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Stress Distribution in Electric Railway Motor
Pinions as Determined by the
Photo-elastic Method

By PauL Heymaws, Cambridge, Mass. _
and A. L. Kymsary, Jr., Research Laboratory, General Electric Company

This article embodies some results of a general scientific study undertaken for the development of superior
electric-rallway motor pinons. The particular portion of the work described was performed at the Massa-
chusetts Institute of Technology, using the General Electric Company's apparatus for stress determination
in transparcnt models by the photo-elastic method. Some of the supplementary mechanical tests were made
at Schenectady, and throughout the work close contact was maintained with the Railway Motor Department
and the Ressarch Laboratory at Schenectady. A brief description and discussion of the photo-elastic method
is given in the first part.  The stress distribution in, and the causes of ruptures of, given types of gear pinions
used in electric-railway motars, as investigated by the photo-clastic method, are afterward reported upon and
discussed. This article was presented as a paper al the annual meeting, New York, Decembar 4 to 7, 1922,
of the American Society of Mechanical Engineers,—EDITOR.

1. DESCRIPTION QF THE METHOD 5. 'The axes of the ellipsoid represent the
How to Define the State of Stress at any Point of a largest and the smallest deformation at the
Solid Body point under cxamination. Correspondingly,
The state of stress at any point in a solid the principal stresses give the direction and
body & determined when the traction across the magnitude of the maximum and the mini-
every plane through the point is know. mum stress.

There exist at any point three orthogonal
planes across which the traction is purely
normal and which are called the planes of
principal stress. The normal tractions across
those planes are called the principal stresses.
The state of stress at any point is completely
determined by the direction and the magni-
tude of the principal stresses at the point
under consideration. The principal stresses,
given in direction and in magnitude, express
in the most general and complete way the
elastic state at any given point. The bending
moment, the shearing forces, ete., are readily
deduced from the direction and the magnitude
of the principal stresses. PFurthermore, one of

Fig. 1. EMNipsoidal Element Resulting from Subjecting a

the principal stresses always expresses the Spherical Element to Stress

maximum stress.

2. The notion of principal stress may be 6. If the three principal stresses vary from

llustrated as follows: ) . . point to point in the structure, the problem to
3. Consider a spherical element in-a solid be dealt with is a three-dimensional elastic

body. External applied loads will deform one. If one of the three principal stresses

this spherical element into an ellipsoidal ele- vanishes throughout, it is a two-dimensional

ment (Fig. I). The axes of this ellipsoid wili elastic or plane stress problem.

correspond in direction and in magnitude to 7. Corresponding to the three- and two-

the direction and the magnitude of the prinei- dimensional elastic-stress problems there are

pal stresses. also the three- and two-dimensional elastic-

" 4. The orientation and the form of the

. L 3 . strain problems, when the deformations corre-
ellipsoid, and therefore the direction and the P e

sponding to the principal stresses are con-

magnitude of the principal stresses, will define sidered. @

the state of stress at the point under con- 8 A great number of structural problems

sideration. ' (bridge, ship, airplane, plate, dam, ete., con-
(1) A compleie theory of siress and strain may be found in the Stl‘u_ction) are, or theil‘ stress analysis may be

“Treatise on the Mathematica Theory of Elasticity,” by A, E, . . :
H. Love, 3d ed., chapters i-iv. 4 reduced to, two-dimensional elastic problems,
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The Photo-elastic Method of Stress Determination

9. As set forth in Par. 1, the state of stress
at any point is most completely defined by the
direction and the magnitude of the principal
stresses. These are, therefore, the elements
which we wish to determinc for a complete
‘analysis,

Fig. 6. Frame for Comparison Member Desipned by
E. G. Coker and A, L. Kimball, Jr,

10. The photo-elastic methed solves the .

two-dimensional elastic problems, It pri-
marily takes advantage of the double refract-
ing properties shown by isotropic transparent
substances when put under stress. The
stresses in the structure may therefore be
determined from models made of a homo-
geneous transparent material, and ordinarily
on a reduced scale. The stresses in a steel,
cement, or any other structure, homogeneous
throughout and obeying Hooke’s law of linear
proportionality between stress and strain,
may be readily deduced from the values
obtained by the analysis of the corresponding

*See Frontispiece of this issue of the REVIEW.
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transparent model for the case of two-dimen-
sional elastic problems.

11. If plane polarized light is passed
through a stressed specimen of celluloid and
atterward through a second nicol prism whose
principalsection is parallel to the planeof polar-
ization of the original beam of light, only the
points where the principal stresses arc respec-
tively parallel and perpendicular to the princi-
pal sections of the crossed nicols remain dark.
This result makes it possible to determine the
directions of the principal stresses at any
given point. Moreover, this information is
nceded for the measurements which will be
described later.

12. If now circularly polarized light be
passed through the specimen, by interference
of the two component rays, which in the
double-refracting specimen have suffered a
relative retardation at each point proportional
to the difference in magnitude of the two
principal stresses, a colored image is obtained.
(Figs. 2,3, 4and 5.)*

'13. By a comparison method, based upon
the interposition in the proper direction of a
cotmparison member of constant cross-section,
put under uniform tension in a suitable frame
(Fig. 6), the value of the difference of the
principal stresses at any given point may be
read on the dynamometer of the frame.

4. Now, in the two-dimensional elastic
prohlems the transverse deformation, i.e., the
deformation along a normal to the plane of the
two principal stresses, is proportional to the
sum of those two stresses. By means of a
lateral extensometer (Fig. 7), we measure this
transverse deformation.

15. From the values of the differences and
the sums of the principal stresses, the separate
values of cach of them are computed, thus
determining completely the state of stress.

16. A question naturally arising is whether
the results obtained on a transparent body
such as celluloid hold for structural mate.
rials.

17. It is shown by the general discussion of
the equations of elastic equilibrium that in the
case of strain or plane stress in an 1sotropic
body obeying Hooke’s law of Linear pro-
portionality between stress and strain, the
stress distribution is independent of the
moduli of elasticity and consequently of the
material of which the body is made. Thus
the stress distribution experimentally deter-
mined in the case of a celluloid body is the
same as it is when the body is made of any
other isotropic substances such as iren, steel,
etc., obeying Hooke’s law, in distribution,
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“direction, and magnitude.® Moreover these
conclusions derived from the general theory of
elasticity have been checked by experiment. ®

18. The photo-elastic method can be applied
to the great majority of structural problems,
not only in taking the place of mathematical
computation, but particularly in solving those
structural problems where mathematics be-
come too involved to be of help. Moreover
it. has the great advantage of giving the
maximutn stress at each point throughout
the whole structure, and it therefore offers an
effective means of increasing safety and reduc-
ing superfluous material,

1I. A STUDY OF THE STRESS DISTRIBU.
TION IN GEAR PINIONS

19. When accidents occur with gear wheels,
besides the metallurgical question, three pos-
sible causes of failure suggest themselves:

a. The gear wheel may not have been
properly designed.

b. It may have failed under an excessive
load.

¢. When the pinion was shrunk hot or
forced on to a tapered shaft, an excessive
inside radial pressure may have been set up.

20. "It is easy %o see that the ordinary
methods of resistance calculations of gear
wheels, hased on considering the tooth as a
cantilever loaded at its cnd, would not be
expected to give reliable and complete infor-
mation as to stress distribution, not even for
the toot section of the tooth which is under
consideration. :

21. Indeed, the shape of the tooth, the
curvalure at the root, the ratio of the diam-
eter of the pinion hore to the root and out-
side diameter, the permanent stresses intro-
duced by the placing of the pinion on the
shaft, etc., all affect the stress distribution and
the maximum stress. Photo-elastic aunalysis
shows that these factors affect the stresses
considerably more than would be expected
from present methods of estimating. For
standardized pinions the correction coeffi-
cients can only partially take account of these

(1yExcépt, however, if the body is multiple connected and the
resultant zpplied forces do not vanish separately over each
boundary. In this particular case the correction coefficients for
. passing from one isotropic substance to another may be experi-
mentally determined, (" On_ Stresses in Multiple-connected
Plates,’”” by L. N. G. Filon, British Assn: Report, 1921)

(%) Photo-elastic Measurements of the Siress Distribution in

Tension Members Used in the Testing of Materials,” by E. G.
Cné:er. Excerpt Proc, Inst. C. E. (London),—vol, cevii, part 11,
P .
“ Photo-clastic and Strain Measurements of the Effects of
Circular Foles on the Distribution of Stress in Tension Mem-
bers,” by E, G. Coker, Trans. Inst. Engrs, & Bhipbuilders in
Scotland, vol. lxiii, part I, p. 33,

“La Photo-elasticimétrie, ses principes, ses méthodes et ses

applications,” by Paul Heymans. Bull, Boc. Belge Ing. et Ind.,
Aug., 1921, pp. 147-154, 165-167, 189-199.

|
L

factors. For special pinions or for pinions of

_ which more efficient running is required, a

photo-elastic analysis seems to be the best if
not the only effective way to determine the
stress distribution and to locate the maximum
stress.

22. A detailed analysis of the stress dis-

tribution determined for different gear pinions

0

Fig. 7. Lateral Extensometer Designed by P. Heymans

and under different loading conditions is given
below. :

23. ‘The authors wish first to call attention
to certain interesting points brought out
by photo-elastic analysis, which have been
checked by tests carried out on sieel sections.
These are particularly inferesting Dbecause
they are unexpected.

24, Besides the stress distribution in the
different sections of the pinions represented
by Fig. 8, the photo-elastic analysis has given
as maximum stress under normal inside radial
pressure and normal torque:

80,000 1b. per sq. in. for tooth form A

70,350 1b. per sq. in. for tooth form B

60,900 lb. per sq. in. for tooth form C
Moreover the 12-tooth pinion shows, besides
a smaller maximum stress, a better stress dis-
tribution.
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25. For steel pinions the maximum stress
attained under normal conditions, although
high, appears not to be excessive. Tooth C
appeared to be a beiler design under normal
conditions.
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the inside and outside radii. The opinion
generally expressed ig that for the case of the
pinion the maximum stress will be intermedi-
ate between the maximum wvalues obtained
for rings of which the outside diameters are
respectively equal to the root diame-
ter of the tooth and to the outside
diameter of the pinion, the msnde
bore being the same.

Photo-elastic analysis shows
that the gear pinion is even weaker than

————
———

1854 D/am:->{

Fig. 8, ‘Tooth Forms of Pinions Subjected to Photo-elastic
Analysis )

Fig. 9. Steel Rings Ruptured by Being Forced onto a Tapered Plug

the plain circular ring whose outside
diameter 15 equal to the root diameter
of the tooih. The change of external
profile, due to the presence of the
teeth, although requiring an addi-
tion of material, weakens the struc-
ture. ’

28. Figs. 9 and 10 show the steel
specimens after having been tested by
forcing a tapered plug into the bere;
and Table I gives the rupture load
applied to the tapered arbor forced
into the hore for the different speci-
7] mens. These confirm the photo-elas-
Tt tic resulls. -

29. Previous to the photo-clastic
investigation of the stresses due to
radial inside pressure in pinion sec-
tions, fracture duc to pure radial
inside pressure would have been ex-
pected to occur through the minimum
radial cross-section.

30, From Fig. 2,* representing the
color image obtained in the photo-
elastic analysis, it appears that the
regions under the teeth are wnder higher
stress and that the points at the inside
boundary right under the teeth are
points of maximum stress.

tained on steel sections. Two of the
sections show fractures right through
the thickest layer of material, while

the photo-elastic analysis had re-

Fig. 10. Steel Pinions Ruptured by Being Forced onto a Tapered Plupg

26. The stresses due to shrinking or forcing

. the pinion on the shaft can only be estimated.

The pinion may be assumed to be a plain
circular ring for which case the stresses may
be mathematically computed. The stress at
any point of the ring as well as the maximum

stress in the ring depends upon the lengths of

*See Frontispiece of this issue of the REVIEW.

vealed maximum stress. The uneven-
ness of the material must account for
the deviation of the fracture in one of
the cases.

32, Can any statement be made as to the
causes of the failure by inspection of the shape
of the fracture? In the case in which the
authors were interested, the photo-elastic
analysis determined the best design. As be-
fore said, either the placing of the pinion on
the shaft, if carelessly done, for instance by
pounding the pinion heavily on the tapered

31. Fig. 10 gives the fracture ob- .

all of them started at points where.
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shaft, or excessive torque and blows due to
studden meshing or the taking on of a heavy
load, will set up dangerous stresses.

TABLE I
RUPTURE LOAD ON AREOR FORCED INTO
SPECIMENS TESTED

Inside Cutzide Raot Rupture
Tdiam., Dz, Tism., Load,
1n. Tn. In. Lb.
Ring....... 1.854 3.5 ... | 85000
Ring. . . 1.854 2.5 . 51,000
Pinion...... 1.854 3.5 2.5 47,000

33. The author’s photo-elastic analysis has
shown that the sections of dangerous siresses

-

J—

Fig. 11. Fatigue Failutes of Teeth Produced hy
Experiment (without Radial Pressure in Boref

are different for different values of inside radial
pressure and applied torgue load.

34. The fracture shown in Fig. 11 is of an
open V-shape. Photo-elastic analysis shows

.that the higher the inside radial pressure be-

comes, for a given torque load, the sharper
becomes the V-shape of the section of dangerous
stresses.  (Fig, 12.) If the fracture is due to
too high a torque load, the angle of the V will
approach 180 deg. Tests on steel sections
have been made with a specially built impact
machine.

35. Without inside radial pressure the frac-
ture obtained is a straight line through the
root section of the tooth. With increasing
pressures the V-shaped fracture becomes
sharper. For an inside radial pressure exceed-
ing the elastic limit, however, the cbservation
does not hold. The reason for this departure
from what the photo-elastic method had pre-
dicted is to be found in the fact that beyond
the elastic limit the stress-and-strain relation

no longer follows Fooke's law. Therefore the
stresses set up in the steel pinions by the
shrinking process no longer correspond with
those set up in the celluloid model,

36. While the flat shape of the break in
Fig. 11 is one limiling case (lorque without
radial shrinking pressure), Fig. 10 may be con-
sidered as the other limiting case (radial
shrinking pressure without torque), showing a
V-shaped fracture for which the angle of the
V has become equal to zero.

37. It may he concluded, then, that the
inspection of the fracture may be a means of
determining the cause of the failure. In this
way, possibly, the responsibility may be
cstablished between huilder and customer as
regards pinion mounting.

— E S

. R

Fig. 12. Fatigue Failures of Teeth Produced by
Experiment (with Heavy Radial Pressure in Bore}

The Detailed Stress Analysis

38. External Forces Applied to the Pinion
When in Service. The pinion is shrunk onto
the shaft after having been bored so as to fit
the shaft at a temperature of 160 deg. F.
above normal room temperature.

39. In normal working conditions, the
torque load to which the pinion is subjected
corresponds to a tractive force of 500 Ib. per
inch of face of the tooth, tangent in direction
to the pitch circle. The whole torque is
supposed {o be transmitted by a single con-
tact. .

40. Calling respectively ;7 and g the radial
and the tangential principal stress in a cireular
ring, of which the outside diameter equals the
root diameter of the teeth, the inside bore
being the same as the pimion bore, (77 —gg)
=28,6800 Ib. per sq. in. for At==160 deg. F.
This value of (sr—gp) is the stress value of the
color bands obtained in polarized light (iso-
chromatic bands), and will therefore be used

¢ -']
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in the stress analysis of the celluloid model to
secure the right expansion pressure before the
torque is applied. Tor radial pressures higher
than this normal shrinking pressure, the same
characteristic of the (77 —gp) valuc will he used.

41. The tangential tractive [oree is applied
at varying distances from the root of the tooth,
depending upon the roint of contact. The
most unfavorable conditions arise when thig

Fig. 13. Frame Used for £ pplying Loads te Celluloid Models of Pinions

force is applied at the top of a single tooth.

Moreover, the starting torque load being higher

than that realized under normal running con-

ditions, the applied tractive force was brought

up from 500 1b. to 1500 Ib. per inch of face.
42. Let us for convenience call:

@. The normal inside pressure, the value

‘of 28,800 1b. per sq. in. for (#—gj), corre-

sponding to a shrinking pressure due to a
temperature variation of 160 deg. F.

b. The maximm torque, the torque cor-
responding to a tractive load F of 1500 1hb.
applied normally to the contour of the tooth
(condition of contact) at the top of one pinion
tooth.

¢, The normal torque, the torque corre-
sponding to a tractive load F of 500 1b. applied
under the same conditions as above.

d. Increased ingide pressures, the values
of {rr—pi) exceeding the normal inside pres-
sure, as defined above.

43. The Fhoto-Elastic Analysis. Fig. 13
represents the frame used for the loading of
the models. A tapered expansion ring is used

to produce the radial inside pressure. The

torque is measured by properly mounted
dynamometers.

*See Prontispiece of this {ssue of the REviEW,
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44. The first sets of measurements were
made under normal inside pressure and maxi-
mum torque load. Fig. 14 represents the lines
of principal stress, deduced from the isoclinie
bands. The tangents to these lines represent
at each peint the directions of the principal
stresses.

45. Fig. 2% gives the colored image when
the normal inside pressure alone is applied,
whereas Figs. 3* and 4* give the image
obtained when both the normal inside
pressurc and the maximum torque are
applied. An optical measurement on
the image shown in Fig. 2* allows one
to adjust properly the amount of
inside pressure before the torque is
applied.

46. The determination of the values
of the difference (p—g) of the princi-
pal stresses is made on the image
shown in Pig. 4% One of the two
principal sfresses vanishes at a bound-
ary where 1o external forces
are applied. In this case the optical
measurements of the values of (p—g)
give directly the values of the tangen-
t1a] stress.

. 47. Inside of the body the optical
measurements are supplemented by
meastring the transverse change of

thickness, which gives the values of the sum

{p+q) of the principal stresses.

TABLE II
VALUES OF THE PRINCIPAL STRESSES
ACROSS THE MINIMUM CROSS-SEC-
TION OF THE LOADED TOOTH

Tenths nf_DisE_ance » ¢
Mélaig&gf'rif& A Lb. per 8q. In. Lb. per Sq. In.

0 0 72,600
0.1 13,850 57,300
0.2 10,450 49,000
0.3 3,710 41,700
0.4 — 10,620 25,800
0.5 — 20,300 18,700
0.6 — 29,000 11,900
0.7 —40,000 9,000
0.8 -51,900 | ...,
0.9 — 65,700 5,320

B — 80,000 0

48. From the values of the principal stresses
at a given point it is easy to obtain the stress
on a section in any given direction at that
point. Moreover, as said before, the two
principal stresses represent respectively the
maximum and the minimum stress. Thus
the larger of the principal stresses will always
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give at each point the maximum stress in
direction and magnitude.

49. At the edges where one of the principal
stresses has vanished the values of (p—g) and
(p+ @) must correspond, i.e., the optical deter-
mination of (p~¢) and the determination of
{(p+¢q) must check.

50. Also, if we know the total foree acting
normally to a given section, the graphical
integral of the curve, obtained by plotting
the resultant stresses acting normally to this
gsection, must correspond to the total force.
In the case of the pinions the data for such a
check are not available.

51. Table Il gives the wvalues of the prin-
cipal stresses through the minimum  cross-
section of the pinion tooth, to which the load
is applied. The results given in this table
have been plotted in Fig. 15. At each point
where measurements have been made the two
principal stresses have been plotted in direc-
tion and in magnitude, the arrows serving to
distinguish between tension and compression.
At the points A4 and B (p—q) and (p+q)
must check: they differ for A by 0.9 per cent
and for B by (0.8 per cent.

52. The maximum tension occurs at A and
is equa® to 72,600 b, per in. The maxi-
mum compression occurs at B and is equal to
. 80,000 1b. per sq. in. This difference hetween
the absolute values of these stresses is of
course due to the pressure on the inside of
the pinion, which affects the tension and the
compression stresses differently. :

53. Figs. 16 and 17 give the values of the
tangential stresses along the edge of the tooth
on which the load is applied. The numerical
resulte of Table I1T have been plotted in Tig.
16, this table giving the tangential stresses at
the tensicn side.  Also the numerical results of

TABLE 1II

VALUES OF THE TANGENTIAL STRESS AT
THE EOUNDARY OF THE LOADED
TOOTH—TENSION SIDE

q int in Fi 7
No. of Point in Fig. 16 Lb. per 8q. In. .

41,000
54,100
72,300 72,7501
73,200
£4.800
57,600
54100
41.000

€0 00 ~1 00 G Hs €O B =
e
=

Fig. 14. Lines of Principsl Stress Determined by
Polarized Light—MNormal Inside Pressure
and Maximum Torgue Load

80,000
60000
40000

20006

Lb.per Sq:ln.

_—

Fig. 15. Curves showing the Twa Principal Stresses
in Direction and Magaitude for Points
Aleng the Section 4B

TABLE IV
VALUES OF THE TANGENTIAL STRESS AT
THE BOUNDARY OF THE LOADED
TOOTH - COMPRESSION SIDE

' N 5
No. of Point in Fig, 17 Lb. per Sq. In.

20,500

41,000

79,500 80,000

30,000

82,200

60,000

29,000
- 0

g

OO0~ P Or = Qo b

© 1 Value obtained by taking Y [(p-4q)-+(p—g)],
the other values being (p —g) measurements.

I Value obtained by taking 1§ [(p+g)+ip—gl,
the other values being (p —¢) measurements.

¢
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Table IV have been plotted in Fig. 17, this
table giving these stresses on the compression
side. Since no external lead is applied at this
side, the optical measurements give the values
of the tangential stresses up to the top of the
tooth.

Fig. 16, Tangential Stressl at Tension Side—Normal
Inside Pressure and Maximum Troque

54. Table V and TMg. 18 give the numerical
and plotted values of the stress difference
(rr—gp) along the inside boundary of the
pinion, the normal inside pressure and the
torque load being applied. A circular ring to
which a yniform inside pressure is applied will
show concentric isochromatic bands. The
deflections of thosc bands (Fig. 2)* in the case
of the pinion show the disturbance due to the

presence of the teeth,

55. When the maximum torgue 15 applied,
the values obtained for (rr—gg) give the curve
of Fig. 18. The colored images as well as the
diagrams show that the load applied at the top
of one tooth extends its influence as far as the
inside boundary of the pinion. The combina-
tion of the inside uniform pressure, already
disturbed by an irregular outside boundary,
with irregularly distributed stresses—tensions
in certain parts and compressions in others-—-
due to the torque load, do not of course give a
resultant stress distribution which shows any
symmetry with respect to the point of contact.
The upper pinion being the driving pinion, it
may be seen on the colored image (Fig. 3)*
that the stresses vanish rather rapidly in the
withdrawing part, but that the penetration
extends much farther into the approaching

art. :
P 56G. It may also be interesting to point out
that there is a zone of zero stress inside of the
pinion under the root of the tooth when the
torque load is applied. This is shown on the
diagram of the lines of principal stress (Fig.
14) by the converging of the lines of principal

#See Frontispiece of this issue of the REVIEW,
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stress, Where several lines of principal stress

intersect, the principal stresses usnally vanish.

57. The guestion of engineering interest was
to find the relative influence of the factors
which affect the maximum stress, and the
atithors therefore varied the values of:

a. The inside normal pressure
b. The torque load.

TABLE V

VALUES OF (sy—p) ALONG THE BOUNDARY
OF THE EORE

No. of Paint in Fig. 18 (e —03)
. Lb. per 5q. In.

36,600
54,100
36,600
18100
41,000
61,500
43,500
38,700 -

00 =] O & e QO DD =

58. The values of {rr—gg) along the inside
boundary when the maximum torque load is
applied are given in Table VI and have been
plotted in Fig. 19 for the cage of reduced inside
pressure. The colored image did not show
noticeable variation across the minimum
cross-section AB and along the outside edges
of the main tooth. The influence of the inside

Lb. perSq.[n.

=

Fig, 17, Tangentizcl Stress at Compression Side—
Normal Inside Pressure and Maximum Torque

pressure on the above-mentioned limit does

not affect materially the regions of maximum

stress, due in this case to the torque load.
59. Fig. 5* shows the image cobtained for

normal pressure and reduced torque. Having -

applied 0.7 of the maximum torque value, the

IRV ALIRY ERY
LR -
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stresses showed a general reduction in the

region of high stress. The values of the tan-

gential stresses along the tension side of the

boundary of the main tooth are given in Table

VII and are plotted in Fig. 20. This should be

compared with the same diagram (Fig. 16) for
TABLE VI

VALUES OF (7-%) ALONG THE BOUNDARY
OF THE BORE

{Maximum torque—reduced radial pressure)

Na. of Point in Tig. 19 (7 ~2)
. Lb. per 8¢q. In.

37,600
36,600
20,500
14,550
20,500
36,600
54,100
54,100
41,000
20,500

—_
OO0~ e C2 DD =

the case where the {ull load is applied. The
maximum tension has dropped from 73,200
Ib. per sq. in. (Table II) to 57,700 1b. per sq.
in. .(Tabge V1I);ie., it has been reduced to 0.8
of its previous value. The fact that it has
dropped only to 0.8, whercas the torgue was
reduced to 0.7, is explained by the permanent
stress due to 4he inside radial pressure which
had been maintained at its previous value. A
reduction of the torque load has as a result a
reduction of the maximum stress. We shall
see later that this is not always the case.

Fig. 19. Stresses atong the Inside of Bore with Decreased

Pressure {18,100 Ib.) and Mazximum Torque

60. When the inside radial pressure is in-
creased in such proportion that without any
_torque being applied it produces stresses at
the outside boundary of the gears of & magni-
tude approaching that due to the torque load,

it will be this internal pressure which will have
a preponderant influence.

61. Pinions have been examined with maxi-
mum values for (77 —gp) of 60,000 and &1,500

Tig. 18. Stresses along the Inside of Bore, with Normal
Fressure (28,820 1b.) and Maximum Torque

TABLE VII
VALUES OF THE TANGENTIAL STRESS

ALONG THE BOUNDARY OF THE
LOADED TOOTH—TENSION SIDE

(Normal inside pressure—reduced torque)

Vo. of Poinl in Fig. 2
No. of Poinl in Fig. 20 Lb. per Sq. In.

39,700
51,500
58,500
57,700
56,600
51,500
38,000
19,500

o~ k- o b=

Fig. 20. Tangential Stress at Tension Side—Normal Insiie
Pressure and Reduced Torque

Ib. per sg. in. at the inside boundary with the
torque load at its normal value of 500 Ib.
tractive force per inch of face. The tractive
force was afterward brought up to its maxi-
mum value of 1500 Lb.
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62. These tests showed that the forque
load, when applied te the pinion subjected to
those increased radial pressures, affects only
the distribution of the stresses. It makes the

high stresses extend over a larger area, but it

does not increase materially the maximum
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sections, passing respectivcly through the
points A and B of the minimum cross-section:
of the main tooth, the points of maximum
tension and compression.

64, The wvalucs of (p—q) were deduced
from the colored image of Fig. 4,* Extensom-

Fig. 21, Principal Stresses Across Radial Sections of Tooth—
* Normal Inside Pressure and Maximum Torque

stress. In these cases the dangerous section
is no longer a straight section through the root
of the tooth but it follows a V-shaped line, the
lower pant of which lies toward the inside
hore, The sharpness of the angle of the V-
shaped fracture at the base of the iooth
appears to be due to an excess of radial shrinl-

eter measurements of (p—+¢) were made. As
before, the scales of both measurementswere
determined so that the stresses in the models
shall represent the stresses in the steel pinion.

5. The maximum torque and the normal
inside presstire were applied. Table VIIT and
Figs. 21 and 22 give the values obtained. Tig.

\\
B

i
¥ ===~ Lines of Pr.wcrpa! Sfress
Lines of Principal Stress g

Iig, 22, Principal Stresses in Diregtion and Magnitude for
Same Radial Sections as Those Shown in Fig, 21

ing pressure. - In practice this excess is due to
the pounding of the pinion onto the tapered
shaft past its normal position.

G3. In this connection a study was.made of
the stress distribution through two radial
" *See Prontispiece of this issue of the REVIEW.

21 gives the magnitude of the principal
stresses along the two sections AA" and BE’.
Fig. 22 gives a portion of the lines of principal
stress taken from Fig. 14, and for the same
sections A A’ and BB’ shows the two principal
stresses plotted in direction and in magnitude.
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TABLE VIII
VALUES OF THE PRINCIPAL STRESSES
ACROSS THE RADIAL SECTIONS PASSING
' RESPECTIVELY THROUGH THE POINTS
A AND B OF THE MINIMUM CROSS-SEC-
TION OF THE LOADED TOOTH

Cross-Section BB’

Fig. 21; P ¢
Distanég in Inches Lb. per 5q. In. Lb. per 8q. In.

from Point B’

0.410 (B) — 79,900 0

0.334 — 55,800 6,000
0.256 — 39,000 15,200
0.179 — 32,600 18,400

¢.102 —27,100 23,500

Cross-Section AAf
Fig. 21;
Distance in Inches
from Point A’

0.410 (A) 0 69,350
0.334 4,350 25,400
0.256 2700 10,300
0.179 0 0
0.102 . —11,350 3,350

66. A good way to visualize the state of
stress a% a given point 1s to consider a rec-
tangular element with its sides paralle] to the

two principal stress directions at that point.
By considering such elements along the sec-
tions AA" and BB’ (Fig. 22) from this view-
point, one can form a mental picture of how
the section is acted upon by the elastic forees.
. 87. It would require toc much space to in-
clude in this article a full discussionand tomale
a complete report of the results summarized -
herec. The authors trust that the material
they have presented will stimulate those
interested in this subject to further efforts in
the development and use of the photo-elastic
method.

68. It seems, finally, almost superflucus to
call attention to the comparative easc with
which such a stress problem as this can he
handled by the photo-elastic method, whereas
the use of ordinary engineering methods gives
untrustworthy results and the exact mathe-
matical solution based upon the theory of
elasticity is impossible. '
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