'  wards,"' 
the  first  condition  states  that  the  sum  of  all  the  loads  must 

equal  the  sum  of  the  reactions  of  the  supports.  The  reactions 

and  forces  acting  upwards  will  be  considered  as  posi- 
tive, or.  +>  and  the  downward  weights  as  negative,  or  —  . 

It  is  plain  that  the  first  condition  of  equilibrium  is  satisfied 
when  the  sum  of  the  positive  forces  and  reactions  is  equal 
to  the  sum  of  the  negative  forces. 

36.  Reactions  foi*  Concentrated  Loads.  —  The  prin- 
ciples just  stated  apply  directly  to  a  simple  beam  with  con- 

centrated loads.  Let  AB,  Fig.  10,  be  such  a  beam,  with 

supports  at  A  and  B,  through  which  the  lines  of  the  reactions 
Ri.  and  Ri  pass,  and  let  F1}  F2)  and  F3  be  concentrated  loads 

l*    (l 

A      9 
)           d f 

--trs 

1_ 
i. 

t» 
FIG.  10 

at  distances  /,,  la,  and  /3  from  the  left  support,  as  shown, 
/  being  the  length  of  the  beam  between  supports.  Let  /,  A, 
4,  and  /„  be  in  feet,  and  R1}  J?s,  Ft,  F3,  and  Fa  be  in  pounds. 

Then  R,  +  R*  -  ft  -  ft  -  F>  =  0,  or 
Ri  +  R,  =  Fl  +  F*  +  F3  (1) 

Taking  the  moments   about   Rt   as   a  center,   R*  I  —  F,.  h 
-FJ3-  Fa  la  =  0,  or 

^  =  F^n+F*l*  +  F*l*  (2) 

The  moments  may  also  be  taken  about  the  right  support. 

Then,  RJ-FAl-lJ  -  Fa(l  -  I*}  -  F3(l  -  /.)  =  0,  or 

No  matter  how  many  concentrated  loads  there  may  be  on 
the  beam,  the  same  principle  applies.  The  above  formulas 
are  the  expression  of  the  statements  1  and  3  of  Art.  35. 

EXAMPLE.—  Let  ./?,,  Pig.  11,  be  the  reaction  of  the  left  support, 
/Pa  the  reaction  of  the  right  support,  and  let  the  distance  between  the 
two  supports  be  14  feet;  suppose  that  loads  of  50,  80,  100,  70,  and  30 
pounds  are  placed  on  the  beam  at  distances  from  the  left  support  equal 
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to  2,  5,  8,  10,  and  12|  feet,  respectively.     What  are  the  reactions  of  the 
supports,  neglecting  the  weight  of  the  beam? 

ANALYTIC  SOLUTION.—  Writing  formula  2  for  five  loads, 

Substituting  the  values  given  in  the  example, 

/?2  =  50  X  2  +  80  X  5  +  100  X  8  +  70  X  10  +  30  X  12.5  =  2,375  = 

Applying  formula  3  in  the  same  manner, 

Scale  1"=160  Ib. 

FIG.  11 

Substituting  the  values, 

D   __  SOX  12+80X9+100X —  —  -  _ 
2245 

_-__ 

Now,  formula  1  can  be  applied  as  a  check.  Written  for  five  loads, 
it  becomes  ̂   +  X*  =  Fl  +  F2  +  Fa  +  ft  +  p..  Substituting,  ̂   +  jR\ 
=  160A  +  169A  =  330;  and  F,  +  Fz  +  Fs  +  J?t  +  Fs  =  50  +  80  +  100 
+  70  +  30  =  330  Ib.  The  results  are  thus  shown  to  be  correct. 
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GRAPHIC  SOLUTION. — The  reactions  may  also  be  found  graphically 

by  resolving  the  resultant  of  the  weights  (which,  in  this  case,  acts  ver- 
tically downwards)  into  two  parallel  components,  passing  through  the 

points  of  support.  The  sum  of  the  reactions  is  equal  to  the  sum  of  the 
components,  but  the  two  sums  have  different  signs.  Draw  the  beam 
to  some  convenient  scale,  and  locate  the  loads  as  shown  in  Fig.  11. 

Draw  the  force  diagram,  making  01  —  50  lb.,  1-2  =  80  lb.,  2-3 
-  100  lb.,  3-4  =  70  lb.,  and  4-5  -  30  lb.;  OS  represents  by  its  length 
the  sum  of  the  weights  or  their  resultant,  thus  representing  the  force 
polygon.  Choose  any  point  as  P  and  draw  P  0,  Pi,  P2,  etc. 

Choose  a  point  b  on  the  line  of  action  of  the  force  Flt  and  draw  the 
equilibrium  polygon  abode  fga,  as  in  Fig.  9;  a  b  and  fg  intersect 
at  h,  the  point  through  which  the  resultant  R  must  pass.  Draw  Px 

"parallel  to  ag;  and  Ox  will  be  the  reaction  (=  component)  Rlt  and 
x5  the  reaction  R*.  Measuring  Ox  and  x 5  to  the  same  scale  used  to 
draw  OS,  Ri  =  161  lb.,  and  R*  =  169  lb.  By  calculation,  it  was 
found  that  /^  =  160ft  lb.,  and  J?a  =  169&  lb.  This  shows  that  the 
graphic  method  is  accurate  enough  for  all  practical  purposes.  The 
larger  the  scale  used,  the  more  accurate  will  be  the  results, 

VERTICAL,    SHEAR 

37.  In  Fig.  11,  imagine  that  part  of  the  beam  at  a  very 
short  distance  to  the  left  of  a  vertical  line  passing  through 
the  point  of  support  A  to  be  acted  on  by  the  reaction 

JRl  =  160  pounds,  and  that  part  to  the  right  of  the  line' to 
be  auted  on  by  the  equal  downward  force  due  to  the  load. 
The  two  forces  acting  in  opposite  directions  tend  to  shear 
the  beam. 

Suppose  that  the  line  had  been  situated  at  the  point  3 
instead  of  at  A;  the  reaction  upwards  would  then  be  partly 
counterbalanced  by  the  50-pound  weight,  and  the  total  reac- 

tion at  this  point  would  be  160  —  50  =  110  pounds.  Since 
the  upward  reaction  must  equal  the  downward  load  at  the 
same  point,  the  downward  force  at  3  also  equals  110  pounds, 
and  the  shear  at  this  point  is  110  pounds.  At  the  point  6, 
or  any  point  between  5  and  8,  the  downward  force  due  to 
the  weight  at  the  left  is  50  +  SO  =  130  pounds,  and  the 
upward  reaction  is  160  pounds.  The  resultant  shear  is, 
therefore,  160  —  ISO  =  30  pounds.  At  any  point  between 
8  and  10,  the  shear  is  160  -  (60  +  80  +  100)  =  —  70  pounds. 

I  L  T  374B— 18 
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The  negative  sign  means  nothing  more  than  that  the  weights 
exceed  the  reaction  of  the  left-hand  support. 

The  vertical  shear  equals  the  reaction  of  the  left-hand  support ', 
minus  all  the  loads  on  the  beam  to  the  left  of  the  point  consid- 

ered. Therefore,  the  point  of  zero  vertical  shear  comes  at  that 
section  where  the  sum  of  the  loads  to  the  left  of  and  at  the 

section  first  equals  the  left-hand  reaction. 
For  a  simple  beam,  the  greatest  positive  shear  is  at  the 

left-hand  support,  and  the  greatest  negative  shear  is  at 
the  right-hand  support,  and  both  shears  are  equal  to  the 
reactions  at  these  points.  .  « 

38.      Graphic   Representation    of    Shear. — The    ver- 

T, 

2234567 

FIG.  12 

tical    shear    may  be   represented    graphically    as    shown    in 
Fig.  12,  which  is  Fig.  11  repeated.    Draw  the  force  diagram, 
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continue  the  lines  of  action  of  R±  and  R*  downwards,  and 

make  0'  5'  —  0  5.  Through  x  draw  the  horizontal  line  x"  x1 
called  the  shear  axis.  The  vertical  shear  is  the  same  for 

any  point  between  A  and  2  and  equals  Ox  =  0' x"  —  160; 
hence,  draw  O'  h  parallel  to  x  x1 ,  and  any  ordinate  measured 
from  xx'  to  0'  h  between  0'  and  h  —  160  pounds  =  the 
vertical  shear  at  any  point  between  O'  and  h  when  0'  h  =  A  2. 
Ol,  it  will  be  remembered,  is  equal  to  50  pounds,  or  the 

force  Ft.  Through  1  draw  Ik  parallel  to  x" x',  and  project 
the  points  2  and  5  on  it,  in  i  and  k.  Then,  the  length  of 
the  ordinate  between  x11  x1  and  ik  equals  the  vertical  shear 
between  2  and  5.  In  the  same  way,  find  the  remaining 

points  l,m,  etc.  The  broken  line  O' hi  .  .  .  Ms  called  the 

shear  line,  and  the  figure  0'  h  i  .  .  .  rstx' x"  is  called 
the  shear  diagram.  To  find  the  shear  at  any  point,  as  11, 
project  the  point  on  the  shear  axis  and  measure  the  ordinate 
to  the  shear  line,  drawn  through  the  projected  point.  If  the 

ordinate  is  measured  from  the  shear  axis  upwards,  the  ver- 
tical shear  is  positive;  if  downwards,  it  is  negative.  For  the 

point  11,  the  vertical  shear  is  —140  pounds.  The  maximum 

negative  vertical  shear  is  —  170  pounds  =  x' t  =  x5.  The 
greatest  shear,  whether  positive  or  negative,  is  the  one 
which  the  beam  must  be  designed  to  withstand.  It  should 

be  noticed  that  the  shear  passes  from  a  positive  to  a 

negative  value  under  point  8,  as  shown  by  the  line  mn 

crossing  x"  x'.    

BENDING    MOMENT 

39.  A  beam  seldom  fails  by  shearing,  but  generally  by 

bending  and  breaking  under  its  load;  that  is,  it  fails  by  flex- 
ure. In  order  to  design  a  beam  to  resist  flexure,  the  maxi- 
mum bending  moment  must  be  known. 

The  bending  moment  at  any  point  of  a  beam  is  the  alge- 
braic  sum  of  the  moments  of  all  the  forces  (the  reaction  included} 

acting  on  the  beam,  on  either  side  of  that  point,  the  point  being 
considered  as  the  center  of  moments. 

The  expression  algebraic  sum  refers  to  the  fact  that,  when 

considering  the  forces  acting  at  the  left  of  the  point  taken, 
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the  moments  of  all  the  forces  acting  upwards  are  considered 
positive,  and  the  moments  of  all  the  forces  acting  downwards 
are  considered  negative.  Hence,  the  algebraic  sum  is  ths 
moment  of  the  left  reaction  about  the  given  point,  minus 
the  sum  of  the  moments,  about  the  same  point,  of  all  the 
downward  forces  between  the  reaction  and  the  given  point. 
Should  there  be  any  force  or  forces  acting  upwards,  their 
moments  must  be  added,  since  they  are  positive.  If  the 
forces  on  the  right  of  the  point  are  considered,  all  lever  arms 
are  negative,  distances  to  the  left  of  the  point  being  +  ,  those 
to  the  right  being  —  (see  Art.  30).  Hence,  the  downward 
forces  give  positive  moments,  and  the  right  reaction  gives 
a  negative  moment.  This  is  as  it  should  be,  for  the  down- 

ward forces  on  the  right  and  the  upward  forces  on  the  left 
tend  to  rotate  the  beam  in  the  direction  of  the  hands  of  a 
watch;  while  the  downward  forces  on  the  left  and  the  upward 
forces  on  the  right  tend  to  rotate  the  beam  in  the  opposite 
direction. 

40.  Bending  Moment  by  Analytic  Method. — Con- 
sider the  beam  A  B,  Fig.  10,  with  concentrated  loads  F^F,, 

and  Fa,  and  reactions  R^  and  Ra.  Let  C  be  any  point  in  the 
beam  at  a  distance  of  x  feet  from  R±.  The  algebraic  sum  of 
the  moments  of  the  forces  on  either  side  of  the  point  C  are 
equal;  those  to  the  left  will  be  positive,  having  the  plus  sign, 
and  those  to  the  right  will  be  negative,  having  the  minus 
sign.  Letting  M  represent  the  bending  moment  at  C,  in 
foot-pounds,  and  taking  the  moments  of  the  forces  to  the  left 
of  C  in  order  to  get  positive  values  for  M,  then  with  C  as  a 
center  of  moments, 

M=  Rix-F^x-  Zj-Fa(x-l.)  (1) 

If  C  is  taken  between  R1  and  Fly  and  the  moments  of  the 
forces  to  the  left  of  C  are  considered,  the  formula  for  the 
bending  moment  is 

M  =  RlX  (2) 

This  expression  gives  the  moment  for  any  section  of  the 
beam  between  R,  and  Flt  At  Rl  the  value  of  M  is  zero 
because  x  is  zero  and  the  value  of  M,  the  bending  moment, 
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increases  from  this  point  to  Ft;  that  is,  the  bending  moment 

for  the  different  sections  of  the  beam  increases  as  ̂ -increases 
from  0  to  /L 

If  the  point  C  is  taken  between  Ft  and  F3  and  the  moments 

taken  to  the  left  of  C,  the  formula  for  the  bending  moment  is 
M  =  R,x-FAx-  /J  (3) 

This  expands  to  M  =  R,  x  -  F,  x  +  F,  /;  and  by  combining 

terms  containing  x,  it  becomes  M  =  (Ri  —  F^x  +  Fi  h. 
From  this  expression,  it  is  seen  that  when  Rt  is  greater 

than  Flt  the  bending  moment  M  increases  as  x  increases 

from  A  to  /,;  and  if  F1  is  greater  than  /?„  ̂ /decreases  as  x 

increases  from  A  to  /,;  but  if  R,  =  Flt  the  value  of  M  remains 

constant,  because  then  (R,  -  Fj  =  0  and  Ft  /,  does  not 
change  in  value. 

If  the  point  C  is  taken  between  F,  and  Ftt  formula  1  is 

obtained,  which  expands  to  M  =  ,R*x  —  F,x  +  Ft  A  —  F.x 

+  F,lt.  Combining  the  terms  containing  x,  the  expression 

becomes,  M  =  (R>  -  Ft  -  F*}x  +  F*  h  +  F*  /..  As  F,  A  and 

Ft  I*  are  constant,  the  value  of  M  in  the  formula  increases  as 

x  increases  from  /,  to  /.,  when  R^  is  greater  than  (Fl  +  F,); 

it  decreases  when  R,  is  less  than  (F.  +  F,),  and  remains 

constant  when  R,.  =  (/*!  +  Fa). 

From  these  formulas  it  will  be  seen  that,  when  concen- 
trated loads  alone  are  considered,  the  change  from  an 

increasing  to  a  decreasing  bending  moment  always  occurs  at 

the  point  of  application  of  one  of  the  concentrated  loads.  It 

follows  that  the  maximum  bending  moment  occurs  at  the 

point  of  application  of  one  of  these  loads.  The  maximum 

bending  moment  may,  therefore,  be  found  by  calculatin g  the 

bending  moments  at  the  points  where  the  loads  are  applied 
and  comparing  the  results. 

NOTE.— The  expression  foot-pounds,  used  in  stating  the  value  of  a 
moment  must  not  be  confounded  with  foot-pounds  of  work.  The 

former  means  simply  that  a  force  has  been  multiplied  by  a  distance, 
while  the  latter  means  that  a  resistance  has  been  overcome  through  a 

distance  In  expressing  the  value  of  a  moment,  the  force  is  usually 

measured  in  pounds  or  tons,  and  the  distance  in  inches  or  feet;  hence, 

the  moment  may  be  inch-pounds  or  inch-tons  and  foot-pounds  or  foot- 
tons  Unless  otherwise  stated,  the  bending  moment  will  always  be 

expressed  in  inch-pounds,  the  length  of  the  beam  being  always  meas- 
ured in  inches,  and,  consequently,  the  length  of  the  intercept^  alsc 
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41.  Bending  Moment  by  Graphic  Method. — To  find 
the  bending  moment  for  any  point  of  a  beam,  as  7,  Fig.  12, 

by  the  graphic  method;  draw  the  vertical  line  7-7'  through 
the  point.     Let  y  =  that  part  of  the  line  included  between 

ag  and  a  b cdfg  of  the  equilibrium  polygon  ( =  vertical  inter- 

.  cept).  Then  H  X  y  =  "the  bending  moment.  H,  of  course, 
equals  the  pole  distance  =  Pu.  For  any  other  point  on  the 
beam,  the  bending  moment  is  found  in  the  same  manner, 

that  is,  by  drawing  a  vertical  line  through  the  point  and  meas- 
uring that  pait  of  it  included  between  the  upper  and  lower 

lines  of  the  equilibrium  polygon.  The  scale  to  which  the 

intercept  y  is  measured  is  the  same  as  that  used  in  draw- 
ing the  length  AB  of  the  beam.  The  pole  distance  H  is 

measured  to  the  same  scale  as  05.  In  the  present  case, 

y  =  2.05  feet,  and  H  =  349  pounds;  hence,  the  bending 

moment  for  the  point  7  is  Hy  =  349  X  2.05  =  715.45  foot- 

pounds. 
If  expressed  in  inch-pounds,  the  value  of  the  moment  just 

found  is  715.45  X  12  =  8,585.4  inch-pounds.  It  will  be 
noticed  that  after  the  force  diagram  and  equilibrium  polygon 
have  been  drawn,  the  value  of  the  bending  moment  depends 

solely  on  the  value  of  yt  since  the  length  Pu  =  H  is  fixed. 
At  the  points  a  and  g;  directly  under  the  points  of  support 

of  the  beam,  y  =  0;  hence,  for  these  two  points,  bending 
moment  =  Hy  —  H  X  0  =  0;  that  is,  for  any  simple  beam, 
the  bending  moment  at  either  support  is  zero.  The  greatest 
value  for  the  bending  moment  will  evidently  be  at  the 

point  8,  since  d8'  is  the  longest  vertical  line  which  can  be 
included  between  ag  and  acfg. 

The  figure  acega  is  called  the  diagram,  of  bending 
moments.    

SIMPLE    BEAM    WITH    TTJSTrFOKM   LOAD 

42.  Analytic  Method. — The  vertical  shear,  in  the  case 
of  a  simple  beam  carrying  a  uniform  load,  decreases  uni- 

formly from   the  maximum  positive   shear  at  the  left  sup- 
port to  the  maximum  negative  shear  at  the  right  support. 

Hence,  at  the  middle  point  of  the  beam,  the  vertical  shear 
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will  be  zero.     Let  A  B,  Fig.   13,  be  a  simple  beam  with  a 

uniform  load  of  w         [-*  ----  •  £      ""  1 

pounds  per  square      J  ,       "  ">-P*rft.  \ 
foot  and  a  length  of     R$*  --  x—  Jc  |Ba 

/  feet.    The  reactions  Fia-  13 
IV  I 

Ri  and  Rz  are  equal  to  each  other,  and  each  is  equal  to  —  ; 

that  is,  each  reaction  is  equal  to  half  the  load.     This  may  be 

expressed  as  a  formula  thus: 

*,  =  *,  =  ̂   CD 2t 

The  bending  moment  at  any  point,  as  C,  is  then 

M=v£x-wxZ          (2) 2  ^ 

The  load  for  any  part  of  the  beam  x  feet  long  is  w  x  pounds; 

and  being  a  uniform  load,  it  may  be  regarded  as  acting  at 

the  middle  point  of  the  portion  considered, 

When  x  -   0  or  /,  the  value  of  M  in  formula  2  becomes  0, 

and  when  x  —  -  it  is  a  maximum,  and  the  formula  becomes 2i 

M=  (3) 

But  x  —  -  indicates  the  middle  point  of  the  beam;  hence, 2i 

in  this  case,  the  maximum  bending  moment  comes  at  the 

point  of  zero  vertical  shear. 

43.  Graphic  Method.  —  The  graphic  method  will  now 

be  applied  to  the  case  of  a  simple  beam  uniformly  loaded. 

Let  the  distance  between  the  supports  in  Fig.  14  be  12  feet, 

and  let  the  total  load  uniformly  distributed  over  the  beam  be 

216  pounds.  Divide  the  load  into  a  convenient  number  of 

equal  parts,  the  more  the  better—  12  in  this  case.  The  load 

that  each  part  represents  is  216  -5-  12  =  18  pounds.  For 

convenience,  lay  off  O  C  on  the  vertical  line  through  the  left- 

hand  support,  equal  to  216  pounds  to  the  scale  chosen,  and 

divide  it  into  twelve  equal  parts,  Oa,ab,  etc.;  each  part  will 

represent  18  pounds  to  the  same  scale.  Choose  a  pole  P 

and  draw  the  rays  PO,Pa,Pb,  etc.  Through  the  points  d,  <?, 
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etc.,  the  centers  of  gravity  of  the  equal  subdivisions  of  the 

load,  draw  the  verticals  dl,  e3,  /5,  etc.,  intersecting  the  hori- 

zontals through  0,  a,  6,  etc.,  in  1,  3,  5,  etc.  Draw  0 1,1-2, 

2-3,  3-4,  4-5,  etc.,  and  the  broken  line  thus  found  will  be  the 

shear  line.  In  drawing  the  shear  line  for  a  uniform  load  in 

this  manner,  it  is  assumed  that  each  part  of  the  total  load  is 

concentrated  at  its  center  of  gravity,  or,  in  other  words,  that 

a  force  equal  to  each  small  load  (18  pounds)  acts  on  the 

beam  at  each  of  the  points  d,  e,/,  etc. 

_.,--**       Scale  of. forces  1 

Settle  of  distances FIG.  14 

Construct  the  diagram  of  bending  moments  in  the  ordi- 

nary manner  by  drawing  gi  parallel  to  PO,  ik  parallel  to 

Pa,  etc.  Draw  PM  parallel  to  gh,  and  Mq  horizontal;  Mq 

is  the  shear  axis.  When  the  load  is  uniform  and  the  work 

has  been  done  correctly,  OM  should  equal  MC,  that  is,  the 
reactions  of  the  two  supports  are  equal. 

44.  The  shear  lirre~"i'S  not  in  reality  a  broken  line,  as 

shown,  since '"trie  load  is  distributed  'evenly  over  the  entire 
beam,  and  not  divided  into  small  loads  concentrated  at  d,  e,  /t 
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etc.,  as  was  assumed.  The  points  1,  3,  etc.  are  evidently 
too  high,  and  the  points  2,  4,  etc.  too  low.  To  find  the 
real  shear  line,  bisect  the  lines  1-2,  3-4,  etc.,  locating  the 
points  6,  7,  8,  etc.  Trace  a  line  through  0,  6,7,8  ...  N, 
and  it  will  be  the  real  shear  line.  For  all  cases  of  a  uniform 
load,  the  shear  line  will  be  straight  and  may  be  drawn  from 
0  to  N  directly. 

The  diagram  of  bending  moments  is  also  not  quite  exact, 
but  may  be  corrected  by  tracing  a  curve  through  the  points  £ 
and  h,  which  will  be  tangent  to  gi,  ik,  k  I,  etc.  at  their  middle 
points,  as  shown  in  the  figure. 

45.  To  find  the  maximum  bending  moment  for  any  beam 

having  two  supports,  draw  a  vertical  line  through  r,  where 
the  shear  line  c  .5  the  shear  axis;  the  intercept,  5 1  =  y,  on 
the  diagram  of  bending  moments  will  be  the  greatest 

value  of  y,  and  consequently  the  greatest  bending  moment 

=  HXy.  In  the  present  example,//  =  Pu  =  247.5  pounds, 
and  maximum  y  =  st  =  15.72  inches;  hence,  the  maximum 

bending  moment  =  ffy  =  247.5  X  15.72  =  3,890.7  inch- 

pounds.  No  matter  how  the  beam  may  be  loaded,  the  fore- 
going is  still  true.  In  Fig.  12,  the  shear  line  cuts  the  shear 

axis  at  2,  and  d8',  on  the  vertical  through  2,  was  shown 
previously  to  be  the  maximum  intercept. 

SIMPLE    BEAMS    WITH    MIXED    LOADS 

46.     Analytic  Method.— Let  AB,  Fig.  15,  represent  a 
simple  beam /feet  long,      ̂    .           ie 
with  a  uniform  load  of  w 

.   *F. 
3? 

pounds  per  foot  of 
length,  and  with  loads  ̂ t         x  Jg 

of  Fj.  and  Fa  pounds  at     *'"  l ,.    .  r    /  17  PIG.  15 a  distance   of  A  and  /2 
feet  from  ./?,.     The  algebraic  sum  of  the  vertical  forces  being 

equal  to  zero,  J?t  +  J?a  —  Ft  —  Fa  —  zv  I  =  Q,  or, 
»->.r-i  7-1        i         T-«        i  7  /"1\ 

^?!     +    jR2      =      /*!     +    Fa    +     ̂    *  (   J-  / 

/r1,-FSJ  and  w/  being  known  from  the  conditions  of  the  prob- 
lem, it  becomes  necessary  to  find  R1  or  R*  before  the  other 
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can  be  determined  by  formula  1.  In  order  to  determine  R3, 

take  the  moments  of  all  the  vertical  forces  about  Rl  as  a 

center.  The  moment  of  R,  will  then  be  zero,  and  the 

moment  of  R,,  the  only  other  force  acting  upwards,  will 

equal  the  moments  of  all  the  downward  forces,  or  Rzl  —  /\  h 
4-  Ft  I*  +  i  w  l\  Dividing  both  sides  of  the  equation  by  I 

gives 
R    =        i  .        w  (2) 

If 

This  value  for  R*  may  be  substituted  in  formula  1  to 

determine  J?!,  or  R-,  may  be  determined  in  a  manner  similar 

to  that  by  which  R,  was  found,  that  is,  by  taking  moments 
about  R3  as  a  center.  Thup, 

i 

Any  two  of  the  above  formulas  may  be  used  to  find  R, 
and  R,,  and  the  third  may  be  used  to  check  the  results. 

It  has  been  shown  that  the  shear  passes  from  a  positive 

to  a  negative  value,  that  is,  it  has  a  zero  value,  at  the 
section  at  which  the  maximum  bending  moment  occurs,  for 

beams  uniformly  loaded  or  loaded  with  concentrated  loads 

only.  It  can  be  shown,  by  an  intricate  process,  that  the  point 
of  zero  shear  for  a  simple  beam  loaded  with  a  mixed  load 

is  also  at  the  point  of  the  maximum  bending  moment.  It 

is  very  convenient  to  find  the  maximum  bending  moment 
for  a  simple  beam  with  a  mixed  load  by  first  finding  the 
point  of  zero  shear  and  then  finding  the  bending  moment 
for  this  point.  This  method  will,  therefore,  be  used  here. 

The  maximum  positive  shear  occurs  at  the  point  of  appli- 
cation of  the  left  reaction  and  is  equal  to  the  reaction.  In 

order  to  find  the  point  of  zero  shear,  it  is  necessary  to  locate 
the  point  where  the  sum  of  the  loads,  between  this  point  and 
either  reaction,  passes  from  a  value  less  than  to  a  value 
greater  than  the  reaction.  To  do  this,  it  may  be  necessary 
to  make  trials  at  the  points  of  application  of  several  different 
concentrated  loads;  and  where  a  uniform  load  is  applied,  to 
find  how  much  of  the  uniform  load  must  be  considered  in 
addition. 
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This  method  will  be  applied  to  the  simple  beam  carrying 

a  mixed  load,  as  shown  in  Fig.  15.  If  the  uniform  load 

is  w  pounds  per  foot,  the  load  between  R*  and  F1  is  w  /t.  If 

w^  is  greater  than  R^  the  point  of  zero  shear  will  lie  at  a 

distance  of  x  feet  to  the  right  of  R^  so  that  R*  =  w  x\ 
and  x  may  be  found  by  the  formula 

x  =  ̂   (4) 
w 

If  wh  is  less  than  ̂   but  (w/t  +  ft)  is  greater  than  J?lt 

the  point  of  zero  shear  will  be  at  the  point  of  application  of  ft. 

If  («//!  + ft)  is  less  than  7?t  but  (w/, +  ft)  is  greater 
than  R^  the  point  of  zero  shear  will  be  at  some  point, 

as  C,  between  ft  and  ft,  at  a  distance  of  x  feet  from  R^ 
such  that 

x  =  ̂ =-^  (5) 

If  ( w  it  _|_  /r  )  is  less  than  J?l  but  (w  I*  +  ft  +  ft)  is  greater 

than  jRlt  the  point  of  zero  shear  is  at  the  point  of  application 

of  ft.  If,  however,  (ze//, +  ft+ft)  is  less  than  R»  the 

point  of  zero  shear  will  be  at  the  distance  of  x  feet  from  R^ 
and  x  may  be  found  by  the  formula 

x  =  ̂ ziA_=^  (6) 

In  case  there  are  more  concentrated  loads,  this  method 

can  be  applied  until  the  point  of  zero  shear  is  found.  The 

same  method  can  be  applied  when  considering  the  right 

reaction  first;  but  as  the  left  reaction  is  considered  positive, 

it  is  customary  to  start  from  that  point. 

Having  located  the  point  of  zero  shear  at  some  point, 

as  C,  at  a  distance  of  x  feet  from  R^  and  between  ft  and  ft, 
the  maximum  bending  moment  is 

47.  Graphic  Method. — If  there  is  a  uniform  load  on  the 
beam  and  one  or  more  concentrated  loads,  as  in  Fig.  16,  the 

method  of  finding  the  moment  diagram  and  shear  line  is 

similar  to  that  used  in  Arts.  43  to  45.  In  Fig.  16,  let 

the  length  AB  of  the  beam  be  15  feet,  the  uniformly  dis- 
tributed load  180  pounds,  with  two  concentrated  loads,  one 
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of  24  pounds,  5  feet  from  A,  and  the  other  of  30  pounds, 
11  feet  from  A.  Draw  the  beam  and  loads  as  shown,  the 
length  of  the  beam  and  the  distances  of  the  weights  from  A 

being  drawn  to  scale.  Divide  the  uniform  load  into  a  con- 
venient number  of  equal  parts — say  10  in  this  case;  each 

part  will  then  represent  TIT"  =  18  pounds.  Draw  A  O  C,  as 
usual,  and  lay  off:  three  of  the  18-pound  subdivisions  from  O 
downwards;  then  lay  off  24  pounds  to  represent  the  first 

FIG.  16 

weight.  Lay  off  four  more  of  the  equal  subdivisions,  and 
then  the  30-pound  weight.  Finally,  lay  off  the  remaining 
three  equal  subdivisions,  the  point  C  being  the  end  of  the 
last  18-pound  subdivision.  O  C  should  then  equal  180  +  24 
4-  30  =  234  pounds  to  the  scale  to  which  the  weights  were 
laid  off.  It  will  be  noticed  that  the  equal  subdivisions  of 
the  load  were  laid  off  on  O  C  until  that  one  was  reached  on 
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which  the  concentrated  loads  rested,  and  that  the  concen- 
trated loads  were  laid  off  before  the  equal  subdivision  on 

which  the  concentrated  load  rested  was  laid  off.  Had  one  of 

the  concentrated  loads  been  to  the  right  of  the  center  of 

gravity  of  the  subdivision  on  which  it  rests,  the  weight 
of  the  subdivision  would  have  been  laid  off  first.  Locate 

the  centers  of  gravity  of  the  equal  subdivisions  and  draw 

the  verticals  through  them  as  in  the  previous  case.  Choose 

a  pole  P,  draw  the  rays,  the  diagram  of  bending  moments, 

and  the  shear  axis  Mq,  as  previously  described.  To  find  the 

maximum  bending  moment,  the  shear  line  must  be  drawn 
and  its  intersection  with  the  shear  axis  determined. 

The  weight  of  the  uniform  load  per  foot  of  length  is 
W  =  12  pounds.  The  weight  of  that  part  between  A  and 
the  center  of  the  24-pound  weight  is  12  X  5  =  60  pounds. 
Lay  off  Ol  =  60  pounds  and  draw  1-2  horizontal,  cutting 
the  vertical  through  the  center  of  the  24-pound  weight  in  2. 
Draw  02  and  it  will  be  a  part  of  the  shear  line.  Lay  off 
2-3  vertically  downwards,  equal  to  24  pounds,  locating:  the 
point  3.  Lay  off  O4  equal  to  12  X  11  +  24  =  156  pounds, 
and  draw  the  horizontal  4-5,  cutting  the  vertical  through 
the  center  of  the  30-pound  weight  in  5.  Join  5  and  5  by  the 
straight  line  3-5.  Lay  off  5-6  vertically  downwards  equal 
to  30  pounds.  Draw  the  horizontal  C N,  intersecting  the 

vertical  B  g  N  in  A",  and  join  6  and  N  by  the  straight  line  G  N. 
The  broken  line  0-2-3-5-6-N  is  the  shear  line  and  cuts  the 
shear  axis  in  the  point  r.  Drawing  the  vertical r  b  a,  through  r, 
it  intersects  the  moment  diagram  in  a  and  b;  hence,  a  b  is  the 
maximum  y.  For  this  case,  the  maximum  bending  moment 

is  H  X  y  =  300  X  18.36  =  5,508  inch-pounds. 
It  is  better,  in  ordinary  practice,  to  choose  the  pole  P  on 

a  line  perpendicular  to  O  C  and  at  some  distance  from  O  C 
easily  measured  with  the  scale  used  to  lay  off  O  C.  Thus, 
suppose  O  C  to  be  laid  off  to  a  scale  of  1  inch  =  60  pounds. 
At  some  convenient  point,  as  M,  on  0  C,  draw  a  perpen- 

dicular line  and  choose  a  point  on  this  line  whose  distance 
from  0  C  shall  be  easily  measurable,  say  3|  inches.  Then, 
H  is  known  to  be  exactly  60  X  3i  =  210  pounds,  and 
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will  not  have    to   be   measured  when   finding  the  bending 
moment  Hy. 

48.  If  the  method  of  constructing  the  shear  and  moment 

diagrams  for  concentrated  loads  is  clearly  understood,  no 

difficulty  will  be  encountered  in  the  preceding  operations, 

which  may  be  expressed  by  the  following: 

Rule. — Divide  the  beam  into  an  even  number  of  parts  (the 

greater  the  better],  and  the  tmiform  load  into  half  as  many. 
Consider  the  divisions  of  the  load  as  concentrated  loads  applied, 

alternately,  at  the  various  points  of  division  of  the  beam  (the 

ends  included};  that  is,  the  first  point  of  division  (the  support} 

carries  no  load,  the  next  one  does,  the  following  one  does  not,  etc. 

Then  proceed  as  in  the  ordinary  case  of  concentrated  loads. 

OYERHTJNG  BEAMS  AND  CANTILEVERS 

49.  Overhung  Beams. — A  beam  overhung  at  one  end 
and  loaded  with  concentrated  loads  is  shown  in  Fig.  17. 
The  principles  that  have  been  applied  to  simple  beams  can 
be  applied  to  overhung  beams,  but  the  directions  of  forces 
must  be  kept  carefully  in  mind,  so  that  the  positive  and 
negative  shears  and  moments  may  be  distinguished.  If  a 
beam  overhangs  the  left  support,  the  vertical  shear  will  be 
zero  at  its  left  end  and  will  have  increasing  negative  values 

up  to  the  left  support,  where  it  will  change  to  a  large  posi- 
tive value  that  decreases  to  zero  and  then  increases  to  a 

large  negative  value  at  the  right  reaction.  If  the  beam 
overhangs  the  right  support,  the  large  negative  shear  at  the 
right  support  will  pass  to  a  large  positive  shear  that  will 
decrease  to  zero  to  the  right  of  the  overhung  load. 

As  the  vertical  shear  passes  from  a  positive  to  a  negative 
value,  that  is,  has  a  zero  value  at  more  than  one  point,  it  is 
necessary  to  calculate  the  bending  moments  for  all  such 
points,  and  to  compare  these  results  in  order  to  determine  the 
maximum  bending  moment. 

The  application  of  the  graphic  method  does  not  involve 
any  new  principles  in  cases  of  overhung  beams,  yet  there 
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are  points  in  the  construction  that  should  be  noted  carefully. 
The  reactions  are  very  similar  to  those  of  a  simple  beam, 

and  the  force  diagram  is  practically  the  same.  The  shear  dia- 

gram and  the  bending  moment  diagram  will  show  the  differ- 
ences in  shear  and  bending  forces.  The  distinction  between 

positive  and  negative  forces  and  moments  should  be  carefully 

Scale   of  forces    1=3,0.0  Ib. 

Scale  of  distances  1=8 
PIG.  17 

kept  in  mind.  Forces  acting  downwards  are  negative,  and 

moments  tending  to  produce  rotation  in  the  direction  of  the 

hands  of  a  clock  are  positive;  the  others  are  negative. 

EXAMPLE  1.— Find  the  reactions  of  the  supports,  the  maximum 

bending  moments,  and  tne  maximum  vertical  shear  ot  tne  beam 

shown  in  Fig.  17,  which  has  one  overhanging  end. 
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ANALYTIC  SOLUTION.  —  The  sum  of  the  reactions  is  equal  to  the  sum 

of  the  loads,  that  is,  ̂   +  J?,  =  40  +  30  +  60  +  50  +  70  =  250  Ib. 
Taking  the  moments  about  ̂ ?n  by  formula  2,  Art.  36, 

40  X  4  +  30  X  6f  +  60  X  IQf  +  50  X  14|  +  70  X  21j  „ 

R*  -  —  -  18|  -  ~~  --  =  172r  lb' 
Prom  formula  3,  Art.  36, 

40  X  14|  +  30  X  12  +  60  X  8  +  50  X  4  -  70  X  2f  _       , 
J?      =     —  ~  "7    ID. 

Hence,  ̂   +  ̂ 2  =  172f  +  77^  =  250  lb.,  which  checks  with  the 
above  result  of  the  sum  of  the  loads. 

The  vertical  shear  is  11  \  lb.  from  7?!  to  the  point  of  application  of  the 

40-lb.  load,  and  77f  —  40  =  37y  from  this  point  to  the  point  of  appli- 
cation of  the  30-lb.  load.  The  shear  then  reduces  to  37y  -  30  =  1%  lb., 

and  continues  the  same  to  the  point  of  application  of  the  60-lb.  load, 

when  it  becomes  7y  —  60  =  —  52f  lb.  Hence,  at  10  ft.  8  in.  from  A',, 
the  shear  passes  from  a  positive  to  a  negative  value;  the  same  is  also 
true  at  the  right  support,  where  7?2  acts.  The  bending  moments  at  jR* 

and  the  point  of  application  of  the  60-lb.  load  must  now  be  calculated 
and  the  results  compared.  The  bending  moment  for  the  beam  at  the 

60-lb.  load  is  M±  =  (77f  X  lOf  -  40  X  6f  -  30  X  4)  12  =  5,234f  in.-lb. 

The  bending  moment  about  R*  should  now  be  calculated  and  com- 
pared with  M!.  Since  the  bending  moment  is  the  same  at  /r^,  on 

whichever  side  the  forces  are  considered,  it  is  simpler  to  take  the  one 

force  to  the  right  of  7?2.  The  bending  moment  to  the  right  of  7?2  is 

positive,  while  that  to  the  left  is  negative,  and,  since  the  moments  to 
the  left  are  considered,  the  bending  moment  in  this  case  is  taken  as 

negative,  and  equal  to  M2  =  -  70  X  2|  X  12  =  -  2,240  in.-lb.  Ml 
having  a  larger  numerical  value  than  M,,  it  is  the  maximum  bending 
moment  for  the  beam. 

GRAPHIC  SOLUTION.  —  Draw  O  C  and  the  force  diagram  in  the  usual 
manner.  Construct  the  bottom  curve  of  the  moment  diagram  in  the 

same  manner  as  in  the  preceding  cases.  The  side  de  is  parallel  to  P4\ 

eh  is  parallel  to  PC  and  cuts  the  vertical  through  the  right  reaction 

.  in  h.  Join  h  and  •  g  by  the  straight  line  gh,  and  draw  PM  parallel 
to  gh.  Then,  OM=  77  lb.  =  left  reaction,  and  MC=  173  lb. 
=  right  reaction.  The  shear  line  is  drawn  until  the  point  «,  on  the 
vertical  h  n,  is  reached;  kn  here  denotes  the  vertical  shear  for  any 

point  between  the  50-lb.  weight  and  the  right  support,  and  this  shear 
is  negative.  The  point  k  denotes  the  intersection  of  the  shear  axis 
and  the  vertical  through  the  right  support.  For  any  point  to  the  right 
of  /&,  between  k  and  /,  the  vertical  shear  is  positive,  and  is  equal 

to  70  lb.;  hence,  lay  off  kq  upwards  equal  to  70  lb.,  and  draw  grlior- 
izontal.  The  line,  O-5-6-7  .  .  .  n  q  r  is  the  shear  line.  Measui- 

ing  O  M,kn,  and  kg,  it  is  found  that  OM=ll\l>.,kn=  -  103  lb., 

and  kg  =  70  lb.;  therefore,  k  n  =  '—  103  lb.  =  maximum  vertical 
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shear;  c-iis  evidently  the  maximum  y;  hence,  the  maximum  bending 

moment  =  Hy  =  P  B  X  ci  =  '200  X  26  in.  =  5,200  in.-lb.  Any 
value  of  y  measured  in  the  polygon  gabcdsg  is  positive,  and  any 
value  measured  in  the  triangle  ehs  is  negative.  Consequently,  the 
bending  moment  for  any  point  between  £  and  the  vertical,  through 

8"- 

FIG.  18 

the  center  of  the  70-lb.  weight,  is  negative,  since  ffx(-y)  =  —  Hy. 

In  all  cases,  when  designing  beams  with  overhanging  ends,  the  max- 
imum bending  moment,  whether  positive  or  negative,  should  be  used. 

In  the  present  case,  the  maximum  negative  y,  or  hj,  is  less  than  the 

I  L  T  374  B— 19 
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maximum  positive  y,  or  ct;  therefore,  the  maximum  negative  bending 
moment  is  also  less  than  the  maximum  positive  moment. 

EXAMPLE  2.—  Fig.  18  shows  a  beam  overhanging  both  supports, 
which  carries  a  uniform  load  of  15  pounds  per  foot  of  length  and  has 
five  concentrated  loads  at  distances  from  the  supports  as  marked  in 
the  figure.  Find  the  reactions  of  the  supports,  the  maximum  positive 
and  negative  bending  moments,  and  the  maximum  vertical  shear. 

ANALYTIC  SOLUTION.—  The  beam  here  has  a  uniform  load  and 
several  concentrated  loads;  hence,  a  modification  of  formula  1, Art.  46,  applies.  This  gives 

A  +  J?a  =100  +  120  +  200  +  140  +  100  +  15  X  36  =  1,200  Ib. 
Formula  2,  Art.  46,  also  applies.  J?a  =  (-  100  X  3  -  6  X  15 

X  3  +  120  X  4i  +  200  X  9  +  140  X  15  +  100  X  27*  +  15  X  30  X  15)  -  22 

Using  formula  3,  Art.  46,  ̂   =  (-  100  X  64  -  15  X  8  X  4  +  140 
X  7  +  200  X  13  +  120  X  l?i  +  100  X  25  +  28  X  15  X  14;  +  22 

=  13,030  =  592Alb> 

Hence,  ̂   +  J?3  =  592£-  +  607^  =  1,200  Ib.,  which  agrees  with  the results  obtained  above.  The  vertical  shear  has  a  zero  value  at  both 
supports  and  at  some  point  between;  this  last  point  should  be  deter- mined and  the  bending  moments  for  the  three  points  calculated  The 
one  with  the  largest  numerical  value  will  be  the  maximum  bending moment  _  At  the  left  support,  the  shear  is  ̂   minus  the  load  at  the 

hlu  rfVfT'f  ',  °r  592A  ~  10°  -  6  X  15  =  402A  Ib.     The  shear should  next  b€  >  c  a  cu  ated  under  the  120-lb.  load.     This  is  402*  -  120 
irt  7    w°  r        W'        Xt)  calculate  the  vertical  shear  under  the  200-lb 

t  thoin      '  '       r  -         =  ~  52^  Ib.     The  bending  moment 

lated;  i?^  ̂   *  °f  *"  20(Wb-  10ad  Sh°Uld  now  be  ™ 
M>  =(592^X9-100X12  -  120  X  4|  -  16  X  15  X  7*)  12 

A 

the      to  wH          g     °          are  ̂ eater  *an  the  two  at 
o 

x s 
200-lb.  load.  "  pomt  of  ̂ Plication   of  the 
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draw  PB  parallel  to  gh.  Then,  OB  =  588  Ib.  =  J?lt  and  BC 
=  612  Ib.  =  .AV  Through  B,  draw  the  shear  axis  m  q.  To  draw  the 
shear  line,  proceed  as  follows:  The  shear  for  any  point  to  the  left  of 
the  left  support  is  negative,  and  for  any  point  to  the  right  of  the  right 
support  is  positive;  between  the  two  supports,  it  is  positive  or  negative, 
according  to  the  manner  of  loading  and  the  point  considered.  The 
negative  shear  at  the  left  support  =  15  X  6  +  100  =  190  Ib.;  hence,  lay 
off  B d  downwards  equal  to  190  Ib.  For  a  point  at  a  minute  distance 
to  the  right  of  e,  the  shear  is  15  X  3  +  100  =  145  Ib.  =  e  /,  and  for  a 
minute  distance  to  the  left,  it  is  15  X  3  =  45  Ib.  =  ei;  at  in  it  is  0. 
Consequently,  mifd  is  the  shear  line  between  the  end  of  the  beam 
and  the  left  support.  Lay  off  0 1  =  B  d  =  190  Ib.  and  draw  the  shear 

line  1-2-3-4  .  .  .  n  in  the  usual  manner.  Draw  the  shear  line  5-6-7  q, 
laying  off  k  5  =  15  X  8  +  100  =  220  Ib.;  /  6  =  100  +  15  X  2$  =  137^  Ib., 
and  6-7  =  100  Ib.  At  q,  the  vertical  shear  is  again  0.  The  broken 
line  mifd  1-2-3  .  .  .  n  5-6-7  q  is  the  shear  line.  The  maxi- 

mum positive  bending  moment  is  H  X  y  =  Pu  X  sc  =  1,000  X  22.5 

=  22,500 in.-lb.  The  greatest  negative  maximum  moment  isffX(-y) 
=  Pu  X  -  th  -  1,000  X  -  11.6  =  -  11,600  in.-lb.  It  will  be  noticed 
that  there  are  two  negative  and  one  positive  maximum  bending 
moments. 

It  should  now  be  easy  to  find  the  bending  moment  for  any 
beam  having  but  two  supports,  whatever  the  character  of  the 
loading.  In  all  cases  of  loading  heretofore  discussed,  no 
other  forces  than  the  loads  themselves  have  been  considered. 
Should  forces  that  are  not  vertical  act  on  the  beam,  the  force 
polygon  will  be  no  longer  a  straight  line,  but  a  broken  line, 
somewhat  similar  iu  character  to  O-1-2-3-4-5  in  Fig.  5. 

horizontal    beam    with   one    end 
/ 

X 

^o  I  b.  per  ft. 

50.     Cantilevers. — A 
built  into  a  wall,  the  wall 
being  its  only  support,  is   M 
a  cantilever.      Such  a  j| 

beam    is    shown    i  n.  || 
Fig.  19.     In   this    case, 
the  beam  A  B  is  loaded 

with  a  mixed  load — a  uniform  load  of  w  pounds  per  foot 
and  a  concentrated  load  of  F^  pounds  at  a  distance  of  /,.  feet 
from  the  wall.     There  being  only  one  support,  the  beam  will 
have  only  one  reaction  R,  which  will  equal  the  sum  of  the 
loads,  or 

FIG,  19 
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The  wall  above  the  beam  at  the  fixed  end  holds  the  beam 

in  position;  hence  it  exerts  a  downward  force  and  produces 

a  negative  shear  at  the  point  of  support  of  the  beam.  The 

reaction  R  acting  upwards,  however,  gives  a  positive  shear, 

so  that  at  the  point  of  support  of  the  beam  the  vertical  shear 

passes  from  negative  to  positive;  that  is,  it  has  a  zero  value. 

This  point  will,  therefore,  be  the  point  of  maximum  bending 
moment,  and  the  formula  for  Mis 

M=FJ1  +  ̂wT          (2) 

51.     Graphic  Method  for  Cantilever.— In  Fig.  20  is 

  H 

iScale  of  forces  J.  =100   Ib, 
Scale  of  distances  1  =3 

PIG.  20 

shown  a  cantilever  projecting  10  feet  from  the  wall.  It 

carries  a  uniform  load  of  16  pounds  per  foot  of  length,  and 

a  concentrated  load  of  40  pounds  at  a  distance  of  3i  feet 
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from  the  wall.  The  maximum  bending  moment  is  required. 

The  method  is  similar  to  that  shown  in  Fig.  18,  except  that, 

as  there  is  but  one  support,  there  can  be  but  one  reaction. 

Since  the  beam  is  10  feet  long,  the  total  weight  of  the  uni- 
form load  is  16  X  10  =  160  pounds.  Hence,  the  reaction 

_  160  +  40  =  200  pounds. 

Draw  O  C  equal  to  200  pounds  to  some  convenient  scale. 

Draw  P  C  perpendicular  to  0  C  at  C  and  choose  the  pole  P 

at  a  convenient  distance  from  O  C.     For  convenience,  divide 

the  uniform  load  into  ten  equal  parts,  as  shown;  then,  each 

part  will  represent  16  pounds.     Lay  off  Cl,  1-2,  2-3,  each 

equal  to   16  pounds,   and  3-4   equal    to   40  pounds.     Also, 

4-5,   5-6,    6-7,    etc.,    equal    to    16    pounds    each.      3    feet 

3  inches  =  3i  feet,  and  16  X  3i  =  52  pounds.     Lay  off  O  a 

=  52  pounds,  and  draw  ab,  meeting  the  vertical  through  the 

center  of  the  weight  in  b.     Draw  Ob;    lay  off  be  equal  to 

40  pounds   and  draw   Cn.     Ob  en  is  the   shear  line.     The 

perpendicular  through  the  point  C  coincides  with  P  C;  hence, 

nPC  is  the  shear  axis.     Draw  the  line  get  of  the  moment 

diagram  as  in  the  previous  cases.     In  Fig.  16,  and  in  the 

preceding  figures,   the  line  gh  was   drawn  connecting  the 

extreme  ends  of  the  bottom  line;   in  other  words,  rejoined 

the  points  where  the  equilibrium  polygon  cut  the  lines  of 

direction  of  the  reactions  of  the  supports.     This  cannot  be 

done  in  this  case,  because  there  is  no  right  reaction;  there- 

fore, gh  must  be  drawn  by  means  of  some  other  property  of 

the  polygon.     In    the  previous  cases,   the   shear   axis   was 

drawn  perpendicular  to  O  C  at  the  point  where  a  line  through 

the  pole  P  parallel  to  gh  cut  0  C,  or,  in  other  words,  the 

shear  axis  was  drawn  through  the  point  which  marked  the 

end   M  of    the    left   reaction    0  M.     In    the    present   case, 

Fig.  20,  the  point  C  is  the  end  of  the  left  reaction;  hence,  fh 

is  drawn  parallel  to  PC,   hg  is  the  maximum  y,   and  the 

bending  moment  =  Hy  =  PC  X  hg  =  90  X  124  =  11,160 
inch-pounds. 

It  will  also  be  noticed  that  the  distance  y  =  hg  is  measured 

from  the  line  hf  upwards,  while,  for  all  points  between
 

the  supports  in  the  previous  examples,  this  distance  w
as 
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measured  downwards.  The  same  observation  is  true  for  any 
point  between  h  and  /;  hence,  for  a  cantilever,  all  bending 
moments  are  negative.  _ 

EXAMPLES    JTOR    PRACTICE 

1.  A  simple  beam  24  feet  long  carries  four  concentrated  loads  of 
160,  180,  240,  and  120  pounds  at  distances  from  the  left  support  of 
4,  10,  16,  and  21  feet,  respectively,     (a)  What  are  the  values  of  the 
reactions?    (6)   What  is  the  maximum  bending  moment  in  inch-pounds? 

.        {(a)  R,  =  333|  lb.;  Rz  =  366|  Ib. •ans-t(*j  28,480  in.-lb. 

2.  A  simple  beam  carries  a  uniform  load  of  40  pounds  per  foot,  and 
supports  two  concentrated  loads  of  500  and  400  pounds  at  distances 
from  the  left  support  of  5  and  12  feet,  respectively;  the  length  of  the 
beam  is   18    feet.     What    are:   (a]  the   reactions?     (b}  the  maximum 

bending  moment  in  inch-pounds? 
0)  Ri  =  8543  lb.;  R*  =  765*  lb. in.-lb. 

3.  A  cantilever  projects  10  feet  from  a  wall  and  carries  a  uniform 
load  of  60  pounds  per  foot;  it  also  supports  three  concentrated  loads 
of  100,  300,  and  500  pounds  at  distances  from  the  wall  of  2,  5,  and  9 
feet,  respectively.     Required:    (a)  the  maximum  vertical  shear;   (b)  the 

maximum  bending  moment  in  inch-pounds.     A        f  (a)   —  1,500  lb. Ans>  \(d)  110,400  in.-lb. 

4.  A  beam  that  overhangs  one  support  sustains  six  concentrated 
loads  of  160  pounds  each  at  distances  from  the  left  support  of  4  feet 
9  inches,  7  feet,  9  feet  6  inches,  12  feet,  15  leet,  and  18  feet  3  inches, 
respectively,  the  distance  between  the  supports  being  16  feet.     What 
are:  (a]  the  reactions?  (d)  the  maximum  bending  moment? 

.       /(«)  7?!  =  295  lb.;  J?,  =  665  lb. AnSl\(£)  20,460  in.-lb. 

5.  A  beam  that  overhangs  both  supports  equally  carries  a  uniform 
load  of  80  pounds  per  foot,  and  has  a  load  of  1,000  pounds  in  the 
middle,  the  .length  of  the  beam  being  15  feet,  and  the  distance  between 

the  supports  8  feet.     What  is:  (#)  the  vertical  shear?  (d)  the  maxi- 
mum bending  moment?  *„„  /  («)  820  lb. 

)  25,800  in.-lb. 
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STRENGTH  OF  BEAMS 

1.  Beams  of  various  kinds  were  defined. in  Strength  of 

Materials,  Part  1,  and  the  external  forces  acting  on  them  were 

considered.     When  a  beam  is  acted  on  by  external  forces  it 

is  deformed,   thus  bringing  into   action  internal  forces  or 

stresses  that  resist  the  external  forces. 

The  strength,  of  the  beam  depends  on  the  stresses  that  the 

material  of  which  it  is  composed  is  capable  of  exerting. 

These  stresses  are  different  for  different  parts  of  the  cross- 

section  of  any  beam.  Formulas  for  the  strength  of  the  beam, 

therefore,  take  into  consideration  the  maximum  stresses. 

2.  Tfce  Neutral  Axis.— In  Fig.  1,  let  A  BCD  represent 

a  cantilever.     Suppose  that  a  force  F  acts  on  it  at  its  extrem- 

ity A.     The  beam  will  then  be  bent  into  the  shape  shown  by 
A1  BCD'.     It  is    evident, 
from  the  illustration,  that 

the  upper  part  A'  B  is  now 
longer  than  it  was  before 
the  force  was  applied;  that 

is,  A' B  is  longer  than  A  B. 
It  is   also  evident  that 
D'  C  is  shorter  than  D  C. 

Hence,  the  effect  of  the  force  F  in  bending  the  beam  is  to 

lengthen  the  upper  fibers  and  to  shorten  the  lower  ones.     In 

other  words,  when  a  cantilever  is  bent  through  the  action  of 
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STRENGTH  OF  MATERIALS,  PART  2 

a  load,  the  upper  fibers  are  in  tension  and  the  lower  fibers 
in  compression.  The  reverse  is  the  case  in  a  simple  beam 
in  which  the  tipper  fibers  are  in  compression  and  the  lower 
fibers  in  tension. 

Further  consideration  will  show  that  there  must  be  a 
fiber  S  S"  that  is  neither  lengthened  nor  shortened  when  the 
beam  is  bent,  that  is,  Sf  Sr/  equals  SS".  When  the  beam  is 
straight,  the  fiber  SS",  which  is  neither  lengthened  nor  short- 

ened when  the  beam  is  bent,  is  called  the  neutral  line. 
There  may  be  any  number  of  neutral  lines  dependent  only  on 
the  width  of  the  beam.  For,  let  bade,  Fig.  1,  be  a  cross- 
section  of  the  beam.  Project  6*  on  it  in  $ x.  Make  b  sa  equal 
ttsi  and  draw  .s^s,;  then,  any  line  in  the  beam  that  touches  s1  s* 
and  is  parallel  to  SS"  is  a  neutral  line.  Thus,  in  Fig.  2,  Si  Sf, 

SS,  SaS",  etc.,  are  all 
neutral  lines.  The 

line  SlSa  is  called  the 
neutral  axis,  and 

the  surface  SiS'S"Sa 
is  called  the  neutral 
surface.  The  neutral 

axis,  then,  is  the  line 
of  intersection  of  a 
cross-section  with  the 
neutral  surface.  It  is 

shown  in  works  on  mechanics  that  the  neutral  axis  always 
passes  through  the  center  of  gravity  of  the  cross-section  of  the  beam. 

3.  Experimental  Law. —  When  a  beam  is  bent,  the  hori- 
zontal elongation  or  compression  of  any  fiber  is  directly  pro- 

portional to  zfs  distance  from  the  neutral  surface,  and,  since 
the  deformations   are   directly  proportional   to   the   horizontal 
stresses  in  each  fiber,  they  are  also  directly  proportional  to  their 
distances  from  the  neutral  surface,  provided  that  the  elastic  limit is  not  exceeded. 

4.  External    and    Internal    Forces.— The    external 
forces  acting  on  a  beam  are  the  loads  that  the  beam  sup- 

ports and  the  reactions  of  the   supports.      For  nearly  all 
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practical  cases  these  forces  act  vertically;  and  when  they  do 

not,  they  can  be  resolved  into  components  parallel  and  perpen- 
dicular to  the  beam.  These  forces  induce  or  cause  stresses 

of  two  kinds.  One  is  a  shearing  stress  that  is  equal  to  the 
vertical  shear  on  any  section  of  the  beam;  the  other  is  a 

bending  stress  that  resists  the  bending  action  of  the  external 
forces.  The  bending  stress  is  composed  of  tension  stresses 
on  one  side,  and  of  compression  stresses  on  the  other  side 
of  the  neutral  axis  of  the  beam. 

As  these  internal  stresses,  for  any  section  of  a  beam, 

are  opposite  in  the  upper  and  lower  parts,  they  produce  a 

turning  moment  about  the  neutral  axis  of  the  section.  This 

internal  moment,  or  the  moment  of  the  stresses  in  any  sec- 
tion, is  called  the  moment  of  resistance  of  the  section.  From 

the  fact  that  the  beam  remains  in  one  position,  the  moment 

of  the  external  forces  at  any  section  must  equal  the  moment 

of  resistance  of  the  same  section.  The  moment  of  resistance 

depends  directly  on  the  maximum  stress  of  the  material. 

5.  Theory  of  Beams. — The  generally  accepted  theory 
of  beams  may  be  stated  thus:  The  bending  moment  at  any 

section  of  a  beam  is  equal  to  the  maximum  fiber  stress  in  that 

section  multiplied  by  the  modulus  of  the  section.  The  modulus 

of  the  section  is  dependent  entirely  on  the  size  and  shape  of 

the  section  and  not  on  the  material  $f  the  beam.  This  mod- 
ulus will  be  considered  more  fully  later. 

The  theory  of  beams  is  based  on  three  important  assump- 
tions, which  are:  (a)  that  the  fibers  of  a  beam  do  not  slide, 

lengthwise  of  the  beam,  on  one  another;  (d)  that  the  fiber 

stress  is  proportional  to  the  distance  of  the  fiber  from  the 

neutral  axis;  (c)  that  the  modulus  of  elasticity  is  the  same 

for  both  tension  and  compression.  While  these  assumptions 

may  not  be  strictly  true  for  all  cases,  yet  they  are  so  nearly 

true  that  formulas  based  on  this  theory  are  sufficiently  relia- 

ble for  practical  use.  The  value  of  the  theory  is  that  it  fur- 
nishes a  satisfactory  basis  for  formulas  for  beams.  It  also 

has  the  advantange  of  making  an  otherwise  complicated 

subject  comparatively  simple. 



n 
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RESISTANCE    TO    BENDING 

6.     Equation  of  Moments  in  Bending. — Suppose  the 
beam   to   be  a  rectangular  prism;   then  every  cross-section 

will  be  a  rectangle,   and  the  neutral 
axis  will  pass   through  the  center  o, 

Fig.  3.     Let  the  perpendicular  distance 

i  from  the  neutral  axis  MN  to  the  outer- 1  •£*• 

most  fiber  be  denoted  by  c,  and  let  the 
horizontal  unit  stress  (stress  per  square 

inch)  for  bending,  at  the  distance  c  from 
the  axis,  be  denoted  by  St.  If  a  is  the 

FIG.  3  area  of  a  fiber,  the  stress  on  the  outer- 
most fibers  will  be  a  S6.     The  stress  on  a  fiber  at  the  distance 

O 

unity  ( 1  inch)  from  MN  is  — — ;  and  the  stress  on  a  fiber  at  the c 
o  o 

distance  r*  is  — —  X  n  =  ̂-!±!?J.     The  moment  of  this  stress 
c  c 

about  the  axis  MN  is  ̂ A^i  X  ̂   =  *^*£-  =  ̂ar,\     The c  c  c 

moment  of  the  stress  on  any  other  fiber  at  a  distance  ra  from 
o  C 

MN  is  evidently  --ara*,  and  for  a  distance  ra,  --ar,2,  etc. c  c 

If  n  is  the  number  of  fibers,  the  sum  M  of  the  moments  of 
the  horizontal  stresses  on  all  the  fibers  is 

C*  C*  C* 

M  =•  —  a  r*  4-  —  a  r*  +  — -  a  r,"  + ,  etc. 
c       1        c       *         c 

=  ̂  (a  r?  +  a  rf  +  a  ra*  +  .   .  .a  rn*) c 

—  si  ( if  2      I      -j/-  3    .^L.    *•  3    „„„[„.,  ^   3  J —  ~ •""•  CL \ T i    ~t~  f  2    ̂ r  *  3     i^   *   *    •   ' «  / 
c 

Now,  let  r  be  a  quantity  whose  square  equals  the  mean  of 
the  squares  of  t\,  r,,  ra,  .  .   .  rn.     Then, 

n 

and,    therefore,    rS  +  r*  +  r*  +  .  .  .  +  r»    =  n~/*.     Substi- 

C1 

tutingf,  we  get  M  =  --na  r*t     But,  since  a  is  the  area  of  one c 
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fiber,  na  is  the  area  of  all  the  fibers,  that  is,  the  area  A  ot 
the  cross-section;  hence,  the  sum  of  the  moments  of  all  the 

c 
horizontal  stresses  is  --  A  r". c 

7.  The  expression  A  r2  that  is  found  by  dividing  a  sec- 
tion into  a  large  number  of  minute  areas  (a,  a,  etc.),  multi- 

plying each  area  by  the  square  of  its  distance  from  an  axis 

(r^,  r**,  rs\  etc.),  and  then  adding  the  products  thus  obtained, 
is  called  the  moment  of  Inertia  of  the  section  with  respect 

to  that  axis,  and  is  usually  denoted  by  the  letter  7.     Hence, 

7=  Ar3 The  quantity  r  whose  square  is  the  mean  of  the  squares  of 
all  the  distances  of  the  minute  areas  from  the  axis  is  called 
the  radius  of  gyration. 

8.  The  sum  of  the  moments  of  all  the  horizontal  stresses 
o  c1  r 

may  then  be  written  as  --Arz  =  --7,  or  S1*-;   this  expres- c  c  c 

sion  is  called  the  moment  of  resistance,  since  it  is  the 

measure  of  the  resistance  of  the  beam  to  bending  (and  con- 

sequently to  breaking)  when  loaded.  The  resisting  moment 

must  equal  the  bending  moment  when  the  beam  is  in  equilib- 
rium; hence,  denoting  the  bending  moment  by  M, 

c  f 

c 

The  term  -  in  this  formula  is  called  the  modulus  of  the c 

section. 

9.  Table  of  Ultimate  Strength. — The  values  of  7and  c 

depend  wholly  on  the  size  and  form  of  the  cross-section  of 
the  beam,   and  Sb  is  the  ultimate  bending  strength  of  the 

material.     In  Table  I,  the  average  ultimate  strengths  in  bend- 

ing, St,  are  given  for  a  number  of  materials.     These  values 

represent  the  average  results  of  a  large  number  of  experi- 
ments, in  which  beams  of  the  several  materials    were    so 

loaded   that  the   loads   could  be   accurately  found   and  the 

bending  moments  M  calculated.     The  values  of  7  and  c 



then  determined  from  the  measurements  of  the  cross-sections 

of  the  beams,  and  the  values  of  St  were  calculated  by  the 
formula  in  Art.  8. 

TABLE  I 

ULTIMATE    STRENGTH    IN    BENDING 

Material Pounds  per  Square  Inch 

s» 

30,000 
Wrought  iron    .          

45,000 
Steel         

65,000 Ash     .        .        ......... 
8,000 Concrete      

700 

Stone             
1,200 Hemlock    .......... 

Oak   white             ....... 

3,5oo 

6,000  ' 

Pine   white            ...        ... 

4,000 

Pine,  yellow      .    .    ,..,,. 

Spruce             
7,000 

3,000 

Chestnut      

4,500 
10.  Table  of  Moments  of  Inertia. — Exact  values  of 

the  moment  of  inertia  /  for  most  cross-sections  can  only  be 
determined  by  the  aid  of  higher  mathematics.  The  least 
value  of  /  occurs  when  the  axis  passes  through  the  center  of 

gravity  of  the  cross-section,  that  is,  when  /  is  found  with 
reference  to  the  neutral  axis.  The  least  moments  of  inertia  1 

for  a  number  of  sections  are  given  in  the  table  of  Moments 
of  Inertia  at  the  end  of  this  Section;  also,  the  area  A  of  the 
sections  and  the  values  of  c.  The  dotted  line  indicates  the 

position  of  the  neutral  axis,  about  which  the  moment  of 
inertia  is  taken. 

In  the  table  of  Moments  of  Inertia,  A  is  the  area  of  the 
section,  and  TC  is  the  ratio  of  the  circumference  of  a  circle  to 
its  diameter  =  3.1416.  It  will  be  noticed  that  d  is  always 
taken  vertically,  except  in  section  3. 
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11.  Moment  of  Inertia  of  Combined  Shapes. — When 

the  moment  of  inertia  of  simple  forms  of  cross-sections,  like 

those  shown  in  the  table  of  Moments  of  Inertia,  is  known, 

the  moments  of  inertia  of  any  shape  composed  of  these 

shapes  may  be  found. 

Let  7X  =  moment  of  inertia  about  an  axis  through  centei 

of  gravity  of  section; 
/  =  moment  of  inertia  about  any  parallel  axis; 

A  —  area  of  cross-section; 
r  =  distance  between  axes  of  /,.  and  /. 

Then,  I^I^  +  AS 

This  formula  may  be  expressed  in  words  thus:  The 

moment  of  inertia  of  any  area  about  any  axis  is  equal  to  its 

moment  of  inertia  about  a  parallel  axis  through  the  center 

of  gravity,  plus  the  product  of  the  area  and  the  square  of 

the  distance  between  the  axes.  The  sum  of  the  moments 

of  inertia  of  the  parts  of  any  figure  about  a  given  axis  is 

equal  to  the  moment  of  inertia  of  the  entire  figure  about 
the  same  axis. 

EXAMPLE.— What  is  the  moment  of  inertia  of  the  section  of  a  beam 

shown  in  Fig.  4,  about  the  horizontal  axis  a  b  through  the  center  
of 

gravity? 

SOLUTION.— It  is  first  necessary  to  find  the  center  of  gravity  of  the 

section.  Let  the  axis  a  b  pass  through  the  center  of  gravity  at  a  dis- 

T 

i 

a — J—   

tance  of  x  inches  from  the  top  line  cd. 

The  figure  can  be  readily  divided  into 

rectangles,  and  the  center  of  gravity 

of    each    rectangle    can    be   found. 

Then,  by  the  principle  of  moments, 

the   moment    of    the    entire   section 

about  c  d  is  equal  to  the  sum  of  the 

moments  of  the  parts  about  the  same 

axis.    Let  e,  f,  and  g  be  the  rectangles 

into  which  the   section  is  divided. 

The  area  of  e  is  2  X  4  =  8  sq.in.,and 

its  center  of  gravity  is  1  in.  from  cd. 

The  area  of /is  2X  4  =  Ssq.in.,  and 

its  center  of  gravity  is  2  +  2  =  4  in.  from  c  d.     The  area  of  g  is  2  X 
 8 

•=  16  sq.  in.,  and  its  center  of  gravity  is  1  +  4  +  2  =  7  in.  from  c 
 d. 

The  area  of  the  entire  section  is  e  +  f  +  g  =  8  +  8  +  16  =  32  sq.  in., 

and    its    center   of    gravity   is    x  inches    from    cd.      Then    by    the 
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principle  of  moments  stated  above,  32jtr  =  8X1  +  8X4+  16  X  7,  or  x 
Qv1IQv4.4-1fiV7 

_  o  x  A  f  o  A  *  -r  J.o  AJ.  _  4|  in_     Af  ter  locating  tiie  center  of  gravity 
d£i 

of  the  entire  figure,  find  the  distance  between  the  axis  a  b,  through 
the  center  of  gravity  of  the  figure,  and  the  center  of  gravity  of  each 

part.  The  center  of  gravity  of  e  is  4f  -  1  =  3f  in.  from  ab\  the 
center  of  gravity  of  f  is  4|  —  4  =  |  in.  from  a  b\  and  the  center  of 
gravity  of  g  is  7  —  4-f  =  2J  in.  from  a  b.  The  moment  of  inertia  of  a 
rectangle  about  an  axis  through  its  center  of  gravity  is,  from  the  table, 

/  =  —  --.     Letting  the  moments  of  inertia  of  e,  f,  and^be/^,  /*,  and  Ic, 
1-6 

.-     ,      ̂         r        4X2X2X2       „,  2X4X4X4  , 
respectively,  then  /„  =  -  ^  --  =  2-$,  J&  =  -  ^  -  =  J-1%, 

o  v"  0  v*  O  \s  O 

and  Ic  =  —  —  („-        -  =  5i.    Let  ra,  ft,  andr,  represent  the  distances 
of  their  centers  of  grivity  from  a  b,  and  let  their  moments  of  inertia 
about  ab  be  //,  //,  and  /,'.  Then  IJ  =  Ia  +  eraz  =  2|  +  8  X  3| 
X3f.=  115*.  /*'  =  It.+  frf  =  10I  +  8XI  X!  =  154-  U  =  Ic 
+  g  re*  =  5i  +  16  X  2|  X  2|  =  86J.  The  moment  of  inertia  of  the 
entire  figure,  about  a  bt  is  the  sum  of  the  moments  of  inertia  of 
the  parts,  or 

/,  =  IJ  +  IJ  +  //  =  1154  +  154  +  86|  =  216|.    Ans. 

12.  Design  of  Beams.  —  Taking  the  formula  in  Art.  8, 
the  bending,  moment,  in  inch-pounds,  may  be  found  by 
either  of  the  methods  described  in  Strength  of  Materials^ 
Part  1,  or  calculated  by  means  of  the  table  of  Bending 
Moments  given  at  the  end  of  this  Section.  If  it  is  desired 
to  find  the  size  of  a  beam  that  will  safely  resist  a  given 
bending  moment,  take  S»  from  Table  I,  and  divide  it  by  the 
proper  factor  of  safety  taken  from  Strength  of  Materials, 
Part  1.  With  the  factor  of  safety  /  introduced  into  the 
formula  of  Art.  8,  it  becomes 

M=^iL          (1) fc 

T-,  I  Mf  /0> 

From  this  -  =  -^~  ,2) C          OA 

Substituting-  the  values  of  Mt  /,  and  St,  the  value  of  - c 
is  found. 
The  material  of  the  beam  and  its  shape  will  usually  be 

Determined  by  the  conditions  under  which  it  is  to  be  used, 
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and  the  cross-section  will  probably  have  the  form  of  some 
one  of  the  sections  shown  in  the  table  of  Moments  of  Inertia. 

The  kind  and  shape  of  beam  having  been  decided  on,  the 

size  can  be  so  proportioned  that  -  for  the  section  shall  not c 

be  less  than  the  value  calculated  above.  An  example  will 
make  this  clear. 

EXAMPLE.—  What  should  be  the  size  of  an  ash  girder  to  resist  safety 

a  bending  moment  of  16,000  inch-pounds,  the  cross-section  to  be  rect- 
angular and  the  load  steady? 

SOLUTION.—  From  formula  2,  -  =  —".    M  =  16,000;  from  Table  I, 
,     „    ,       /      16,000  X  8 

S»  =  8,000;  from  Strength  of  Materials,  Part  1,  /=  8;  then  -  -  —  ̂ -^  — 

=  16.  From  the  table  of  Moments  of  Inertia,  /  =  -jg-  and  c  =  ̂   for  a 

rectangle;  hence,  -  =  ̂   X  §  =  ~-  =  16,  or  b  d*  =  96.  Any  number .^5  CL  D C 

of  values  of  b  and  d  can  be  found  that  will  satisfy  this  equation.  If  b 

is  taken  as  6  in.,  d«  =  *§•  =  16  and  d  =  Vl6  =  4.  Hence,  the  beam 

may  be  6  in.  X  4  in.,  with  the  short  side  vertical.  When  possible,  it 

is  always  better  to  have  the  longer  side  vertical.  If  b  is  taken  as  2  in., 

d*  =  48  and  d  =  V48  =  7  in.,  nearly;  hence,  a  2"  X  7"  beam  will  also 

answer  the  purpose.  The  advantage  of  using  a  2"  X  7"  beam  instead 
of  a  6"  X  4"  beam  is  evident,  since  the  6"  X  4"  beam  contains  nearly 

twice  as  much  material  as  the  2"  X  1"  beam.  Thus,  the  area  of  the 

cross-section  of  a  6"  X  4"  beam  is  24  sq.  in.,  and  of  a  2"  X  7"  beam, 

14  sq.  in.  Moreover,  the  2"  X  7"  beam,  with  its  long  side  vertical,  is 

slightly  stronger  than  the  6"  X  4"  beam,  with  its  short  side  vertical, 

since  i  =  ?_><  11  =  16|  for  the  former,  and  ~-—  =  16  for  the  latter. c  6  ° 

If  the  6"  X  4"  beam  had  its  longer  side  vertical,  thus  making  it  a 

4"  X  6"  beam,  -  would  then  equal  ̂ —  =  24,  and  the  safe  bending 

moment  could  be  increased  to  M  =  f/  =  *>m*  ̂   -  24,000  in.-lb. Ans. 

13.  Ultimate  Strength.—  If  the  breaking:  bending 

moment,  the  form,  and  the  size  of  cross-section  of  the 

beam  are  known,  the  ultimate  strength  in  bending  S6  can 

be  readily  found  from  the  formula  in  Art.  8  by  substituting 

the  values  of  M,  /,  and  c,  and  solving  for  S>. 
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EXAMPLE.—  A  cast-iron  bar  2  inches  square  breaks  when  the  maxi- 
mum bending  moment  is  63,360  inch-pounds;  what  is  its  ultimate 

strength  in  bending? 

•  -  -  .4 

63  360  X"  1 therefore,  5*  =     _^       ?4  •  =  47,520  lb.  per  sq.  in.    Ans. 

14.  Table  of  Bending  Moments.  —  In  order  to  save 
time  in  calculating-,  the  bending-  moments  for  cases  of  simple 
loading:  are  given  in  the  table  of  Bending  Moments  at  the 
end  of  this  Section.  W  denotes  a  concentrated  load,  and  w 
the  uniform  load  per  inch  of  length.  All  dimensions  are  to 
be  taken  in  inches  when  using  the  formulas. 

For  any  other  manner  of  loading  than  is  described  in  the 
table  of  Bending  Moments,  the  maximum  bending  moment 
may  be  obtained  by  finding  the  point  of  zero  shear  and  cal- 

culating the  bending  moment  for  that  point. 

EXAMPLE  1.—  A  wrought-iron  cantilever,  6  feet  long,  carries  a  uniform 
load  of  50  pounds  per  inch;  the  cross-section  of  the  beam  is  an  equi- 

lateral triangle,  with  the  verteK  downwards;  what  should  be  the  length of  a  side? 

SOLUTION.—  Prom    the    table    of    Bending  Moments,     M  =   —  - 

=  5°X(62X12)2  =  129,600  in.-lb.    /  =  ̂   and  c  =  |rf,  from  the  table T       h  //2 of  Moments  of  Inertia;  hence,  -  =  -  _.     St  =  45,000,  from  Table  I,  and 

/  =  4,  from  Strength  of  Materials,  Part  1.     Therefore,  129  600  =  —  '— 4 

v  b  d*   ̂   A  ,/•       129,600  X  4  X  24 
"24"'  --  45  000  -  '  =  2'6-48-     Since  an  equilateral  tri- 

angle has  been  specified,  b  cannot  be  given  any  convenient  value  in 
order  to  find  d.     For  an  equilateral  triangle,  d  =  b  sin  60°  =  .866  b 
Hence'_^J=  b  ('866  b^  =  l75  ̂3-     Therefore,  b  d*  =  .75  b*  =  276  A8, 
,         0/276.48   ,  1 

=   \~T75~'  log  *  =  3  Oog  276.48  -  log  .75)  =  .85553,  or£  =  7.17  in., 
nearly.     Ans. 

EXAMPLE  2—  What  weight  will  be  required  to  break  a  round  steel 
bar  4  inches  in  diameter,  16  feet  long,  fixed  at  both  ends  and  loaded in  the  middle? 
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SOLUTION.—  Use  the  formula  in  Art.  8,  M  =  —  -.     Here,  from  the c 

table  of  Bending  Moments,  M  =  -—,  and  from  Table  I,  Sb  =  65,000; 

(16X12)       65  ,000  X  3.  1416  X43 —  —  =  -    - _ 

d          32"  '-8     - 
65.000X3.1416X64X8        17m71,         . 

16  X  12  X  32  --  =  17'017  lb"     Ans" 

DEFLECTION  OF  BEAMS 

15.     Formula    for    Deflection.— The    deflection,    or 
amount  of  bending,  produced  in  a  beam  by  one  or  more 
loads  is  given  by  certpin  general  formulas,  whose  derivations 
are  too  complicated  to  be  given  here.  The  formulas,  how- 

ever, will  be  given  and  their  uses  illustrated  by  examples. 
In  the  third  column  of  the  table  of  Bending  Moments  are 

given  expressions  for  the  value  of  the  greatest  deflection  of 
a  beam  when  loaded  as  shown  in  th^  first  column.  From 
this,  it  is  seen  that  the  deflection  ^  equals  a  constant  (depend- 

ing on  the  manner  of  loading  the  beam  and  on  the  condition 

of  the  ends — whether  fixed  or  free),  multiplied  by  ̂°. 
El 

Let  a  =  a  constant,  the  value  of  which  varies  from  T§T to  s; 

s  =  deflection; 

E  =  modulus    of    elasticity    taken    from    Strength    of 
Materials,  Part  1; 

/  =  length,  in  inches; 
W  »=  concentrated  load,  in  pounds; 
W  =  total  uniform  load,  in  pounds; 
/  =  moment  of  inertia  about  neutral  axis. 

Then.  j  =  a  ™L EI 

It  will  be  noticed  that  the  deflection  is  given  for  only  nine 
cases;  for  any  other  manner  of  loading  a  beam  than  those 
here  given,  it  is  necessary  to  use  higher  mathematics  to 
obtain  the  deflection. 

EXAMPLE.— What    will    be   the    maximum    deflection    of   a  simple 
wooden  beam   9  feet  long,  whose   cross-section   is  an  ellipse   having 

T  L  T  374B— 20 
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axes  of  6  inches  and  4  inches  (short  axis  vertical),  under  a  concen- 

trated load  of  1,000  pounds  applied  at  the  middle? 

777/3 SOLUTION.—  Use    the     formula   s   =   a  --.     From   the  table   of 

Bending    Moments,    a  =  A;    W  =  1,000    lb.;    /  =  9  X  12  =  108    in.; 

E  =  1,500,000,  and/  =  ̂ f  =  ̂-j^1-    Hence, 
M><  1083  X  6  =  .9282  in.    Ans. 

48  X  1,500,000  X  TT  X  6  X  64 

16.  Stiffness  of  Beams. — The  principal  use  of  the 

formula  for  deflection  is  to  determine  the  stiffness  of 

a  beam  or  shaft.  In  designing  machinery,  it  frequently 

occurs  that  a  piece  may  be  strong  enough  to  sustain 

the  load  with  perfect  safety,  but  the  deflection  may  be  more 

than  circumstances  will  permit;  in  this  case,  the  piece  must 

be  made  larger  than  is  really  necessary  for  mere  strength. 

An  example  of  this  occurs  in  the  case  of  locomotive  guides, 

and  the  upper  guides  of  a  steam  engine  when  the  engine  runs 

under.  It  is  obvious  that  they  must  be  very  stiff.  In  such 

cases  it  is  usual  to  allow  a  certain  deflection,  and  then  pro- 

portion the  piece  so  that  the  deflection  shall  not  exceed  the 
amount  decided  on. 

EXAMPLE.— The  guides  of  a  certain  locomotive  are  to  be  made  of 

cast  iron,  38  inches  long  between  the  points  of  support,  and  of  rectangular 

cross-section;  the  breadth  must  not  exceed  2£  inches,  n6r  the  deflec- 
tion TOT  inch.  Regarding  the  guides  as  fixed  at  both  ends:  (a)  what 

must  be  their  depth  to  resist  a  load  of  10,000  pounds  at  the  middle?. 

(A]  What  weight  will  these  guides  be  able  to  support  with  safety? 

SOLUTION. — (a)  Since  the  load  comes  on  two  guides,  each  piece 

must  support  10,000  H-  2  =  5,000  lb.  In  the  formula,  s  =  T&S 

=  a^Jl.    a  =  ̂ 5  for  this  case,  W  =  5,000,  /  =  38,  E  =  15,000,000, El 

•  and  /  =  -y^-  =  -T<r~  =  TA  ̂3<     Substituting, 

_        5.QOOX383  X16        =  J_ 
S  ~~  192  X  15,000,000  X  3  f       400 

(b)     To  find  the  weight  that  these  guides  can  support  with  safety, 

use  formula  1,  Art.  12,  M  =         ,'in  which  M  =  ̂~,   S,  =  30,000, 
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=  ~=j-.    Substituting, 
oLZ 

30,000  X  6,627  X  8 
=  5,3261b.     Ans. 15  X  512  X  38 

Hence,  the  beam  is  over  6  per  cent,  stronger  than  necessary, 
extra  depth  being  required  for  stiffness. 

the 

EXAMPLES    FOR    PRACTICE 

1.  How  much  will  a  simple  wooden  beam  16  feet  long,  2  inches 

wide,    and   4   inches    deep    deflect   under   a   load   in   the    middle  of 

120  pounds?  Ans-  L106  in- 

2.  What  should  be  the  size  of  a  rectangular  yellow-pine  girder 

20  feet  long  to  sustain  a  uniformly  distributed  load  of  1,800  pounds? 

Assume  a  factor  of  safety  for  a  varying  stress,  and  make  b  —  f  d. 
Ans.  6  in.  X  9  in. 

3.  A  hollow  cylindrical  beam,  fixed  at  both  ends,  has  diameters  of 

8  inches  and  10  inches.     The  beam  is  30  feet  long  and  is  made  of 

cast  iron,     (a)  What  steady  load  will  it  safely  support  at  15  feet  from 

one  of  the  supports?     (d)  What  force  will  be  required  to  rupture  the 

beam  if  applied  at  this  point?  Ans.{((jj  ̂ iVlb. 

4.  A  simple  cylindrical  wrought-iron  beam,  resting  on  supports 

24  feet  apart,  sustains  three  concentrated  loads  of  350  pounds  each,  at 

distances  from  one  of  the  supports  of  5,  12,  and  19  feet;  what  should 

be  the  diameter  of  the  beam  to  withstand  shocks  safely? 
Ans.  4.71  in.,  say  4f  in. 

5.  Find  the  value  of  -  for  a  hollow  rectangle  whose  outside  dimen- 

sions are  10  inches  and  13  inches,  and  inside  dimensions  are  8  inches 

and  10  inches:   (a)  when  the  long  side  is  vertical;   (b}  when  the  short 

side  is  vertical.  Ans.  { J£J  J^i103 

6.  What  is  the  deflection  of  a  steel  bar  1  inch  square  and  6  feet 

long,  which  supports  a  load  of  100  pounds  at  the  center?    Ans.  .311
  in. 

7.  Which  will  be  the  stronger,  a  beam  whose  cross-section  is  an 

equilateral  triangle,  one  side  measuring  15  inches,  or  one  whose  cr
oss- 

section  is  a  square,  one  side  measuring  9  inches?     Both  beams  are  of 

the  same  length.  Ans.  The  one  having  the  square  cross-se
ction 

8  A  wooden  beam  of  rectangular  cross-section  sustains  a  unifo
rm 

load  of  50  pounds  per  foot.  If  the  beam  is  8  in.  X  14  in.  X  16  ft.,  how
 

much  more  will  it  deflect  when  the  short  side  is  vertical  than  whe
n  the 

long  side  is  vertical?  ^ns.  '°554  in' 



14  STRENGTH  OF  MATERIALS,  PART  2 

COMPARISON  OF   STRENGTH  AND  STIFFNESS 

OF  BEAMS 

17.  Comparative  Strength  of  Beams. — Consider  two 
rectangular  beams,  loaded  in  the  same  manner,  having  the 
same  lengths  and  bending  moments  but  different  breadths 
and  depths.  Then, 

M=  S6-  =  S6—          (1) 

and  M  =  S*  ̂ p  (2) 

M        &Sbbd*         b  d* Dividing  (1)  by  (2)  — -  =  —  a  =  ••       a  —  1,  or 

b  d*  =  b,  d*  (3) 
Equation  (3)  shows  that,  if  both  beams  have  the  same  depth, 

their  strengths  will  vary  directly  as  their  breadths;  that  is,  if 
the  breadths  are  increased  2,  3,  4,  etc.  times,  their  strengths 
will  also  be  increased  2,  3,  4,  etc.  times.  It  also  shows  that  if 
the  breadths  are  the  same  and  the  depths  are  increased,  the 
strengths  will  vary  as  the  square  of  the  depth;  that  is,  if  the 
depths  are  increased  2,  3,  4,  etc.  times,  the  strengths  will  be 
increased  4,  9,  16,  etc.  times.  Hence,  it  is  always  best,  when 
possible,  to  have  the  long  side  of  a  beam  vertical. 

If  the  bending  moments  are  the  same,  but  the  weights  and 
lengths  are  different, 

M  =  g  Wl  (4) 

and  M  —  g  Will  (5) 
when  g   denotes    the    fraction  i,  i,  etc.,  according  to   the 
manner  in  which  the  ends  are  secured,  and  the  manner  of 

loading.     Dividing  (4)  by  (5),  —  =  -^7-7*  or 

Wil*  (6) 
Equation  (6)  shows  that  if  the  load  W or  W1  be  increased, 

the  length  /  or  A  must  be  decreased;  consequently,  the 
strength  of  a  beam  loaded  with  a  given  weight  varies 

inversely  as  its  length;  that  is,  if  the  load  be  increased 

2,  3,  4,  etc.  times,  the  length  must  be  shortened  2,  3,  4,  etc. 

times,  the  breadth  and  depth  remaining  the  same. 
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EXAMPLE  I.— If.  a  simple  beam,  loaded  in  the  middle,  has  its 

breadth  and  depth  reduced  one-half,  what  proportion  of  the  original 
load  can  it  carry? 

SOLUTION.— It  has  been  shown  that  the  strength  varied  j.s  the 

product  of  the  breadth  and  the  square  of  the  depth,  or  b±  dS  =  I 

X  (i)2  =  I-  Consequently,  the  beam  can  support  only  one-eighth  of 

the  original  load.  Had  the  breadth  remained  the  same,  (t)2  —  i 
of  the  original  load  could  have  been  supported.  Had  the  depth 

remained  the  same,  one-half  of  the  original,  load  could  have  been 

supported.  Ans. 

EXAMPLE  2.— A  beam  10  feet  long,  loaded  in  the  middle,  has  a 

breadth  of  4  inches  and  a  depth  of  6  inches.  The  length  is  increased 

to  12  feet,  the  breadth  to  6  inches,  and  the  depth  to  8  inches;  how 

many  times  the  original  load  can  it  now  support? 

SOLUTION  —The  strength  varies  directly  as  the  product  of  the  breadth 

bd3 

and 
 the  squa

re  of  the  dept
h,  and 

 inver
sely 

 
as  the  leng

th,  or  as  -j-. 

lib  d  and  /  denote  the  original  sizes,  the  strength  of  the  two  beams 

b^dS     bda  6X82     4X6"      6  X  82  _  „ 
will  be  to  each  other  as  —j—  :  -y ,  or  as  — jg—  •  ~IQ~-     ~i2~     ~  ̂  

and  4  x  6_  =  14.4.     J^L  =  2f .     Consequently,  the  beam  will  support 

a  load  2f  times  as  great  as  the  original  beam.    Ans. 

18.  Comparative  Stiffness  of  Beams.— By  a  process 

of  reasoning;  similar  to  that  just  employed,  it  can  be  shown 

that  the  maximum  deflection  of  a  beam  varies  inversely  as 

the  cube  of  the  depth  and  directly  as  the  cube  of  the  length. 

In  other  words,  if  the  depth  be  increased  2,  3,  4,  etc.  times, 

the  deflection  will  be  decreased  8,  27,  64,  etc.  times;  and  if  the 

length  be  increased  2,  3,  4,  etc.  times,  the  deflection  will  be 

increased  8,  27,  64,  etc.  times.  Hence,  if  a  beam  is  required 

to  be  very  stiff,  the  length  should  be  made  as  short  and  the 

depth  as  great  as  circumstances  will  permit. 
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COLUMNS 

19.  Compression  in  Columns. — When  a  piece  ten  or 
more  times  as  long-  as  its  least  diameter  or  side  (in  general, 
its  least  transverse  dimension)  is  subjected  to  compression, 
it  is  called  a  column  or  pillar.  The  ordinary  rales  for 
compression  do  not  apply  to  columns,  for  the  reason  that 
when  a  long  piece  is  loaded  beyond  a  certain  amount,  it 
buckles  and  tends  to  fail  by  bending.  This  combination  of 
bending  and  compression  causes  the  column  to  break  under 
a  load  considerably  less  than  that  required  to  crush  the  mate- 

rial. It  is  likewise  evident  that  the  strength  of  a  column  is 
principally  dependent  on  its  diameter,  since  that  part  having 
the  least  thickness  is  the  part  that  buckles  or  bends.  A 
column  free  to  turn  in  any  direction,  having  a  cross-section  of 
3  in.  X  8  in.  is  not  nearly  so  strong  as  one  whose  cross-section 
is  4  in.  X  6  in.  The  strength  of  a  very  long  column  varies, 
practically,  inversely  as  the  square  of  the  length,  the  other 
dimensions  remaining  the  same;  that  is,  if  column  b  is 

twice  as  long  as  column  a,  the 
strength  of  b  is  (\Y  =  i  the 
strength  of  a,  the  cross-sections 
being  equal. 

20.     Ends   of   Columns. 
The  condition  of  the  ends  of  a 
column  plays  a  very  important 
part  in  determining  the  strength 
of  the  column,  and  should  always 
be  taken  into  consideration.  In 

Fig-,  5  are  shown  three  classes  of 
columns.  The  column  a  is  used 
in  architecture,  while  columns 

similar  to  b  and  c  are  used  in  bridge  and  machine  construction. 
According  to  theory,  which  is  confirmed  by  experiment,  a 

column  having  one  end  flat  and  the  other  rounded,  like  b,  is 
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strength  of  c  is  to  that  of  b  as  1 

But, 

2i  times  as  strong  as  a  column  having  both  ends  rounded, 
like  c.  One  having  both  ends  flat,  like  a,  is  4  times  as  strong 
as  c,  which  has  b.oth  ends  rounded,  the  three  columns  being 
of  the  same  length.  If  the  length  of  c  be  taken  as  1,  the 
length  of  b  may  be  li,  and  that  of  a  may  be  2  for  equal 

strength,  the  cross-sections  all  being  the  same;  for,  since  the 
strengths  vary  inversely  as  the  squares  of  the  lengths,  the 1  1  . 

(U)''  °r  as     ' since  b  is  2i  =  f  times  as  strong  as  c,  I  X  I  =  1;  or,  the  length 

of  b  being  !§•  times  that  of  c,  its  strength  is  the  same.  Simi- 
larly, when  a  is  twice  as  long  as  c,  its  strength  is  the  same. 

Columns  like  b  and  c  do  not  actually  occur  in  practice,  an 
eye  being  formed  at  the  end  of  the  column  and  a  pin  inserted, 

forming  what  may  be  termed  a  hinged  end.  A  steam-engine 
connecting-rod  is  a  good  example  of  a  column  having  two 
hinged  ends,  and  a  piston  rod  of  a  column  having  one  end 

hinged  and  one  end  flat. 

21.  Rankine's  Formula  for  Columns. — There  are 
numerous  formulas  for  calculating  the  strengths  of  columns, 
but  the  one  that  gives  the  most  satisfactory  results  for 
columns  of  all  lengths  is  the  following,  which  is  known  as 

Rankine's  formula: 

SeA 

W  = 
f 

In  this  formula, 
W  =  load; 

Sc  —  ultimate  strength  for  compression,  taken  from  Strength 
of  Materials,  Part  1; 

A  =  area  of  section  of  column,  in  square  inches; 
/  =  factor  of  safety; 

/  =  length  of  column,  in  inches; 

g  =  a  constant,  to  be  taken  from  Table  II; 
/  =  least  moment  of  inertia  of  the  cross-section,  that  is, 

the  moment  of  inertia  about  an  axis  passing  through 

the  center  of  gravity  of  the  cross-section  and  parallel 
to  the  longest  side. 
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If    the    column    has    a    rectangular    cross-section,    whose 
longer  side  is  b  and   shorter  side  d,  the  least  moment  of 

inertia  is  — ,  the  axis  in  this  case  being  parallel  to  the 
long  side  b.     The  values  of  g  are  given  in  Table  II. 

TABLE  II 

VALUES    OF    CONSTANT    ff    FOR    COLUMNS 

Material Both  Ends 
Fixed 

One  End 
Hinged 

Both  Ends Hinged 

Timber   .    .    „ 

3nnn 

Cast  iron    .    . 

Sonn 

0     Q  Trt 

750 

Wrought  iron    ...... 
Steel    .    . 36,000 

20,250 

1,250 

9,000 

6^.  -  _ 

i4)06o 
,250 

ExAMPLE.-The  section  of  a  hollow,  rectangular,  cast-iron  column has  the  following  dimensions:  d=  8  inches,  d,  =  6  inches,  b  =  6  inches 
and  b.  =  3|  inches.     If  the  length  is  10  feet  and  the  ends  are  fixed' what  steady  load  will  the  column  sustain  with  safety? 

SoraTiON.-From    the    table    of    Moments    of    Inertia,    least    I  = 

-  3.5  X  6  =  27  sq.  in.     From  Strength  of  Materials,  Part  1    6V  =  90  000 and  /  =  6,  I  =  10  X  12  =  120  in.,  and  g  =  5,000.     Therefore 
____JO>0002<27   2,430,000  _ 

6  (l  +  —   27  X  1^5"      V          9-806  ~  ~  247.800  lb.,  nearly.    Ans. 

W '  = 

5,000  X  122.5625, 

Had    the    column    been   less   than   10  X  6  =  60    in.  =  5    ft.    long, 
the   safe    load    would    have   been  »XJ_7 

_  =  405)000    lb_ Rad 

°f 

=  114'500  lb->  nearly- 
5.000X  122.5625; 

22.    Eider's  Formula  for  Columns.-Another  formula known  as  Euler's  formula,  gives  very  satisfactory  results or  long  columns,  but,  generally,  it  should  not  be  used  where the  length  is  not  at  least  thirty  times  the  diameter  or  width 
of  the  column.     It  is,  however,  often  used  for  calculating 
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the   strength  of   connecting-rods  for  steam   engines.     The 
formula    i« formula  is 

W= in  which  W  —  load  in  pounds; 
C  =  a  constant,  1  for  both  ends  round  or  pinned, 

2i  for  one  end  fixed  and  one  round,  and 
4  for  both  ends  fixed; 

JT2  =  9.8696  (for  approximate  value  use  10); 
E  —  modulus  of  elasticity; 
/  =  least  moment  of  inertia; 
/  =  length  of  column,  in  inches; 
/  =  factor  of  safety. 

It  has  been  found  by  extensive  investigation  that  Euler's 
formula  gives  results  for  connecting-rods  that  agree  very 
closely  with  the  best  American  practice.  This  formula  will 
therefore  be  used  for  calculating  the  dimensions  of  connect- 

ing-rods in  the  examples  given  later.  Since  both  ends  of  a 
connecting-rod  are  hinged,  the  value  of  C  in  the  formula 
should  be  taken  as  1  for  such  cases.  For  all  other  columns 
in  which  the  length  is  less  than  thirty  times  the  least  width, 
the  formula  in  Art.  21  will  be  used. 

EXAMPLE.  —  What  thrust  can  be  transmitted  by  a  wrought-iron  con- 
necting-rod 6  feet  long,  and  of  rectangular  cross-section  2f  in.  X  4  in.? 

7"Z  El 

SOLUTION.  —  Apply   the    formula    W  =   C  —  j-^~  .     C  =  1;  TT"  =  10; 

from  Strength  of  Materials,  Part  1,  E  =  25,000,000;  from  the  table  of 
/;  fi3         2i  V  4  V  4-  V  4. 

Moments  of  Inertia,  /  =  ~-  =     *  A  ̂     *-  =  12;   from  Strength  of 
Materials,  Part  1,  /  =  10;  I*  =  (6  X  12)°  =  5,184.     Therefore, 

W       10  X  25,000,000  X  12 

=  —  10  x  5  184  -  =  5''8'°  lb->  nearty-   Ans- 

23.  Designing  Columns.  —  In  the  actual  designing  of 
a  column,  the  size  of  the  cross-section  is  not  known,  but  the 
form  (square,  round,  etc.)  is  known,  also  the  length,  mate- 

rial, condition  of  ends,  and  load  it  is  to  carry.  To  find  the 
size  of  the  cross-section,  take  the  formula 

P  =  AS 
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from  Strength  of  Materials,  Part  1, 
where   P  =  total  load  in  pounds; 

A  =  area  of  cross-section,  in  square  inches; 

5"  =  unit  stress,  in  pounds  per  square  inch. c 
Then  substitute  —  in  the  formula  for  5,  and  solve  for  A, 

P  f 
obtaining  A  =  — .     Substituting,  in  this  equation,  the  values 

>Jc 

of  P  ( =  W] ,  /,  and  Sc,  this  gives  the  value  of  A  for  a  short 
piece  less  than  ten  times  the  length  of  the  shortest  side,  or 
diameter.  Assume  a  value  of  A  somewhat  larger  than  that 

just  found,  and  dimension  a  cross-section  of  the  form  chosen 
so  that  its  area  shall  equal  that  assumed.  Calculate  the 
moment  of  inertia  and  substitute  the  values  of  W,A,/,l, 

p 

anql  g  in  the  formula  in  Art.  21,  and  solve  for  --.     If  the 
c 

result  last  found  equals  the  value  of  --  taken  from  Strength 

of  Materials,  Part  1,  the  assumed  dimensions  are  correct;  if 
larger,  the  assumed  dimensions  must  be  increased;  if  smaller, 

c 
they  should  be  diminished;    in  both  cases,  the  value  of  -- 

should  be  recalculated.  An  example  will  serve  to  illustrate 
the  process. 

EXAMPLE. — What  should  be  the  diameter  of  a  steel  piston  rod  5  feet 
long,  the  diameter  of  the  piston  being  18  inches  and  the  greatest 

pressure  130  pounds  per  square  inch? 

SOLUTION.—  Sc  for  this  case  =  65,000  Ib.  Since  the  piston  rod  is 
liable  to  shocks,  a  factor  of  safety  of  15  should  be  used;  hence, 
c  f>K  r)(\r) 

o,  =  Q-.UW  =  4  333!  lb>  Theload  jp  =  i8»  x  .7854  X  130  =  33,081  Ib. /  15 

.       Pf      33,081       -  „,,          •  ,  , 
A  =  -~-  =  T-qooT  =  '-63    sq.  in.,  nearly.     Assume  that  8  sq.  m.   is 

needed.     The  diameter  of  a  circle  corresponding  to  an  area  of  8  sq.  in. 

is  Af    p      =  3.19  in.    Assume  the  diameter  to  be  3-y  in.;  the  area  will 

be  (3i)3X  .7854  =  8.3  sq.  in. 

/  =  Z^!  =  3.1416  X  (3j)4  =  fi  48       w  _         SCA 
64  64  W  -      . 
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Consequently, 

5,       W  I.    ,  Alz\       33,081  L   ,  8.3  X  (5  X  12)2\       ,  ,00  „  . 

7  =  'A  (l  +  ̂r)  =  T3-  I1  +    14,060X5.48)  =  5'532  lb"  nearly' As  this  value  exceeds  4,  333g-  lb.,  the  diameter  of  the  rod  must  be 
increased.  Trying  85  in.  as  the  diameter,  the  area  =  9.62  sq.  in. 

'  -  '»»  »'  f  -  If  (1  +  -  '•-  '•>••  —  " 
still  greater  than  4,333£  lb.     Trying  3|  in.  as  the  diameter,  the  area  is 
10.32  sq.  in.  and  /  =  8.476.     Substituting  these  values,  as  before, 

&_  83.081  /          10.32X60°   \_ 

/  ~    10.32  \L  +  14,060  X  8.476^  ~  *'  U Hence,  a  rod  3|  in.  in  diameter  is  sufficient.     Ans. 

24.  The  method  given  in  Art.  23  for  determining  the 
dimensions  of  the  cross-section,  when  the  load  and  length 
are  given,  is  perfectly  general,  and  may,  therefore  be  used  in 
every  case.  It  is,  however,  somewhat  long  and  cumber- 

some. For  the  special  cases  of  square,  circular,  and  rect- 
angular columns,  the  following  formulas  may  be  applied,  if 

preferred.  They  seem  complicated,  but,  when  substitutions 
are  made  for  the  quantities  given,  the  formulas  will  be  found 
of  relatively  easy  application. 

For  square  columns,  the  side  c  of  the  square  is  given  by 
the  formula 

For  circular  columns,  the  diameter  d  of  the  circle  is  given 
by  the  formula 

d  -  1-4142      ̂ +  (2) 

For  rectangular  columns,  assume  the  shorter  dimension 
(depth  =  d}.  Then  the  longer  dimension  (breadth  =  d)  is 
given  by  the  formula 

(3) dSe 

Should  the  dimensions  given  by  the  last  formula  be  too 
much  out  of  proportion,  a  new  value  may  be  assumed  for  d, 
and  a  new  value  found  for  b. 
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EXAMPLE  1.—  Required,  the  section  of  a  square  timber  pillar  to 
stand  a  steady  load  of  20  tons,  the  length  of  the  column  being  30  feet, 
and  its  ends  both  flat. 

SOLUTION.—  Here  Se  =  8,000  lb.,  /  =  8,  g  =  3,000,  W  =  40,000  lb., 
/  =  30  X  12  =  360  in.  These  values,  substituted  in  formula  1  ,  give 

=  -J40.0QO  X  8          1407)00  X  8  740,000  X  8      12'x"36(F\ 
^  2  X  8,000  "*"   \      8,000      \  4  X  8,000  +     3,000    / 

=  V20  +  A/21,  136  =  V20  +  145.38 

=  V165738  =  12.90  =  12|  in.,  nearly,  or  say  13  in.     Ans. 

EXAMPLE  2.—  Let  it  be  required  to  solve  the  problem  worked  out  by 
the  general  method  in  Art.  23. 

SOLUTION.—  Here  Sc  =  65,000  lb.,  /.=  15,  g  =  14,060,  W  =•  33,0001b., 
nearly,  and  /  =  5  X  12  =  60  in.     From  these  data, 

.3183  Wf      .3183  X  33,000  X  15 

Se  65,000  ~     -424 
16  /2      16  X  602      8  X  360        .  nn^. 

T~  =  ̂ 060-=-TO3-  =  4-0967. Then,  by  formula  2, 

d  =  1.4142  V2.424  +  -\/2.424  X  6.520? 
=  1.  4142  V2.424  +  3.976  =  1.4142^6^400 
=  1.4142  X  2.53  =  3.58  in.,  or  about  3|  in. 

as  found  by  the  general  or  trial  method.     Ans. 

EXAMPLES    POE    PRACTICE 

1.  What  safe  steady  load  will  a  hollow,  cylindrical,  cast-iron  col- 
umn support,  which  is  14  feet  long,  outside  diameter  10  inches,  inside 

diameter  8  inches  and  has  flat  ends?  Ans.  273,500  lb.,  nearly 

2.  Suppose  a  wrought-iron   connecting-rod    to    be  of  rectangular 
cross-section  twice  as  long  as  wide  and  of  uniform  size  throughout  its 
length.     If  the  diameter  of  the  steam  cylinder  is  40  inches,  steam  pres- 

sure 110  pounds  per  square  inch,  and  the  length  of  the  rod  is  12J  feet, 
what  should  be  the  dimensions  of  the  cross-section  of  the  rod? 

Ans.  3f  in.  X  1\  in.,  nearly 



STRENGTH  OF  MATERIALS,  PART  2 

23 

25.  Effect  of  Twisting. — When  a  force  is  applied  to  a 
beam  in  -such  a  manner  that  it  tends  to  twist  it,  the  stress 
thus  produced  is  termed  torsion.     In  Fig.  6,  be  represents 
a  beam  fixed  at  one  end;  a  load  W  applied  at  the  end  of  a 

lever  arm  on  twists 'the  beam.     If  a  straight  line  cb  is  drawn 
parallel  to   the  axis  before  the  load  is  applied,  it  will  be 
found,  after  the  weight  W  has  been  hung  from  n,  that  the 
line  c  b  will  take  a  position  c  a,  forming  a  helix.     If  the  load 
does   not   deform   the  material  beyond  its    elastic  limit,  ca 
will  return  to  its  original  position  c  b  when  W  is  removed. 
It  will  also  be  found 

that  the  angles  a  c  b 
and  a  o  b  are  directly 

proportional  to  the 
loads. 

Torsion  manifests 
itself  in  the  case  of 

rotating  shafts.  In- 

stead of  one  end  PIG-G 

being  fixed,  as  in  the  previous  case,  the  resistance  that  the 

shaft  has  to  overcome  takes  the  place  of  the  force  that  before 

was  necessary  for  fixing  one  end.  Should  the  shaft  be  too 

small,  the  resistance  will  overcome  the  strength  of  the 
material  and  rupture  it. 

The  angle  aob>  which  may  be  called  the  angle  of  twist, 

plays  an  important  part  in  the  designing  of  shafts. 

26.  Twisting  Moment  and  Moment  of  Resistance. 

If  the  line  of  action  of  a  force  passes  through  the  axis  of  a 

shaft,  the  shaft  is  subjected  to  bending;  but  if  the  line  of 

action  passes  to  one  side  of  the  axis  the  shaft  is  subjected 

to  twisting.  The  product  of  the  turning  force  and  the  per- 

pendicular distance  from  the  axis  of  the  shaft  to  the  line  of 
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action  of  the  force  is  called  the  twisting  moment.  The 
material  of  the  shaft  resists  the  twisting,  and  this  resisting 
force  has  a  moment  about  the  axis  of  the  shaft,  known  as 
the  moment  of  resistance.  When  the  positions  of  the  fibers 
of  a  shaft  subjected  to  twisting  do  not  change  in  relation  to 
one  another,  the  moment  of  resistance  is  equal  to  the  twist- 

ing moment.  For,  if  they  are  not  equal,  the  twisting  moment 
will  continue  to  twist  the  shaft,  changing  the  relative  posi- 

tions of  the  fibers,  and  will  finally  cause  rupture  of  the  shaft. 
In  Fig.  7,  let  a  represent  a  pin  that  prevents  the  two' 

adjacent  parts  d,  d  of  a  shaft  from  turning  independently  of 
each  other.  Let  the  distance  of  the  pin  from  the  axis  oo  of 
the  shaft  be  c,  and  let  the  force  P,  at  the  distance  r  from  00, 
tend  to  turn  the  shaft  about  its  axis.  It  is  evident  that 

FIG.  7 

when  the  end  b  of  the  shaft  is  acted  on  by  the  force  P,  and 
the  end  d  is  prevented  from  turning,  that  the  pin  a  is  in shear. 

The  unit  shearing-  stress  is  SSi  and  Sta  is  the  total  shearing 
stress  of  the  pin  if  a  represents  its  area.  The  twisting 
moment  Tot  the  force  P  about  the  axis  is  T  =  Pr,  and  the 
moment  of  the  shearing  resistance  is  Stac  about  the  same 
center.  These  two  moments  must  be  equal,  or  T  =  Pr 
=  Ssac.  If  there  is  a  second  pin  with  area  «t  at  a  distance  cl 
from  oo,  and  with  a  shearing  stress  S/,  the  external  moment 
must  equal  the  sum  of  the  moments  of  shear  in  both  pins,  or 

T  =  Ss  a  c  +  SJ  a-,  c-,  ( 1 ) 

But  the  unit  stresses  in  the  pins  are  proportional  to  their 
distances  from  o,  provided  that  the  stress  is  not  greater 
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than  the  elastic  limit;   hence,  ̂   =  ̂,  or  £,'  =  —  -.     Sub- Ss        c  c 

stituting  this  value  of  SI  in  formula  l,it  becomes  T  =  &«<: 

T  —     *    c    • 

Now,  if  c  is  the  distance  from  o  of  a  pin  at  the  circum- 
ference of  the  shaft,  and  if  the  number  of  pins  be  increased 

until  they  cover  the  entire  area  of  the  shaft,  or  if  the  area 

of  any  cross-section  of  the  shaft  be  considered  as  divided 

into  very  small  areas,  the  resistance  of  the  entire  section  is 
the  sum  of  the  resistances  of  all  these  very  small  areas,  and 

,  ,    ,  ,  r        Ss  a  c'    .    Ss  a1  c*    ,    &  a*  c3" it  may  be  expressed  thus:     /  =  -  H  ---  1  --- 

etCi|  or 

T=  —  «^  +  «lcl2+^^2+«3^a  +  etc.)  (3) c 

Now,  the  sum  of  the  products  of  all  these  very  small 

areas,  multiplied  by  the  squares  of  their  distances  from  the 

axis,  is  called  the  polar  moment  of  inertia,  which  is 
represented  by  J. 

Then  formula  3  becomes 

T-^--  (4) 
c 

and  if  divided  by  /,  the  factor  of  safety,  .it  becomes 

T=~f-  (5) fc 

It  will  be  noticed  that  this  formula  resembles  closely  the 

formula  M  =  —  for  bending,  given  in  Art.  12,  the  only 
fc 

difference  being  that  Ss  is  used  instead  of  St,  and  the  polar 

moment  of  inertia  J  instead  of  the  rectangular  moment  of 

inertia  /.  While  formula  5  is  strictly  true  for  shafts  of  cir- 
cular sections  only,  it  is  approximately  true  for  other  shafts, 

and  may  be  applied  to  square,  rectangular,  and  elliptical 
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shafts  when  the  factor  of  safety  is  so  large  that  exact  results 
are  not  extremely  important. 

27.     Polar  Moment  of  Inertia. — Let  Fig.  8  represent  a 
section  of  a  body  and  a  the  area  of  any  very  small  part  of  the 

I"  section   at    a    distance  y   from    the axis  XX  and  a  distance  x  from 
the  axis  YY.  The  axes  XX  and 
YY  pass  through  the  center  of 
gravity  of  the  section  at  right 
angles  to  each  other.  The  moment 

of  inertia  of  a  about  XX  is  ay*,  and 
that  about  the  axis  Y  Y  is  a  x\  The 
polar  moment  of  inertia  about  the 

center  of  gravity  o  is  a  r".  But, 
#2  +  y*  =  r*.  Multiplying  both  sides  of  this  equation  by  a 
gives  ax"  +  ays  =  ar.  This  is  true  for  all  points,  hence it  is  true  for  the  whole  section.  Calling  /,  and  /„  the 
moments  of  inertia  of  the  section  about  j 
axes  at  right  angles  to  each  other, 

That  is,  the  polar  moment  of  inertia  is 

equal   to    the    sum   of    the   rectangular     2 
moments    of    inertia    about    two    axes    at 
right  angles  to  each  other. 

The  method  of  determining  the  polar  L_J__JJ. 
moment  of  inertia  may  be  illustrated  by 
the  use  of  Fig.  9,  which  is  a  rectangle 
with  axes  XX  and  FFpassing  through  its  center  of  gravity, 
at  right  angles  to  each  other.  The  moment  of  inertia  of  the 
figure  about  XX  is,  from  the  table  of  Moments  of  Inertia, 

¥ PIG.  9 

12' For 

J 

12 

bd3      db* 

JLUC    bUUl    OI   11 

_  bd(d*  +  b*} 12    '    12 

a  solid  square  section, 

12 

,      d* 

6" 

For  a  hollow  square  section,    J  =• 
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Ted* 

For  a  solid 
 
circul

ar  
sectio

n,    
 
J  =•  -^r- 

TrU*  -  ̂ 4) For  a  hollow  circular  section,  /  = 

Oa 

EXAMPLE.  —  What  belt  pull  on  a  pulley  8  feet  in  diameter  will  a  steel 
shaft  4  inches  in  diameter  stand  with  safety  when  there  is  liability  to 
shocks  ? 

5"  J 

SOLUTION.  —  Apply  formula  5,  Art.  26,   T  —  •—-,  or,  as  T  =  Pr, 

P  =  ̂-.     5,  =  70,000  lb.,J=~  =  25.133,  /  =  15,  c  =  2  in.,  r  =  4 I  Ct"  &A 

X  12  =  48  in.     Then, 
„      70,000  X  25.133       ,  001  „  11% 

28.  Bending  of  Shafts.  —  The  foregoing  formulas  do 
not  take  into  account  the  bending  of  the  shaft;  hence,  for 

long  shafts  carrying  bodies,  such  as  pulleys,  between  sup- 
ports, they  should  not  be  used.  Where  shafts  are  subjected 

to  bending  only,  they  are  treated  as  beams,  although  they 
may  rotate.  The  formulas  and  graphic  solutions  for  beams 
apply  directly  to  such  cases,  but  not  to  cases  in  which  there 
is  combined  bending  and  torsion.  In  the  latter  case,  an 
equivalent  twisting  moment  may  be  found  to  take  the  place 

of  the  twisting  and  bending  moments.  'This  equivalent 
twisting  moment  may  then  be  used  in  formula  5,  Art.  26, 

Let        M  —  bending  moment  for  any  section; 
T  =  twisting  moment  for  same  section;  . 
TI  =  equivalent  twisting  moment. 

Then,  by  higher  mathematics,  the  following  formula  is 
derived: __ 

T,  =  M+  V^T+  T'           (1) 
The  twisting  moment  7i  is  sometimes  called  the  idfeal 

twisting  moment.  The  bending  moment  M  is  obtained 
as  explained  in  Strength  o£  Materials,  Part  1,  or  by  the  use 
of  the  formulas  in  the  table  of  Bending  Moments;  the  twist- 

ing moment  T  is  obtained  by  the  method  explained  in 
Art.  26. 

Formula  5,  Art.  26,  may  be  changed  to  a  more  convenient 
form  for  circular  shafts,  by  finding  a  value  for  the  diameter, 

1  L  T  374B—  21 
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T  7^  f  d** 
Thus,  by  transforming-  the  formula,  -  =  —  .     But,  J  =  -  — c         Of  32 

_ 

,  d     TT  ,      .      .           32          Tf         red*      2 
and  c  =   ~      Hence,    substituting,    —7-   =   -^-,  or  —  -  x  - a  Ci  Of  oZi          Cl 

2 

7"  f  T  ffa          T  f 
=  —  -;    from    which    '——   —  —  -.      Solving    this    for  <^3,   a?3 Of  16           Of 

16  TV     , 
=  —  --,  and 71  Of 

/"I  /?    T"1  J* 

(2) 

Now,  substituting  for  Tthe  equivalent  twisting  moment  7\, 
formula  2  becomes 

(3) 

EXAMPLE  1. — A  wrought-iron  shaft  subjected  to  shocks  is  required 
to  withstand  safely  a  twisting  moment  of  25,000  inch-pounds;  what 
should  be  its  diameter? 

SOLUTION.— Using  formula  2,  and  making  T  =  25,000,  /  =  10,  and 
5,  =  50,000, 

,         JlBX  25,000  X  TO       on.  . 

d  =  \~37i4f6  xlo^bor  =  2'94  m-  or  say  °  m-   Ans" 
EXAMPLE  2. — Find  the  diameter  of  a  steel  shaft  to  withstand  safely 

an  equivalent  twisting  moment  of  35,000  inch-pounds,  using  a  factor 
of  safety  of  15. 

SOLUTION. — Using  formula  3,  and  making  T^  =  35,000,  /  =  15, 
and  S1,  =  70,000, 

,         3/16x35,000X15          '„„.  03  . *  =       ~ 

EXAMPLES    FOR    PRACTICE 

1.  If  the  bending  moment  is  24,000  inch-pounds  and  the  twisting 
moment  is  15,000  inch-pounds,  find  the  equivalent  twisting  moment. 

Ans.  52,302  in. -lb.,  nearly 

2.  A  cast-iron  shaft  is  subjected  to  torsion,  the  twisting  moment 
being  8,000  inch-pounds;    what  should  be  the  diameter,  assuming  a 
factor  of  safety  of  15?  Ans.  3£  in.,  very  nearly 
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3.  Find  the  diameter  of  a  steel  shaft  subjected  to  combined  torsion 
and  bending,  the  twisting  moment  being  16,000  inch-pounds  and  the 
bending  moment  8,000  inch-pounds;  take  a  factor  of  safety  of  7. 

Ans.  2f  in. 

4.  A  wrought-iron  shaft    is   subjected    to    torsion    by  a    force  of 
2,500  pounds  acting  at  a  distance  of  20  inches  from  its  axis;  assuming 
the  force  to   be  steadily  applied,   find  the  required   diameter  of  the 
shaft.  Ans.  2f  in.,  nearly 

ROPES  AND  CHAINS 

ROPES 

29.  Hemp  and  Manila  Ropes. — The  strength  of  hemp 
and  manila  ropes  varies  greatly,  depending  not  so  much 
on  the  material  and  area  of  cross-section  as  on  the  method 
of  manufacture  and  the  amount  of  twisting.     Hemp  ropes 
are  about  25  per  cent,  to  30  per  cent,  stronger  than  manila 
ropes  or  tarred  hemp  ropes.     Ropes  laid  with  tar  wear  better 
than  those  laid  without  tar,  but  their  strength  and  flexibility 

are  greatly  reduced.     For  most  purposes  the  following  for- 
mula may  be  used  for  the  safe  working  load  of  any  of  the 

three  ropes  just  mentioned: 

P  =  100  C' in  which      P  =  working  load,  in  pounds; 
C  =  circumference  of  rope,  in  inches. 

This  formula  gives  a  factor  of  safety  of  from  1\  for  manila 

or  tarred  hemp  rope  to  about  11  for  the  best  three-strand  hemp 
rope.  When  excessive  wear  is  likely  to  occur,  it  is  better  to 
make  the  circumference  of  the  rope  considerably  larger  than 

that  given  by  the  formula. 

30.  Wive  Ropes. — Wire  rope  is  made   by  twisting  a 
number  of   wires   (usually  nineteen)  together  into  a  strand 
and  then  twisting  several  strands  (usually  seven)  together 
to   form   the   rope.     It  is   very  much   stronger   than    hemp 
rope,    and    may   be    much    smaller    in    size    to    carry    the 
same  load. 
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For  iron-wire  rope  of  seven  strands,  nineteen  wires  to  the 

strand,  the  following:  formula  may  be  used,  the  letters  having 

the  same  meaning  as  in  the  formula  in  Art.  29: 

P=600C2  (1) 

Steel-wire  ropes  should  be  made  of  the  best  quality  of 

steel  wire;  when  so  made  they  are  superior  to  the  best  iron- 
wire  ropes.  If  made  from  an  inferior  quality  of  steel  wire, 

the  ropes  are  not  as  good  as  the  better  class  of  iron-wire 
ropes.  When  substituting  steel  for  iron  ropes,  the  object  in 

view  should  be  to  gain  an  increase'  of  wear  rather  than  to 
reduce  the  size.  The  following  formula  may  'be  used  in 
computing;  the  size  or  working  strength  of  the  best  steel  wire 

rope,  seven  strands,  nineteen  wires  to  the  strand: 

P  =  1,000  Ca          (2) 

Formulas  1  and  2  are  based  on  a  factor  of  safety  of  6. 

31,  Long  Ropes.—  When  using  ropes  for  the  purpose  of 

raising  loads  to  a  considerable  height,  the  weight  of  the  rope 
itself  must  also  be  considered  and  added  to  the  load.  The 

weight  of  the  rope  per  running  foot,  for  different  sizes,  may 

be  obtained  from  the  manufacturer's  catalog. 
EXAMPLE  1.  —  What  should  be  the  allowable  working  load  of  an  iron- 

wire  rope  whose  circumference  is  6|  inches?  Weight  of  rope  not  to  be 
considered. 

SOLUTION.  —  Using  formula  1,  Art.  3O, 

P  =  600  X  (6f)2  =  27,337.5  Ib.    Ans. 

EXAMPLE  2.  —  The  working  load,  including  weight,  of  a  hemp  rope 

is  to  be  900  pounds;  what  should  be  its  circumference?  • 

SOLUTION.  —  Using  the  formula  in  Art.  29, 
900 . 

ioc        Too          -   Ans" 
32.  Sizes  of  Ropes.  —  In  measuring  ropes,  the  circum- 

ference is  used  instead  of  the  diameter,  because  the  ropes 
are  not  round  and  the  circumference  is  not  equal  to  3.1416 
times  the  diameter.  For  three  strands,  the  circumference 
is  about  2.  86  d,  and  for  seven  strands  about  3d,  d  being 
the  diameter. 
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31 

FIG.  10 

CHAINS 

33.  The  size  of  a  chain  is  always  specified  by  giving' 
the  diameter  of  the  iron  from  which  the  link  is  made.  The 

two  kinds  of  chain  most  gener- 

ally used  are  the  open-link 
chain  and  the  stud-link 
chain.  The  former  is  shown 

in  Fig.  10  (a)  and  the  latter  in 
Fig.  10  (b).  The  stud  prevents 
the  two  sides  of  a  link  from 

coming  together  when  under  a 

heavy  pull,  and  thus  strengthens 
the  chain. 

It  is  a  good  practice  to  anneal 
old  chains  that  have  become 

brittle  by  overstraining.  This 
renders  them  less  liable  to  snap 

from  sudden  jerks.  The  anneal- 

ing process  reduces  their  tensile  strength,  but  increases  their 

toughness  and  ductility,  two  qualities  that  are  sometimes 

more  important  than  mere  strength. 
Let  P  =  safe  load,  in  pounds; 

d  =  diameter  of  link,  in  inches. 

Then,  for  open-link  chains  made  from  a  good  quality  of 
wrought  iron, 

P=  '  12,000  rf"  d) 
and,  for  stud-link  chains, 

P=  18,000  rf*          (2) 

EXAMPLE  1.—  What  load  will  be  safely  sustained  by  a  f-inch  open- 
link  chain? 

SOLUTION.  —  Using  formula  1, 

P  =  12,000  d*  =  12,000  X  (I)2  =  6,750  Ib.    Ans. 

EXAMPLE  2.—  What  must  be  the  diameter  of  a  stud-link  chain  to 

carry  a  load  of  28,125  pounds? 

SOLUTION.—  Use  formula  2,  P  -  18,000  d\     Hence, 

*  - 

Ans' 
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BENDING  MOMENTS  AND  DEFLECTIONS 
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METHODS  AND  APPLIANCES 

1.  Purpose    of    Testing     Materials. —In    designing 

machinery,  it  is  essential  that  the  designer  shall  be  familiar
 

with  the  physical  properties  of  the  materials  used,  in  order
 

that  he  may  be  able  to  give  the  various  parts  the  proportions 

and  strengths  necessary  to  enable  them  to  withstand  the 

forces  to  which  they  will  be  subjected.  In  ordinary  machine 

construction,  the  materials  most  generally  used  are  cast  iron, 

wrought  iron,  and  steel.  In  order  to  learn  what  are  the 

properties  and  characteristics  of  these,  as  well  as  other
 

metals,  when  under  load,  the  simplest  way  is  to  study 

their  action  under  test.  Many  manufacturing  establishments
 

maintain  testing  departments  in  which  are  tested  the  various
 

materials  used.  In  this  way,  information  as  to  the  strength, 

elasticity,  ductility,  etc.  of  a  material  is  readily  obtained,  an
d 

thus  it  is  known  just  what  load  can  safely  be  carried  by  each 

part  of  a  machine. 

2.  Kincls  of  Tests.— The  stresses  to  which  the  parts  of 

a  machine  are  most  commonly  subjected  are  those  producing: 

tension,  compression,  and  flexure.     Consequently,  the  greater 

number  of   tests   are  made   to   determine  the   strengths    of 

materials   subjected  to  these  stresses.     In  some  machines, 

the  parts   are  subjected  to  torsion  and  shearing,  but  these 

are  usually  of  less  importance  than  the  others,  so  that  tests 

for  strength  in  torsion  and  in  shearing  are  less  frequently 
made. 
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TEST  PIECES 

J.  Selection  of  Test  Pieces.— In  making  a  physical 
it  of  a  material,  a  bar  of  that  material  is  taken  and  sub- 

jected to  the  kind  of  stress  under  which  its  strength  is  desired 
to  be  known.  The  bar  thus  taken  is  known  as  a  test  piece 
or  test  specimen.  This  piece  should  be  selected  with  care 
in  order  that  it  may  represent  the  average  quality  of  the 
material  of  which  it  is  a  specimen.  It  is  not  uncommon  to 
find  variations  of  quality  in  the  same  piece  of  material,  as, 
for  example,  in  a  boiler  plate.  It  is  unwise,  therefore,  to 
depend  on  the  results  obtained  from  the  testing  of  a  single 
specimen;  a  number  of  tests  should  be  made  and  the  average 
of  the  results  taken.  This  will  give  a  more  nearly  correct 
idea  of  what  may  be  expected  of  the  material  in  actual  service. 

4.     Forms  of  Test  Pieces  for  Tension.— Some  of  the 
forms  of  specimens  used  in  tensile  tests  are  shown  in  Fig.  1,  in 

  jp.    which  (a)  is  a  rolled (a) or  square  bar 
taken  just  as  it  comes 
from  the  rolls;  (b)  is 

a  round  rolled  bar; 

(c)  is  a  specimen  cut 
from  a  plate;  (d]  is  a 
specimen  that  has 
been  turned  down  in 
the  middle  so  as  to 

give  a  uniform  sec- 
tion for  a  consider- 

able portion  of  its  length;  and  (<?)  is  a  circular  bar  having  a 
sectional  area  at  the  middle  of  about  1  square  inch. 

For  ordinary  work,  specimens  of  square,  round,  or  flat 
bars  are  cut  directly  from  the  rolled  stock  and  used  without 
further  preparation.  In  all  such  cases,  the  least  sectional 
area  of  the  piece  must  be  accurately  measured  and  recorded. 
If  the  specimen  is  cut  from  a  plate,  the  usual  form  is  that 
shown  in  Fig.  1  (,).  The  front  and  back  surfaces  are  rolled, 

PIG.  1 
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and  are  not  machined  in  any  way.  The  edges,  however,  are 
machined  so  as  to  make  them  parallel  and  about  li"  inches 
apart.  For  testing  pieces  from  large  bars,  the  middle  part 
of  the  specimen  is  turned  down,  as  in  Fig.  1  (d).  The  large 
ends  thus  form  convenient  places  to  grip  the  test  piece  in 
the  testing  machine,  while  the  break  in  the  piece  must  occur 
somewhere  between  the  larger  ends,  because  of  the  reduction 
in  cross-section. 

5.  A  test  piece  with  threaded  ends  is  shown  in  Fig.  2. 
This  form  is  adopted  by  the  American  section  of  the  Inter- 

national Association  for  Testing  Materials.  For  steel  for- 
gings,  the  dimensions  of  the  test  piece  are  as  shown  in  the 
figure.  The  ends  are  threaded  with  United  States  standard 
threads,  ten  to  the  inch.  The  advantages  of  this  form  of 
specimen  for  steel  forgings  are  as  follows:  (1)  It  is  shorter 

FIG.  2 

than  other  forms  and  less  material  is  wasted.  (2)  Less 
time  and  labor  are  required  to  prepare  a  small  specimen. 
(3)  The  testing  of  a  number  of  short  specimens  gives,  at 
equal  cost,  a  better  idea  of  the  quality  of  the  material  than 
the  testing  of  one  long  specimen.  (4)  The  shorter  piece 
can  be  taken  from  parts  of  a  forging  that  will  not  give  a 
long  piece.  (5)  The  elastic  limit,  elongation,  and  reduction 
of  area  of  cross-section  in  tension,  can  be  determined  quite 
as  accurately  by  short  as  by  long  specimens. 

There  is  no  generally  accepted  standard  form  of  test  piece 
for  tension.  It  has  been  found,  however,  that  pieces  having 
the  same  relative  dimensions  or  of  similar  shapes  have  the 
same  percentages  of  elongation  and  the  same  strengths  per 
square  inch,  so  that  under  these  conditions  comparisons  of  the 
materials  tested  may  be  made  without  error.  A  rule  that  may 
be  safely  followed  is  to  make  the  length  of  the  test  piece 
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eight  times  the  diameter,  in  case  of  a  round  bar,  and  nine 
times  the  thickness  in  case  of  a  square  bar.  A  bar  8  inches 
long  and  1  inch  in  diameter  is  used  quite  commonly  in  practice. 

6.  Test  Pieces  for  Compi'ession. — There  are  a  num- 
ber of  forms  of  test  pieces  for  compression,  but  when  it  is 

Desired  to  find  the  compressive  strength  only,  the  length  of 
the  piece  should  not  exceed  ten  times  its  least  transverse 
dimension.      Short  square   blocks  are  sometimes  used  for 
compression   specimens,  but  the  most  common  form  is  a 
short  cylinder.      There    are  two   convenient   sizes    of   this 
form,  one  being  1  Lich  in  diameter  by  2  inches  in  height, 

and  the    other  .798  inch"  in  diameter   by  1  inch  in  height. 
The  area  of  cross-section  of  the  first  is  .7854  square  inch, 
while  that  of  the  latter  is  i  square  inch,  which  is  very  con- 

venient in  calculating  the  stress  per  square  inch.     In  pre- 
paring test  pieces  for  compression,  great  care  must  be  taken 

to  have  the  ends  quite  flat  and  parallel,  as  well  as  at  right 
angles  to  the  sides  of  the  piece.     The  pressure  should  be 
applied  in  a  direction  parallel  to  the  sides.     If  the  ends  are 
not  at  right  angles  to  the  sides,  or  if  they  are  not  flat,  the 
load  will  not  be  distributed  uniformly   and  the  results  of  the 
test  will  be  less  trustworthy. 

7.  Test  Pieces  for  Flexure. — Test  pieces  for  flexure 
are  ordinarily  made  of  square  or  of  rectangular  cross-section 

and   of    any  conve- 
3   BJ  nient  length.      The 

-,   ̂    small  specimens  of 
wrought   iron    and 
steel  used  in  the  test- 

(°>  ing  machine  are  usu- 
PIG- 3  ally  taken  from  bars 

1  inch  square,  just  as  they  come  from  the  rolls,  and  are  not 
machined  or  finished.  Cast-iron  specimens  are  also  1  inch 
square  in  section  and  are  used  just  as  they  come  from  the 
mold,  except  that  the  sand  is  brushed  off  them.  Larger  test 
pieces  maybe  made  of  rolled  shapes,  and  full-sized  beams  may 
be  tested,  provided  that  a  machine  of  ample  size  is  available. 
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8.     Test    Pieces    for    Torsion    and    Shearing. — Test 

pieces  of  convenient  sizes  for  torsion  tests  are  shown  in 

Fig.  3.  That  shown  at  (a)  is  a  bar  about  20  inches  in  length 

and  1  inch  square;  that  at  (6)  is  of  the  same  length,  but  is 

cylindrical  and  1  inch  in  diameter;  that  shown  at  (c)  is  a 

piece  formed  from  a  square  bar  turned  down  at  the  middle  to 

f  inch  diameter.  It  is  of  the  same  length  as  the  others. 

Shearing  tests  of  bars  are  seldom  made.  However,  tests 
are  sometimes  made 
to  determine  the 

shearing  strength  of 
rivets.  To  do  this,  a 

test  piece  like  that 
shown  in  Fig.  4  is 

employed.  It  con-  
Fir"4 

sists  of  two  plates  riveted  together.  The  plates  are  made  of 

such  strength  that  the  rivets  will  fail  first,  by  shearing  off, 
when  the  entire  piece  is  subjected  to  tension. 

APPARATUS  FOR  TESTING   MATERIALS 

9.  The  Testing  Machine. — Physical  tests  of  materials 

are  usually  made  by  means  of  a  machine  called  a  testing 

machine,  although  there  are  a  few  simple  tests  that  can  be 

made  with  ordinary,  tools,  such,  for  example,  as  bending  a 

piece  of  iron  or  steel  while  cold  to  determine  its  toughness 

and  ductility,  or  dropping  a  weight  on  a  bar  of  cast  iron  to 

determine  its  ability  to  resist  shocks.     The  important  tests, 

however,  are  accomplished  by  special  machines  designed  for 

the  purpose,  one  of  which  is  shown  in  Fig.  5.     This  machine 

may  be  used  to  test  materials  in  tension,  compression,  or 

flexure.     As  shown  in  the  illustration,  the  machine  is  fitted 

up  to  make  a  tension  test. 

10.  The  bar  a  to  be  tested  is  held  firmly  by  its  ends  in 

jaws  or  clamps  at  b  and  c.     The  lower  clamp  b  is  attached  to 

the  movable  head  d,  which  is  raised  and  lowered  by  the  turn- 

ing of  two  heavy  screws,  one  at  each  side  of  the  head  d. 
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One  of  these  screws  Is  shown  at  e.  Large  nuts  are  rigidly 
held  in  the  head  and  the  screws  pass  through  them.  Hence, 

when  the  screws  are  turned  by  the  gears  in  the  base  of  the 

FIG.  5 

machine,  the  head  d  is  moved  vertically.  The  upper  clamp  c 
is  held  immovable  in  the  fixed  head  /,  which  is  supported  on 
the  columns  g.  These  columns  are  secured  to  the  weighing 
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platform  /*,  which  rests  on  knife-edge  bearings  on  the  lever  i. 

This  lever  is  fulcrumed  on  knife  edges  that  are  supported 

by  the  box  frame.;'.  Consequently,  when  the  head  d  descends, 
so  as  to  exert  a  tensile  force  on  the  piece  «,  this  force  is 

transmitted  to  the  head  /  and  through  it  to  the  columns  g, 

which  in  turn  press  downwards  on  the  weighing  platform'//. 
This  pressure  is  then  transmitted  through  the  levers  i  and  k 

to  the  scale  beam  /,  which  is  graduated  so  that  the  load  on 

the  test  piece  can  be  read  directly  by  moving  the  poise  m  to 

the  point  at  which  the  scale  beam  floats  or  balances.  This 

poise  is  moved  by  means  of  a  long  screw  extending  along  the 

top  of  the  scale  beam.  The  screw  may  be  rotated  by  means 

of  the  hand  wheel  ;z,  or  it  may  be  operated  automatically.  A 

battery  o  is  connected  to  an  electromagnet,  which  operates  a 

clutch  through  which  the  screw  may  be  caused  to  rotate  by 

power  from  the  driving  mechanism  of  the  machine.  The 

battery  is  so  connected  that  when  the  scale  beam  rises  the 

finger  p  closes  the  battery  circuit  by  touching  the  beam,  and 

the  clutch  is  instantly  operated  by  the  magnet.  The  weight 

or  poise  is  then  moved  out  along  the  beam  until  the  beam 

falls,  breaking  the  contact  at  A  releasing  the  clutch,  and 

stopping-  the  outward  movement  of  the  poise.  This  action 

is  repeated  until  the  maximum  load  is  reached.  The  poise 

must  then  be  run  back  by  turning  the  hand  wheel  n.  To 

return  the  poise  to  the  zero  mark,  a  lever  at  the  top  of  the 

poise  is  pressed  down,  releasing  the  nut  which  engages  with 

the  screw  on  the  scale  beam.  The  poise  may  then  be  moved 

by  hand.    

AUXILIARY    APPARATUS 

11.  Jaws  for  Holding  Test  Specimens. — When  a  test 

piece  is  subjected  to  tension  in  a  testing  machine,  it  should 

be  acted  on  only  by  a  force  applied  in  the  direction  of  its  axis. 

That  is,  the  ends  of  the  piece  should  be  so  held  that  there 

will  be  no  tendency  to  bend  the  test  piece.  In  Fig.  6  (a)  is 

shown  a  test  piece  held  in  ball-and-socket  jaws  intended  to 

counteract  any  tendency  to  bend.  The  upper  end  of  the 

test  piece  a  is  held  firmly  between  the  jaws  bt  b  in  the  fixed 
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head  of  the  machine,  while  the  lower  end  is  held  by  similar 

jaws  c,c  in  the  movable  head.  The  jaws  press  against 

blocks  d,d  that  have  ball-and-socket  bearings  at  e,e;  such 

jaws  permit  the  piece  to  be  stretched  without  inducing  any 
side  stresses  or  bending 
forces.  The  jaws  are 

wedge-shaped,  and  fit  into 
tapered  rectangular  holes 
in  the  fixed  and  movable 
heads.  On  account  of  this 

wedging  action,  any  in- 
crease in  tension  causes 

the  piece  to  be  held  more firmly. 

The  faces  of  the  jaws 

are  roughened  into  file- 
like  surfaces  that  hold 
the  test  piece  tightly  and 
prevent  slipping.  In 
Fig.  6  (b]  is  shown  the 

roughened  face  of  an  ordi- 
nary jaw  for  holding  a 

flat  test  piece,  like  that  shown  in  Fig.  6  (a). 
In  Fig.  6  (c)  is  illustrated  a  jaw  used  for  the  purpose  of 

holding  test  pieces  with  round  ends.  As  in  the  previous 

types,  the  gripping  surfaces  are  roughened  so  as  to  take 
firm  hold  of  the  test  piece. 

12.  The  Micrometer  Caliper. — Before  a  test  piece  is 
placed  in  the  testing  machine,  it  is  measured,  so  that  its 

diameter,  if  it  is  a  round  specimen,  or  its  breadth  and  thick- 
ness, if  it  is  rectangular,  is  known:  These  measurements 

should  be  made  very  accurately. 
In  Fig.  7  is  shown  one  kind  of  measuring  instrument 

used  for  this  purpose;  it  is  known  as  a  micrometer 
caliper,  and  is  capable  of  giving  very  accurate  results.  It 
really  consists  of  two  micrometers,  a  and  b,  fastened  to  one 
base  c.  The  piece  to  be  measured  is  placed  between  the 

FIG.  6 



fixed  point  d  and  the  movable  point  <?,  and  the  latter  is  then 
screwed  up  by  means  of  the  nurled  wheel  /  until  it  rests 
lightly  against  the  piece.  The  reading  is  then  taken  from 
the  graduated  scale  on  the  bar  g  and  the  edge  of  the  wheel  /. 

a 

FIG.  7 

In  measuring  rectangular  specimens,  it  is  advantageous  to 
have  a  double  micrometer,  as  shown,  so  that  one  may  be 
set  for  the  width  and  the  other  for  the  thickness.  These 
micrometers  are  graduated  so  as  to  read  to  ToVo  inch,  and 

may  be  used  for  measurements  up  to  2i  inches.  This  instru- 
ment is  vised  also  in  determining  the  size  of  the  test  piece 

after  it  is  tested,  as  in  tension  or  compression  tests  the 
dimensions  of  the  test  piece  are  slightly  altered. 

13.     Spacing  Instruments. — In  a  tension  test  on  an 
8-inch  test  piece,  it  is  customary  to  divide  the  length  into 

PIG.  8 

eight  equal  parts.  After  the  test,  the  elongation  of  the  piece  is 

measured  on  this  marked  portion  of  the  bar.    An  instrument 
I  L  T  374B— 22 
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adapted  to  the  division  of  a  test  piece  as  described  is  shown 

in  Fig.  8  (a} .  It  consists  of  a  steel  rule  having-  eight  notches 

along  its  edge.  The  sides  of  these  notches  that  lie  parallel 

to  the  end  a  b  are  exactly  1  inch  apart.  Hence,  by  laying  this 

rule  on  a  flat  test  piece  and  making  a  scratch  along  each  of 

the  edges  named  the  piece  is  easily  marked  off  into  eight 

Equal  divisions. 

If  the  test  piece  is  round,  the  division  may  be  accomplished 

by  the  use  of  the  instrument  shown  in  Fig.  8  (£).  It  is 

simply  a  prick  punch  with  two  points  instead  of  one,  the 

points  a  and  b  being  exactly  1  inch  apart.  Having  scratched 

a  straight  line  along  the  side  of  the  piece,  the  eight  1-inch  divi- 
sions are  laid  off  by  placing  the  prick  punch  in  successive 

positions  and  tapping  it  lightly  with  a  hammer.  The  marks 

thus  .left  are  permanent,  whereas  simple  scratches  on  the 

piece  may  easily  become  effaced.  The  purpose  of  laying  off 

these  divisions  is  to  locate  the  point  where  the  test  piece 

fractures  or  breaks;  in  some  tests,  also,  it  is  customary  to 
measure  the  elongation  in  each  inch  of  the  piece. 

In  case  two  marks  8  inches  apart  are  all  that  are  desired,  a 

double  punch  of  the  form  shown  in  Fig.  8  (c)  may  be  used. 

Its  points  a  and  b  are  8  inches  apart,  and  it  is  only  necessary 

to  place  the  points  in  position  and  tap  each  punch  lightly 
with  a  hammer. 

14.  The  Micrometer  Extensometer. — A  form  of 
instrument  used  to  measure  the  elongation  of  a  piece  is 

shown  in  Fig.  9.  It  is  known  as  the  micrometer  extensom- 

eter,  since  the  measurements  are  taken  by  means  of  microm- 
eter screws.  The  instrument  is  tightly  clamped  to  the  test 

piece  by  clamps  at  a  and  b.  The  points  that  hold  the  clamps 

to  the  test  piece  are  kept  exactly  8  inches  apart  by  the  dis- 
tance bars  c,  one  on  either  side.  The  upper  ends  of  these 

are  hook-shaped;  after  the  instrument  is  firmly  fastened 

to  the  test  piece  the  hooked  ends  are  disengaged  and  moved 
to  one  side,  as  shown  in  the  illustration.  To  the  lower 

clamp  is  fastened  a  frame  carrying  two  micrometer  screws  d,  d 
attached  to  index  wheels  e,  e.  The  same  frame  also  carries 
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the  graduated  scales  /,  /.  The  upper  clamp  carries  a  frame  to 

which  are  attached  posts  g,g  that  are  adjusted  so  as  to  come 

directly  opposite  the  points  h,  h  of  the  micrometer  screws. 

These  posts  g,g  are  insulated  from  the  other  metallic  parts 

PlQ.  9 

of  the  instrument  and  are  connected  by  wires  to  one  pole  of 

a  battery  z.  Another  wire  connects  the  other  pole  of  the 

battery  to  the  lower  clamp  b,  through  an  electric  bell  j.  It 

is  evident,  therefore,  that  if  the  point  h  of  one  screw  touches 

the  corresponding  post  g,  the  bell  will  ring. 
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In  order  to  measure  the  extension  of  a  piece,  the  reading 
of  each  micrometer  is  taken  before  any  load  is  applied. 
Then,  when  a  certain  load  is  put  on  the  test  piece,  it  will 
elongate  somewhat,  thus  separating  the  post  g  from 
the  point  h.  The  wheels  e,  e  are  then  turned  until  the 
points  7z,  h  just  fail  to  touch  the  posts  g,g,  and  the  reading 
of  each  is  again  taken.  The  difference  between  the  average 
of  the  first  two  and  the  average  of  the  last  two  readings  is 
the  elongation.  This  operation  is  repeated  for  each  load, 
or  as  often  as  it  is  desired  to  take  readings.  In  order  to  be 
certain  that  the  point  h  just  fails  to  touch  g,  the  screw  is 
turned  upwards  until  the  bell  rings  and  then  turned  back 
slowly  until  the  bell  ceases  to  ring. 

The  index  wheels  are  graduated  into  250  equal  divisions 
and  the  screws  have  forty  threads  per  inch.  Hence,  for  each 
movement  of  one  division  on  the  index  wheel,  the  vertical 

movement  of  the  screw  is  -£s  X  aihr  =  Tooiro  inch;  that  is, 
the  instrument  will  read  to  Trsw  inch.  The  readings  from 
both  micrometers  should  be  taken  as  nearly  at  the  same 
instant  as  possible,  which  may  be  accomplished  by  having 
an  observer  to  manipulate  each  screw.  It  is  usually  desir- 

able to  have  a  bell  for  each  micrometer,  so  that  there  may 
be  no  possibility  of  error. 
The  extensometer  should  always  be  removed  from  the 

test  piece  before  fracture  occurs,  as  the  jar  due  to  the  recoil 
after  the  rupture  may  damage  the  instrument.  Frequently, 
the  elongation  beyond  the  elastic  limit  may  be  measured 
roughly  with  a  pair  of  dividers  after  the  extensometer  has 
been  removed.  These  measurements  can  be  taken  nearly 
up  to  the  breaking  point,  and  while  probably  not  accurate 

to  less  than  TOO"  inch,  they  nevertheless  may  be  used  in 
determining  the  elongation  near  the  point  of  rupture. 

15.  The  Compressometer. — In  a  compression  test  or 
in  a  transverse  test,  it  is  desirable  to  know  the  amount  by 
which  the  piece  shortens  or  by  which  it  deflects  under  vari- 

ous loads.  An  instrument  known  as  a  eorupressonaeter 
one  form  of  which  is  shown  in  Fig.  10,  is  used  for  this 
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purpose.  It  contains  two  micrometer  screws  a  and  b,  having 
the  same  number  of  threads  per  inch  and  connected  by  the 
gears  c,  d,  and  e,  so  that  when  one  screw  is  turned,  the  other 
turns  an  equal  amount  in  the  same  direction.  These  screws 

are  supported  by  the  base  /  and  carry  the  frame  g,  which, 
having  once  been  set  level,  remains  so,  as  the  micrometer 
screws  move  equally. 

In  using  this  instrument,  the  points  h  of  the  rigid  arms  i 
are  placed  in  contact  with  the  platform  of  the  machine,  or 
with  a  block  of  convenient  thickness  lying  on  the  weighing 
platform;  these  points  do  not  have  r.ny  vertical  movement. 

The  points  j  of  the  arms  k  are  placed  beneath  the  compres- 

FIG.  10 

sion  head  of  the  machine  and  in  contact  with  it.  The  arms  k 

are  fastened  to  a  bar  s,  pivoted  at.  /,  which  carries  a  thumb- 
screw at  its  end,  the  point  m  of  the  screw  being  opposite  an 

insulated  metal  block  n  held  in  the  frame  g.  The  block  n 
is  connected  to  one  terminal  of  a  battery  o  through  a  bell  p, 
the  other  terminal  of  the  battery  being  connected  to  the 
frame  of  the  instrument.  Hence,  if  the  point  m  touches  n, 
the  bell  will  ring. 

Now,  as  the  movable  head  of  the  testing  machine  descends, 

it  depresses  the  points  j  and  turns  the  bar  £  on  the  ful- 
crum /,  separating  the  points  m  and  n.  The  screw  a  is  then 

turned  down  by  means  of  the  index  wheel  q,  lowering  the 
fulcrum  /  until  the  point  m  touches  n  and  rings  the  bell. 
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The  amount  the  fulcrum  /  is  lowered  is  measured  by  the 
index  wheel  q  and  the  scale  r.  This  measurement  repre- 

sents the  amount  the  test  piece  is  compressed.  There  are 
250  divisions  on  the  index  wheel,  and  each  micrometer 
screw  has  forty  threads  per  inch,  so  that  this  instrument 
may  be  used  to  measure  compression  to  Toihro  inch.  When 
used  in  connection  with  a  transverse  test,  an  instrument  of 
this  form  is  sometimes  termed  a  clef lecto meter. 

16.     Tlie  Autographic  Recoi-ding  Apparatus. — At  g, 
Fig.  5,  is  shown  an  autographic  attachment  by  means  of 

PIG.  11 

which  the  stress  in  a  test  piece  and  the  corresponding 
deformation  -are  automatically  recorded  throughout  the  test. 
An  enlarged  view  of  this  apparatus  is  shown  in  Fig.  11. 
At  a  is  a  cylindrical  drum,  mounted  on  a  vertical  shaft  sup- 

ported by  the  frame  of  the  machine.  This  drum  has  a  sheet 
of  paper  b  fastened  tightly  around  it,  the  paper  being 
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divided  into  squares  by  horizontal  and  vertical  lines  equally 
spaced.  Beside  the  drum  and  parallel  to  its  axis  is  a  vertical 
standard  and  a  screw  c,  on  which  is  a  nut,  at  d,  carrying  an 
arm  to  which  is  attached  a  pencil  /.  This  screw  has  a  bevei 
gear  on  its  lower  end,  which  meshes  with  another  gear  on 
the  shaft  of  the  hand  wheel  g.  Hence,  any  movement  of  the 
screw  h  on  the  scale  beam  will  cause  a  corresponding  vertical 

movement  of  pencil  /.  In  other  words,  the  vertical  move- 
ment of  the  pencil  is  proportional  to  the  distance  traveled  by 

the  poise  in,  Fig.  5,  and  hence  proportional  to  the  load  on 
the  test  piece. 

The  drum  a  is  given  a  rotary  motion  by  means  of  bevel 

gears  at  /  and  k  and  the  shaft  /.  This  rotation  is  due  to  the 
deformation  of  the  test  piece.  By  means  of  gearing,  the 

amount  of  deformation  of  the  test  piece  is  transformed  into 

motion  of  the  shaft  /,  causing  rotation  of  the  drum.  Thus 

the  amount  of  rotation  of  the  drum, is  at  all  times  propor- 
tional to  the  deformation  of  the  test  specimen. 

In  making  a  test,  the  pencil  is  set  at  the  point  on  the 

paper  b  corresponding  to  zero  load  and  zero  deformation. 

Then,  as  the  test  progresses  and  the  load  and  deforma- 
tion increase,  the  pencil  rises  vertically  and  the  drum  turns, 

and  there  is  drawn  on  the  sheet  a  curve  that  at  all  times 

represents  the  load  and  its  corresponding  deformation. 

TENSION  TEST 

METHOD    OF    MAKING    THE    TEST 

17.     Preparations  for  tne   Tension   Test. — The  test 

piece  having  been  first  prepared  and  given  a  uniform  cross- 
section,  the  area  of  this  section  is  carefully  determined  by 

the  use  of  the  micrometer  caliper.  Next,  if  it  is  an  8-inch 

specimen,  the  piece  is  marked  off  into  eight  divisions  of 

1  inch  each,  care  being  taken  to  have  this  length  of  8  inches 

extend  over  that  portion  of  the  piece  that  is  uniform  in 

cross-section.  When  the  piece  is  thus  marked  with  prick- 

punch  marks,  it  will  appear  somewhat  as  shown  in  Fig.  12- 



16  THE  TESTING  OF  MATERIALS 

The  extensometer  is  then  attached  and  the  piece  is  placed  in 
the  jaws  of  the  machine.  At  first,  it  will  fit  loosely,  and  in 
order  to  set  the  jaws  firmly  the  machine  is  started  and  the 
movable  head  allowed  to  descend  until  the  scale  beam  tips 
up,  the  poise  having  been  previously  placed  at  zero  and  the 
machine  balanced.  There  is  now  a  very  slight  tension  in 

  ^=====_    ̂ e  test  piece>  but  it  is  so t.::.i.;:zr.   ..,----    T          I    small  that  it  will  not  affect 
the  piece  appreciably.     In 

FIG.  12  ,  ,  .  .  . 
case  the  autographic  at- 

tachment is  to  be  used,  it  is  now  attached,  and  the  pencil  is 
set  at  zero  on  the  sheet.  The  latter  should  fit  snugly  to  the 
drum,  and  there  should  be  no  lost  motion  in  any  of  the  attach- 

ments. This  completes  the  preparation  of  the  machine  for 
the  test. 

18.  Conducting  the  Test. — The  readings  of  the  scale 
beam  and  of  the  extensometer  should  be  taken  at  the  same 
instant.  The  interval  between  readings  is  not  fixed,  but  may 
be  assumed  at  pleasure.  Some  engineers  prefer  to  take 
readings  at  intervals  of  2,000  pounds;  that  is,  to  take  a 
reading  each  time  the  tension  becomes  2,000  pounds  greater 
than  at  the  preceding  reading.  Others  take  readings  on  a 
time  basis,  say  every  i  minute. 
The  machine  should  be  run  very  slowly  until  the  piece  is 

stretched  beyond  the  elastic  limit,  after  which  it  may  be 
speeded  up.  The  application  of  the  load  to  the  test  speci- 

men should  be  gradual  and  increase  uniformly.  There 
should  be  no  shocks  or  jerks.  Neither  should  the  test  be 
made  too  quickly.  At  ordinary  temperatures,  a  tension  test 
covering  several  minutes  will  give  practically  the  same  ' results  as  those  obtained  by  applying  the  load  much  more 
slowly.  But  a  very  rapid  application  of  the  load  tends  to 
give  too  high  values  for  the  elastic  limit  and  the  ultimate 
strength.  The  testing  machine  is  so  constructed  that  from 
four  to  seven  speeds  are  obtainable,  to  suit  different  conditions. 
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'RECORDS   OF  THE   TEST 

19.  Tlae  Autographic  Diagram. — When  the  auto- 
graphic attachment  is  used  in  making  a  test,  the  diagram 

produced  by  it  is  known  as  an  autographic  diagram  or  a 
stress  curve.  Three  of  these  diagrams,  for  three  tension 
tests,  are  shown  in  Fig.  13j  recorded  on  one  sheet.  The  sheet 
on  which  the  records  are  drawn  is  generally  called  a  card.  The 
three  curves,  together  with  the  data  at  the  top  of  the  sheet, 
give  full  information  concerning  the  tests.  Curve  No.  1  is  for 
machinery  steel,  No.  2  is  for  wrought  iron,  and  No.  3  is  for 
cast  iron.  The  specimens  of  steel  and  wrought  iron  are 
6  inches  long,  and  of  cast  iron  3  inches  long.  The  sheet  is 
divided  into  squares,  and  each  division  on  the  vertical  scale 
represents  a  load  of  5,000  pounds,  while  each  division  on  the 
horizontal  scale  represents  an  elongation  of  .05  inch. 

It  will  be  observed  that  in  the  test  of  machinery  steel,  as 
represented  by  curve  No.  1,  the  curve  is  approximately  a 
straight  line,  until  a  stress  of  about  32,500  pounds  is  reached. 
This  means  that  up  to  this  point  the  load  and  the  elongation 
are  in  the  same  ratio,  or  directly  proportional  to  each  other. 
Beyond  this  load,  the  elongation  increases  much  more 
rapidly  than  the  load,  as  shown  by  the  approach  of  the  curve 
to  a  horizontal  line.  The  point  where  this  sudden  change  of 
direction  occurs  is  the  elastic  limit,  since  it  is  the  point 

beyond  which  the  elongation  is  no  longer  directly  propor- 
tional to  the  load.  The  area  of  the  test  piece  being  .7854  square 

inch  and  the  stress  at  the  elastic  limit  being  32,500  pounds,  the 

elastic  limit  of  the  material  must  be  32,500  -i-  .7854  =  41,380 
pounds  per  square  inch.  The  diagram  also  shows  a  total 
elongation  of  1.96  inches,  but  as  this  is  the  elongation  in 

6  inches  of  length,  the  elongation  per  inch  is  1.96  -i-  6  =  .33 
inch,  nearly,  or  practically  33  per  cent.  The  area  of  the 
section  at  the  point  of  rupture,  measured  after  the  piece  is 
broken,  is  .3019  square  inch.  Consequently,  the  reduction 

ot  area,  as  compared  with  the  original  cross-section,  is 
.7854  -  .3019 

.7854 =  .61,  or  61  per  cent. 
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20.  The  records  on  the  card  show  similar  data  for  both 
the  wrought-iron  and  the  cast-iron  specimens.     The  point  of 
zero  stress  for  all  of  the  curves  has  been  taken  on  the  base 
line  of  the  diagram,  but  the  point  of  zero  elongation  has  been 
shifted  to  the  right  in  the  case  of  curves  No,  2  and  No.  3  in 
order  that  the  curves  may  not  intersect  and  thus  become  con- 

fused.   In  any  case,  the  total  elongation  is  found  by  subtract- 
ing the  reading  at  the  beginning  of  the  test  from  the  reading 

at  the  point  of  rupture.    In  the  case  of  the  wr ought-iron  speci- 
men, the  total  elongation  is  2.58  —  1.00  =  1.58  inches,  while 

in  the  case  of  the  cast-iron  specimen  it  is  but  .008  Inch. 

21.  Log  of  a  Tension  Test.— The  record  of  a  test, 
frequently  termed  the  log  of  a  test,  may  be  kept  in  a  number 
of  convenient  forms,  one  of  which  is  illustrated  in  Fig.  14. 
It  consists  of  a  sheet  divided  into  several  columns,   with 
blank  spaces  in  which  are  written  the  data  observed  during the  entire  test. 

The  first  column  at  the  left  gives  the  numbers  of  the  read- 
ings, and  the  second  gives  the  corresponding  loads  as  read 

from  the  scale  beam.  In  the  third  column  are  given  the 
loads  per  square  inch  of  section,  these  results  being  found 
by  dividing  the  load  P  in  the  second  column  by  the  area  A 
of  the  cross-section  of  the  test  piece,  in  square  inches. 

In  the  test  from  which  this  record  was  taken,  the  elongation 
was  determined  by  the  use  of  an  extensometer  like  that 
shown  in  Fig.  9,  and  the  poise  on  the  scale  beam  was 
operated  by  hand.  The  fourth  and  fifth  columns  contain  the 
readings  of  the  two  micrometers  on  the  extensometer,  the 
mean  of  each  pair  of  readings  being  given  in  the  sixth 
column,  found  by  taking  one-half  of  the  sum  of  the  two 
readings  at  any  instant.  In  the  seventh  column  are  given 
the  actual  elongations  corresponding  to  the  separate  read- 

ings. The  actual  elongation  at  any  instant  is  equal  to  the 
mean  extensometer  reading  for  that  instant  minus  the  first 
mean  reading  of  the  extensometer.  Thus,  for  the  eighth 
reading,  the  elongation  is  .12550  -  .10005  =  .02545  inch;  for 
the  seventeenth  reading,  it  is  .92600  -  .10005  =  .82595  inch. 
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The  last  four  readings  in  this  column  were  secured  by 
measuring  the  test  piece  with  the  aid  of  a  pair  of  dividers 
after  the  extensometer  was  removed. 

The  eighth  column  gives  the  differences  of  elongation, 
each  of  which  is  found  by  subtracting  from  its  corresponding 
actual  elongation  the  preceding  actual  elongation.  Thus, 
at  the  tenth  reading,  the  difference  of  elongation  is  equal  to 
.09670  -  .06865  =  .02805  inch.  The  last  column  gives  the 
actual  elongations  per  inch  of  length  of  the  piece,  these 
being  found  by  dividing  the  values  in  the  seventh  column 
by  8,  the  length  of  the  test  piece,  in  inches. 

The  notes  on  the  upper  part  of  the  report  explain  them- 
selves, to  a  large  extent.  The  final  length  is  equal  to  the 

original  length  plus  the  total  elongation  up  to  the  point  of 
rupture  of  the  piece.  The  final  area  of  cross-section  is 
determined  by  measuring  the  dimensions  of  the  piece  at  the 
point  where  it  broke.  The  percentage  of  elongation  is  found 
by  dividing  the  total  elongation  by  the  original  length  of 
the  piece;  thus,  2  -r-  8  =  .25  =  25  per  cent.  The  percent- 

age of  reduction  of  area  is  found  by  dividing  the  difference 
between  the  initial  and  final  areas  by  the  initial  area;  thus, 

(.7854  -  .4794)  -  .7854  =  .3896,  or  say  39  per  cent. 
The  terms  modulus  of  elasticity,  maximum  and  breaking 

loads,  and  load  at  the  elastic  limit,  will  be  explained  later,  in 
connection  with  the  curve  of  stresses  and  elongations. 

22.  Plotting  the  Stress  Curve. — After  the  log  of  the 
test  has  been  prepared,  as  in  Fig.  14,  the  stress  curve  may 
be  plotted  as  shown  in  Fig.  15.  This  should  be  done  on 
sheets,  ruled  into  small  squares,  known  as  cross-section 
paper  or  sqitared  paper,  since  it  is  very  convenient  to  use. 
The  first  step  is  to  decide  on  the  scales  of  stress  and  elon- 

gation. Suppose  that  each  vertical  division  represents  a 
load  of  2,000  pounds,  and  each  horizontal  division  an  elon- 

gation of  .005  inch  per  inch  of  length  of  the  test  piece. 
Taking  the  data  given  in  the  third  and  ninth  columns  in 
Fig.  14,  the  stresses  are  laid  off  in  Fig.  15  as  ordinates  and 
the  corresponding  elongations  as  abscissas,  and  through  the 
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points  thus  located  a  curve  is  drawn;  this  curve  is'  ' 
stress  curve.  It  may  not  be  possible  t.o  draw  a  smo 
curve  to  pass  through  all  the  points  located.  This  is  usui 
due  to  errors  in  observing  the  readings,  and  in  such  a  a, 
the  curve  should  be  drawn  so  as  to  represent,  approximate.., , 
the  mean  of  the  locations  of  the  points. 

23.  Heading  the  Stress  Curve. — In  connection  with 
curve  No.  1,  Fig.  18,  it  was  shown  that  the  elastic  limit  is  rep- 

resented by  the  point  at  which  the  curve  first  takes  a  decided 

slope  from  the  vertical.  In  Fig.  15,  the  point'  «  represents 
the  elastic  limit  of  the  material,  since  that  is  the  point  where 
the  curve  rapidly  departs  from  the  straight  line  Oa.  At  the 

point  b,  there  is  a  still  more  decided  departure  from  the  ver- 
tical trend;  this  point  is  known  as  the  yield  point.  It  is  at 

this  point  that  the  test  piece  begins  to  fail  rapidly,  showing 
that  its  structure  is  being  broken  down.  The  point  c  at 
which  the  curve  is  farthest  above  the  base  line  indicates  the 

point  of  ultimate  strength  of  the  material;  that  is,  the  point 
of  maximum  load  per  square  inch.  At  d,  the  end  of  the 

curve,  the  piece  fractures,  and  the  height  of  this  point  above 
the  base  line  represents  the  breaking  load,  which  may  or 
may  not  be  equal  to  the  ultimate  strength. 

The  falling  of  the  curve  from  c  to  d  indicates  that  there 

is  a  rapid  decrease  of  load  on  the  test  piece  during  this 

period  of  the  test.  After  passing  the  point  of  ultimate 

strength  c,  the  elongation  becomes  very  rapid,  and  in  order 

to  keep  the  scale  beam  floating  or  balanced,  it  is  necessary 

to  move  the  poise  backwards  along  the  beam,  which  results 

in  a  gradual  falling  of  the  curve  on  the  autographic  record. 

As  the  piece  yields,  its  area  of  cross-section  rapidly  dimin- 
ishes. If  the  testing  machine  were  so  made  that  the  load 

at  c  could  be  maintained  steadily,  the  piece  would  break  at 

that  point.  Hence,  the  fiber  stress  at  the  point  c  is  called  the 

maximum  fiber  stress,  or  ultimate  strength,  of  the  material. 

Inspection  of  the  stress  curve  and  the  test  report  shows 

that  the  load  per  square  inch  at  the  elastic  limit  a  is 

30,558  pounds.  The  maximum  load,  at  c,  is  51,337  pounds 
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per  square  inch,  while  the  breaking  load,  at  </,  is  only 
48,841  pounds  per  square  inch.  The  modulus  of  elasticity 
is  equal  to  the  load  per  square  inch,  at  any  point  below 
the  elastic  limit,  divided  by  the  elongation  per  inch  at  that 
load.  That  is,  divide  any  value  in  the  third  column  of 

Fig1.  14,  up  to  the  elastic  limit,  by  the  corresponding  value 
in  the  ninth  column  to  obtain  the  modulus  of  elasticity. 
The  moduli  of  elasticity  calculated  from  several  readings 

will  not  agree  exactly,  but  by  taking  the  average  of  several 
results  a  close  approximation  to  the  true  modulus  may  be 
secured.  Thus,  taking  the  corresponding  readings  in  the 
fourth  line  of  Fig.  14, 

15,279  -  .000563  =  27,140,000,  nearly; 
taking  the  fifth  line, 

20,372  +  .0008  =  2,5,460,000; 
taking  the  sixth  line, 

25,465  ~  .00095  =  26,800,000; 
taking  the  seventh  line, 

30,558  ~  .0012  =  25,460,000 
The  average  of  these  four  results  is  26,21 5, 000,  so  that 

the  modulus  of  elasticity  may  be  taken,  approximately, 
as  26,000,000. 

24.     Impoi-taiit  Points  in  a  Tension  Tost.— There 
are  six  important  points  or  factors  to  be  determined  by  a 
tension  test,  of  which  a  record  should  be  kept  by  means  of 
a  suitable  report  or  record,  or  by  a  diagram,  or  still  better, 
by  both.  These  factors  are  the  modulus  of  elasticity,  the 
elastic  limit,  the  yield  point,  the  ultimate  strength,  the 
percentage  of  elongation,  and  the  percentage  of  reduction 
of  area  of  cross-section. 
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COMPRESSION  TEST 

METHOD    OF    MAKING    THE    TEST 

25.  Preparation  for  a   Compression  Test. — Before 
testing  a  piece  in  compression,  the  clamping  jaws  are 
removed  from  the  movable  head  of  the  testing  machine, 
as  they  are  not  needed.  A  cylindrical  steel  block  is  then 
fitted  to  the  under  side  of  the  movable  head  of  the  machine, 
as  shown  in  Fig.  16,  in  which  a  represents  the  movable  head 

and  b  the  cylindrical  block.  This  block  has  a  lug  or  projec- 
tion c,  rectangular  in  shape,  which  fits  into  the  rectangular 

opening  in  the  head  that  had  previously 
held  the  jaws.  A  stud  bolt  d,  fastened 

to  the  block  'b,  passes  up  through  the 
hole  in  the  head  and  through  a  cover- 
plate  e.  The  nut  /  is  then  tightened, 
holding  the  block  firmly  against  the 
head.  A  similar  block  g  is  then  placed 
on  the  weighing  platform  h  of  the 
machine,  where  it  is  held  by  short 

dowel-pins  z,  z.  Care  should  be  taken 
to  have  the  head,  the  blocks,  and  the 
platform  quite  clean,  so  that  the  blocks 
will  have  their  faces  parallel.  The  machine  should  then  be 
balanced,  with  the  poise  on  the  scale  beam  set  at  zero. 

26.  The  test  piece  should  next  be  measured  quite  care- 

fully, so  as  to  obtain  its  length  and  its  area  of  cross-section, 
these  measurements  being  made  with  a  micrometer  caliper. 
The  specimen  should  be  placed  between  the  blocks  b  and  g, 

as  shown  at  /,  Fig.  16,  and  the  movable  head  lowered  until 

the  piece  is  squeezed  just  tightly  enough  to  be  held  in  posi- 
tion.    The  compressometer  should  next  be  placed  in  position 

and  adjusted,  and  connected  with  the  bell  and  the  battery. 

27.  Conducting    the    Compression    Test.— The 

manner  of  conducting  a  compression  test  does  not  differ 

I  L  T  374B— 23 
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greatly  from  that  used  in  a  tension  test.  The  machine  should 

be  rim  at  a  fairly  slow  speed  during  the  test,  and  the  read- 
ings of  the  scale  beam  and  instruments  should  be  taken  at 

the  same  instant  at  each  period  of  observation. 

RECORDS    OF    THE    TEST 

28.  Log  of  a  Compression  Test. — A  complete  record 
of  the  various  readings  taken  in  the  test  should  be  kept  on 
properly  prepared  blanks, 
similar  to  those  used  in 
tension  tests.  Such  a  blank 

form,  filled  out  with  the  100000 
results  of  a  compression 
test  of  a  piece  of  cast  iron 
1  inch  long  and  .798  inch 
in  diameter,  is  shown  in 
Fig.  17.  Since  the  length 
of  the  specimen  is  1  inch, 
the  total  compression  is 

the  same  as  the  compres- 
sion per  inch,  and  the  fifth 

and  seventh  columns  con- 
tain the  same  values. 

29.  Tlie     Stress 

Curve.  — I  f    the    auto- 
graphic    attachment  had 
been  used,  the  curve  of 
stresses  and  deformations 
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would  have  been  drawn  on  a  sheet  similar  to  that  containing 

the  curves  in  Fig.  13.  It  is  an  easy  matter,  however,  to  plot 
the  curve  from  the  data  sheet  in  Fig.  17.  Fig.  18  shows  the 
stress  curve  thus  plotted,  each  vertical  division  representing 
4,000  pounds  load,  and  each  horizontal  division  a  compression 
of  .01  inch. 
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TRANSVEBSE    TEST 

METHOD    OF    MAKING    A    TRANSVERSE    TEST 

30.  Preparation  lor  a  Transverse  Test. — To  make 
a  transverse  test,  the  testing  machine  is  fitted  as  shown  in 
Fig.  19.  A  V  block  a  is  fitted  to  the  under  side  of  the  mov- 

able head  b  of  the  machine,  and  two  similar  blocks  are 
placed  on  the  weighing  platform,  at  equal  distances  on 
each  side  of  «,  as  at  c  and  d.  These  blocks  have  steel 
edges  <?,  e,  on  which  the  test  piece  rests  and  which  are  from  4 

to  6  inches  wide,  measured  along  the  steel  edges.  The" 
edges  of  the  three 

blocks  should  be  par- 
allel, as  they  will  be 

if  properly  adjusted. 
The  machine  should 
then  be  balanced. 

31.  The  test  bar 
used  in  a  transverse 

This  should  be  care- 

PlG.  19 

test  is  usually  rectangular  in  shape, 
fully  measured  by  a  micrometer  caliper,  and  the  breadth  and 
thickness,  as  well  as  the  distance  between  supports  c  and  d, 
Fig.  19,  recorded.  The  test  bar  should  then  be  put  in  place, 
as  at  /,  and  the  head  lowered  until  the  block  a  just  touches 
the  bar.  Next,  the  compressometer  should  be  placed  on  the 
platform  and  adjusted  properly.  It  should  be  set  exactly 
beneath  the  edge  of  the  block  a,  since  the  deflection  of  the 
test  piece  will  be  greatest  at  its  middle  point;  but  it  should 
be  removed,  to  prevent  damage,  when  the  piece  shows  signs 
of  rupture. 

32.  Conducting  a  Transverse  Test. — The  method  of 
conducting  a  transverse  test  does  not  differ  from  that 
employed  in  either  of  the  two  tests  already  described.  It 
will  be  found  that  the  deflections  will  be  considerable,  while 
the  loads  on  the  scale  beam  will  be  small.  The  machine 
should  be  run  at  a  very  slow  speed. 
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RECORDS    OJF    THE    TEST 

33.  Log  of  Transverse  Test. — The  log  or  record  of 
a  transverse  test  is  shown  in  Fig.  20,  the  blank  form  being 
similar  to  that  used  in  tension  and  compression  tests.  The 

specimen  was  a  wrought-iron  bar  28  inches  long  and  1  inch 
square,  the  distance  between  supports  was  24  inches,  and 
the  load  was  applied  at  the  middle.  The  distance  of  the 
outermost  fiber  from  the  neutral  axis  is  one-half  the  depth 
of  the  bar,  or  i  inch,  and  the  moment  of  inertia,  accord- 

J     33 

ing"  to  Strength  of  Materials^  Part  2,  is  /  =  — — .     But  the \a 

breadth  b  and  the  thickness  or  height  d  are  equal,  so  that 

7  =  b  d* =  F  =   1 12        12       12 
The  first  column,  as  usual,  contains  the  numbers  of  the 

readings.  The  second  column  gives  the  actual  loads  on  the 
specimen.  The  load  per  square  inch  is  not  used  in  transverse 
tests.  The  third  and  fourth  columns  are  for  micrometer 

readings  and  differences  of  readings.  In  this  test,  the  read- 
ings of  the  compressometer  are  taken  from  zero,  and  con- 

sequently the  readings  as  given  in  the  fifth  column  are  the 
same  as  those  in  the  third  column.  The  value  of  the  modu- 

lus of  elasticity  for  center  loading  is  found  by  the  use  of  the 

formula  from  Strength  of  Materials,  Part  2,5  =  -r-rr-»  which, 
48  El 

when  solved  for  .£,  becomes 

E  =  -1  92- 48    Is 

The  value  of  W,  the  load,  is  found  in  the  second  column; 
the  length  /  is  24  inches;  the  moment  of  inertia  /  is  iV  and 
the  deflection  5  is  given  in  the  fifth  column.  Hence,  by  cal- 

culating values  of  E,  using  values  from  the  table  that  lie 
within  the  elastic  limit,  and  taking  the  average  of  the 
results,  the  modulus  of  elasticity  is  found  to  be  approxi- 

mately 28,000,000. 
Since  the  piece  is  loaded  at  the  middle,  the  shearing  stress  is 

greatest  at  the  points  of  support  and  is  equal  to  one-half  the 
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load.     Hence,   at  the  elastic   limit,  the  shearing   stress  is 

1,150  -f-  2  =  575  pounds, 
and  at  the  maximum  load,  it  is 

1,465  -T-  2  =  733  pounds. 

The  fiber  stress  is  found  by  the  formula  in  Strength  of 

Materials,  Part  2,  M  =  — ,  which,  when  transposed,  gives 

£• 

5  _  ̂ £}  s  being  the  stress  in  the  outer  fibers,  c  the  distance 

from  the  neutral  axis  to  the  outer  fibers,  and  M  the  bending 

moment  in  inch-pounds.  In  the  case  of  a  bar  loaded  at  the 

center,  M  =  1  WL  Hence,  at  the  elastic  limit,  M  =  6,900 

inch-pounds,  and  at  the  point  of  maximum  load  it  is 

8,790  inch-pounds.  Substituting  these  values  for  M,  making 

/=  i  and  /  =  iV,  the  stresses  in  the  outer  fibers  are  found 

to  be  41,400  pounds  and  52,740  pounds,  respectively.  The 

piece  did  not  rupture,  but  merely  failed  by  bending,  which 

was  to  have  been  expected  of  a  bar  of  wrought  iron. 

34.     Plotting   the    Curve    for    a    Transverse    Test. 

The  method  of  plotting  the  stress  diagram  does  not  differ  in 
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principle  from  the  method  already  explained  in  con
nection 

with  tension  and  compression  tests.  The  curve  is  shown 
 in 

Fig.  21,  in  which  one  division  represents  100  pounds 
 load 

and  .04  inch  deflection,  on  the  vertical  and  horizontal  sca
les, 

respectively. 



SHEARING  AND  TORSION  TESTS 

35.  As  already  stated,  tests  for  shearing  and  torsion  are 
less  important  and  made  less  frequently.    Shearing-  tests  are 

'usually  made  on  riveted  pieces  like  that  shown  in  Fig.  4, which  are  placed  in  a  testing  machine  and  pulled  apart  in 
the  same  manner  as  a  tension  test  piece. 

Torsion  tests  are  made  by  use  of  a  machine  having  one 
fixed  head  and  one  movable  head,  the  latter  having  a  rotary 
motion.  The  test  bar  is  held  by  jaws  in  both  heads  of  the 
machine  and  the  movable  head  is  turned,  twisting  the  speci- 

men until  it  breaks.  The  twisting  moment  is  registered 
by^  a  scale  beam,  and  the  angle  through  which  the  piece  is 
twisted  is  read  from  a  scale  near  the  movable  head. 

36.  Relation   Between   Shearing  and   Torsion.   It 
is  evident  that  a  bar  subject  to  torsion  is  actually  subjected 
to  shearing.     Suppose  the  bar  to  be  composed  of  an  infinite 
number  of  thin  sections  lying  at  right  angles  to  the  axis, 
much  like  a  long  roll  of  coins  lying  on  their  edges.     Then, 
as^the  bar  is  twisted,  those  sections  nearest  the  fixed  head 
twist  but  little,  while  those  nearest  the  movable  head  turn 
considerably;  the  result  is  that  each  section  tends  to  slide 
on  its  neighbor,  thus  setting  up  shearing  stresses  in  the  fibers 
in  planes  at  right  angles  to  the  axis  of  the  bar.     When  a 
piece  of  wrought  iron  or  steel  is  broken  by  a  torsion  test, 
the  break  occurs  in  a  plane  almost  at  right  angles  to  the  axis 
of  the  bar.     In  the  case   of  cast  iron,   the  break  is  more 
irregular,  often  approaching  a  helical  or  spiral  shape. 

MISCELLANEOUS  TESTS 

37.  The  Cold-Bending  Test.— An  excellent  method  of 
testing  the  ability  of  wrought  iron  and  soft  steel  to  with- 

stand the  effects  of  severe  distortion  when  cold,  either 
during  processes  of  manufacture  or  during  subsequent  use 
is  by  cold  bending.  A  test  of  this  kind  tends  to  expose  any objectionable  qualities  in  the  metal,  such  as  brittleness  and 
lamination,  which  may  be  caused  either  during  the  rolling  or 
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the  annealing  processes.  A  steel  that  suffers  a  large  percent- 
age of  reduction  in  area  under  a  tension  test  will  withstand 

severe  cold  bending  tests,  so  that  the  result  of  such  a  tesr 
really  forms  an  index  to  the  character  of  the  structure  of  a 
metal. 

This  bending  test  has  the  advantage  of  requiring  only  a 
heavy  hammer  and  an  anvil  for  its  application;  a  test  of  this 
kind    is   practicable    when   means    for   the  more    complete 
and  elaborate  tests  are  unobtainable.     But  the  methods  of 

making  the  test  and  the  interpretation  of  the  results  have 

never  been  standardized,  like  those  relating  to  the  foregoing 

tests.     Fig.  22  (a)  shows  a  specimen  bar  of  mild  steel  that 

has  been  subjected  to  a  bending  test  of  180°,  that  is,  bent 
back  on  itself  and  flattened 
under  the  blows  of  a  hammer. 

Fig.  22  (b)   shows  a  similar 
specimen  that  has  been  bent 

through  more  than  180°,  but 
without  flattening.    It  will  be 

seen  that  there  are  no  indica- 
tions of  cracks  or  laminations 

in  either  piece.     The  latter  is 

a  round  bar  i  inch  in  diam- 

eter, and  it  has  been  bent  into  a  curve  whose  inner  radius  is 

less  than  I  inch.     This  is  a  very  severe  test  and  is  seldom 

demanded  of  any  material  except  soft  steel,  or  that  having  a 

tensile  strength  of  less  than  65,000  pounds  per  square  inch. 

These  bending  tests  may  be  made  under  steady  pressure,  if 

desired,  instead  of  under  blows  from  a  hammer. 

SOME    TESTS    OF    CAST    IRON 

38.  Special  Terms  Relating  to  Cast  Iron
.— In  addi- 

tion to  the  numerous  terms  used  in  connection  with  t
he 

testing  of  wrought  iron  and  steel,  there  are  se
veral  that 

relate  especially  to  cast  iron  and  are  explained  
as  follows: 

1.  Density.— By  a  dense  iron  is  meant  iron  
having  a 

fine,  close  grain,  as  distinguished  from  iron  hav
ing  a  coarse, 
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open  grain.  The  greater  density  of  the  former  may  amount 
to  as  much  as  50  or  60  pounds  difference  in  weight  per 
cubic  foot.  A  cubic  foot  of  white  iron  weighs  about 
475  pounds,  while  a  cubic  foot  of  gray  iron  may  weigh 
only  425  pounds. 

2.  Brittleness. — Cast  iron  is  said  to  be  brittle  when  it 
breaks    easily.      White    iron    and   irons   containing   certain 
impurities   are  brittle  and  should  not  be  used  in  parts  that 
are  subject  to  jars,  shocks,  or  sudden  changes  of  load. 

3.  Strength. — By   the    strength   of  cast  iron  is  meant 
its   ability  to   withstand  stresses   of   various  kinds   without 
yielding  or  breaking.     Tests  are  usually  applied  to  cast  iron 
transversely  and  by  impact,   since   it  is  generally  used  to 
resist  transverse  and  crushing  stresses  and  those  resulting 
from  impacts  or  blows.    Tensile  tests  are  very  seldom  made 
on  cast  iron. 

39.  Transverse  Test  Bars  of  Cast  Iron. — The  size 
and  form  of  cast-iron  bars  for  transverse  tests  vary  greatly. 
and  therefore  it  is  .seldom  possible  to  compare  records 
obtained  from  different  sets  of  tests.  Both  round  and  square 
bars  are  used,  their  lengths  varying  from  12  to  50  inches 
and  their  cross-sections  from  %  square  inch  to  5  or  6  square 
inches. 

The  test  bar  should  be  of  such  form  and  size  that  it  will 
be  as  little  affected  by  variations  in  the  dampness  of  the 
molding  sand  as  possible.  The  moisture  in  the  sand  causes 
the  outer  surfaces  of  the  bar  to  chill  and  produces  a  closer 
grain.  The  bar  should  be  of  such  form  and  cast  in  such  a 
position  that  the  rate  of  cooling  and  its  'Structure  will  be 
uniform  throughout. 

It  is  not  good  practice  to  use  a  test  bar  having  a  sectional 
area  of  less  than  1  square  inch,  as  the  dampness  of  the  sand 
in  the  mold  will  greatly  affect  a  small  bar.  A  test  bar  1  inch 
square  is  best  adapted  to  soft  or  medium  grades  of  iron,  and 
the  larger  sizes  give  the  best  results  for  the  harder  grades. 
Any  iron  that  takes  a  chill  easily  requires  a  large  test  bar,  so 
that  the  surface  of  the  bar  may  bear  a  smaller  ratio  to  the 
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area  of  the  cross-section.  An  important  consideration  is  to 

keep  the  conditions  the  same  in  doing  the  work,  so  that 

useful  comparisons  may  be  made. 

40.      Structure  of  Transverse  Test  Bars  of  Cast-Iron. 

Having  decided  on  the  dimensions  of  a  test  bar,  the  next 

point  is  to  obtain  a  uniform  structure.  It  has  been  found 

FIG.  23 

that  a  square  bar  is  surrounded  or  encased  in  a  s
hell  of 

denser  metal,  as  indicated  in  Fig.  23  (a);  the  heavie
r  shading 

represents  the  denser  metal.  It  is  seen  that  
this  shell  is 

thicker  at  the  corners  a  than  at  the  sides  b  
of  the  bar. 

From  this  it  is  apparent  that  a  uniform  struc
ture  cannot  be 

expected  of  a  square  bar,  no  matter  what  
its  position  when 

A  round  bar,  shown  in  section  in  Fig.  23 
 (£),  will  also 

have  a  shell  d  of  denser  metal,  but  this  
shell  will  be  uniform 

FIG.  24 
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will  sustain  a.  greater  stress  than  it  would  if  the  load  were 
applied  to  the  surface  that  was  at  the  bottom  when  the  bar 
was  cast.  The  structure  of  a  12-inch  bar  cast  on  its  side  is 
shown  in  Fig.  24.  The  lower  shell  u  is  much  thicker  than 
the  upper  one  v,  and  there  will  be  a  difference  in  the  results 
of  tests  made  with  the  bar  in  the  two  positions.  Hence,  if 
bars  are  cast  on  their  sides,  they  should  be  tested  in  the 
same  positions.  This  may  be  easily  assured  by  casting- 
some  mark  on  the  upper  surface  of  the  bar. 

41.  Testing  Cast  Iron  for  Contraction. — A  knowl- 
edge of  the  amount  of  contraction  of  the  several  grades  of 

iron  will  greatly  assist  the  molder  in  proportioning  the  parts 
of  a  mold  and  deciding  on  the  grade  to  use  for  a  given  cast- 

FIG.  25 

ing.  In  making  test  bars  for  contraction  tests,  it  must  be 
remembered  that  here,  also,  the  dampness  of  the  mold  affects 
results,  and  hence  thin  or  small  bars  should  be  avoided.  A 
difference  in  the  moisture  of  two  molds  may  cause  a  differ- 

ence of  as  much  as  aV  inch  per  foot  in  the  contraction  of  the 
same  grade  of  .iron  when  cast  in  small  bars. 

One  method  of  measuring  the  contraction  of  a  test  bar  of 
cast  iron  is  to  cast  the  bar  between  the  points  a  and  6  of  & 
yoke  £,  as  shown  in  Fig.  25.  The  yoke  c  is  placed  in  the 
mold  and  a  pattern  for  the  bar  is  placed  between  the  points  a 
and  b.  The  yoke  is  left  in  the  mold  during  the  casting  opera- 

tion, and  the  iron  shrinks  away  from  it  in  coolino-  In  the 
illustration,  the  casting  e  is  shown  in  place  in  the  yoke  in  which 
it  was  cast,  and  the  distance  d  between  the  end  of  the  bar  e 
and  the  end  b  of  the  yoke  indicates  the  amount  of  contraction 
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CHARACTERISTICS  OF  MATERIALS 

WROUGHT    IKON    AND    STEEL    IN    TENSION 

42.  Elastic  Limit  and  Yield  Point. — In  tensile  tests 
of  wrought  iron  and  steel,  it  is  found  that  from  the  beginning 
of  the  test  the  scale  beam  tends  to  rise  continually  to  the 

yield -point.     At  this  point,  the  beam  will  suddenly  fall  and 
remain  down  for  a  short  time,  after  which  it  will  rise  again. 

The  load  registered  by  the  scale  beam  at  the  yield  point 
represents  the  extreme  limit  to  which  the  material  may  be 
loaded  in  actual  work.     The  yield  point  usually  occurs  at 
from  60  to  70  per  cent,  of  the  ultimate  strength,  while  the 
elastic  limit  is  reached  at  from  50  to  70  per  cent,  of  the 
ultimate  strength. 

If  wrought  iron  and  some  grades  of  steel  are  stretched 
beyond  the  elastic  limit,  and  the  load  is  then  removed  for 
a  short  time,  it  will  be  found,  on  applying  the  load  again, 
that  the  elastic  limit  of  the  material  has  been  raised  to  the 

highest  point  to  which  the  material  was  originally  loaded; 
in  some  cases,  this  has  been  repeated  until  the  elastic  limit 

nearly  corresponded  to  the  ultimate  strength. 

43.  Elongation    and    Reduction    of    Area. — As    a 

tension  specimen  is  pulled,  it  lengthens  and  its  cross-section 
diminishes,  so  that  the  force  applied  is  acting  on  a  constantly 

decreasing  cross-sectional  area  instead  of  on  a  constant  area. 

However,  since  this  is  the  condition  to  which  materials 

are  subjected  in  actual  machines,  the  stresses  are  always 

expressed  in  pounds  per  square  inch  of  the  original  area 
of  cross-section,  unless  otherwise  specified. 

There  are  two  distinct  stages  in  the  elongation  of  a  tension 

test  piece.  The  first  stage  ends  with  the  time  during  which 

the  stretching  and  the  reduction  of  area  are  uniform  through- 

out the  whole  length  of  the  bar.  The  second  stage  ends  when 

the  ultimate  strength  is  reached,  and  when  the  test  piece 

begins  to  neck  or  contract  in  area  at  one  point,  this  being 

the  point  at  which  rupture  will  finally  occur.  The  elongation 



38 THE  TESTING  OF  MATERIALS 

then  occurs  wholly  at  this  point  instead  of  being  uniformly 
distributed,  as  before. 

Fig.  26  will  serve  to  make  clear  the  nature  of  this  action. 
At    (a)    is    shown   the    original    specimen,    before   testing. 
At  (b)  is  shown  the  same  piece  after  it  has  been  stretched 

to  the  point  of  ultimate  strength.  At  (c) 
is  shown  the  specimen  when  it  is  about  to 
rupture  at  the  necked  part. 

The  elongations  of  specimens  having 
the  same  cross-sectional  area,  but  of  dif- 

ferent lengths,  are  proportional  to  the 
lengths  within  the  limit  of  ultimate 
strength.  Beyond  that,  the  necking  is 
about  the  same  for  all  specimens  of  the 
same  area,  regardless  of  length.  Hence, 

the  shorter  pieces  show  a  larger  percent- 
age of  total  elongation  than  the  long 

ones,  which  necessitates  a  standard  length 
of  test  specimen.  The  percentage  of 
elongation  indicates  the  ductility  of  the 
metal. 

44.     Although  the  reduction  of  cross- 
(a)         (ty         (c)       sectional  area  is  not  extremely  important, 

PIG-  26 .  '   it  is  usually  recorded  with  the  other  data 
of  the  test.  In  some  of  the  more  ductile  irons,  it  may  reach 

50  or  60  per  cent,  of  the  original  cross-section.  The  shape 
of  the  fracture  and  the  appearance  of  the  metal  at  the  break 
are  usually  noted  also. 

CAST    IRON    IN    TENSION 

45.     Elongation,  Tensile  Strength.,   and  Ductility. 

Cast  iron  subjected  to  tensile  stresses  elongates  very  little. 
Good  gray  cast  iron  will  stretch  about  i  inch  in  every 

58  feet,  per  ton  of  pull  per  square  inch,  up  to  about  one-half 
the  breaking  load.  The  tensile  strength  of  cast  iron  may 
vary  from  7,000  to  40,000  pounds  per  square  inch,  depending 
on  its  composition  and  the  precautions  observed  in  casting 
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the  bar.  It  possesses  little  or  no  ductility,  and  breaks  very 
suddenly  under  the  maximum  load.  There  is  no  necking  to 
indicate  where  the  break  will  occur,  as  in  the  case  of  wrought 
iron  and  steel.  The  reduction  of  area  is  so  small  that  it  is 
scarcely  measurable.  __.   

IRON    AND    STEEL,    IN    COMPRESSION 

46.  Form  of  Break  or  Fracture. — There  are  two 

distinct  ways  in  which  test  specimens  of  iron  and  steel  fail 

when  subjected  to  compression.  In  one,  the  metal  spreads 

out  as  the  load  increases,  so  that  the  area  of  cross-section  of 

the  specimen  grows  greater  as  the  piece  is  compressed. 

FIG.  27 FIG.  28 

This  is  shown  in  Fig.  27,  in  which  (a)  represents  the  form 

of  the  original  test  piece,  (b]  the  final  appearance  of  two 

steel  specimens,  and  (c)  the  final  appearance  of  two  wr ought- 
iron  pieces. 

In  compression  tests  of  more  brittle  materials,  as  cast  iron 

and  hardened  steel,  the  test  specimens  usually  fail  by  shear- 

ing off  diagonally,  as  shown  in  Fig.  28.  The  fracture  will 

occur  at  the  maximum  strength  of  the  piece,  and  there  will 

be  little  compression  recorded  by  the  compressometer. 


