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INTRODUCTION

With current trends in the field of engine design,
notgbly in the case of gas trurbines, moving relentlessly to=-
ward lighter and more compact units, the use of hollow shafts
becomes more and more prevalent, Thls progress 1s, however,
severely hampered at present by the lack of sdequate design

data for this type of shaft,

Historically the study of stress concentration
in shafts due to keyways, splines, fillets and other such
irregularities, has been limifted largely to the csse of
8011d shafts, The stress concentration factor for solid,
stepped shafts has been evaluated by several methods prior
to this writing and the results made available in the form
of an easily applied formulal, TIater works on the subject

credit this formula with a good degree of accuracy.,

In spite of the exhaustive study made of solid
shafting, there has been no attempt known to the author to
evaluate the stress concentration existing in the fillets
of shafts of hollow c¢crossectgon., This problem thus becsme

the subject of this investigation,

Several methods of approaching the problem were
considered; use of the electrical anology of torsion, photo-

elasticity in three dimensions, and the use of SR-4 resis-

1., Sonntag's Formula, Appendix I
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tance gages,

The electricel analogy having been used success-
fully by L. S. Jacobser?wns considered but was rejectéd inm
view of the comprehensive technique required. In addition,
the necessary machining of appropriste sections was prohi-

bitive to the investigation,

Investigation by the methods of three dimentlonal
photoelasticity was carefully considered with a view towards
utilizing the newly developed "Fostorite". Equipment was
lacking to sdequately pursue this approach, and it was found
that sufficient photoelastic material would place the expense

considerebly beyond reason,

The declsion was thus made to employ SR-4 gages
in the experimental work, Together with existing auxillilary
equipment, they were thought to comblne the necessary face

tors of flexlibility, accuracy and economy,

Since‘the stress distribuction in an elastie body
was known to be largely independant of 1ts actual dimensions,
but dependent rather on the shape or configuration, the re-
sults were to be interpreted in terms of nondimensional ra-

tios and thus be applicable in general,

2. Bibliography, Appendix II
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OBJECT AND SCOPE

It was the purpose of thig Thesis to determine the
torsional stress concentration factor for hollow stepped shafts
of various wall thicknesses, A relation was sought between

this factor and the relative wall thickness,

Connecting fillets of two sizes were studied., The
ratios of fillet radius to smaller shaft diameter being 0.50
and 0,375,

The investigation of hollow shafts was limited to
cases where the ratio of bore to smaller shaft diameter is
between 0,625 and 0,25, The 1nvestigation was extended to
include the case of solid crossection for the larger fillet

section,
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THE INVESTIGATION

The problem defined, it was then decided to use
electric resistance gages to measure the strains correspond-
ing to the pertinent stresses, Since the tests were restrict-
ed to the region of nearly linear elasticlity, the stress con-
centration factor was accurately represented by the ratio of

strains,

It cen be easily shown that, for a shaft of rota-
tional symmetry, the maximum shearing stress on a particular
section is nmumerically equal to the tensile or compressive
stress that occurs in the free surface at an angle of 45 de-
grees to the generatrix, With this knowledge, 1t was pos-
sible to measure the maximum strain on a glven transverse
section, The section of maximum stress, however, could be

computed only with great difficulty.

To determine the maximum shear stress present in
the specimen, and indirectly the critical section, gages
were pleced so as to determine the maximum stralns occurr-
ing at several sections on the fillet and on the smaller
shaft, Rough preliminary tests indicated that the greatest
strain occured in the fillet where the anglel was approxi-

mately three degrees,

1. Refer to Figure 5, Page 14 .



-6-

Accordingly, gages were then concentrated in this
general area with an angular spacing of one degree. A gage
was also placed at the midpoint of the smaller diameter shaft
to serve as a reference point of zero stress concentration,
The strain readings thus obtained were then used to plot
strain-position curves for each of the tests from which the

maximum strain was obtained,

A series of tests were run for hollow stepped
shafts of varlous wall thicknesses and also for & solid shaft,
The latter test was made to serve as a basis of comparison
with previous work on solid shafts., The same specimen was
used for all tests, the wall thickness controlled by succes-

sive drilling operations,

The general method of investigation having been
determined, certain preliminary work presented itself., This
included control tests performed on the specimen material as
well as the development of a satisfactory experimental techa

nique.
THE SPECIMEN

The specimen used in the subsequent investiga-
tion was machined from durel in the V,P.,I. Machine Shop.
In the photograph, Figure 1, it is shown installed in the

testing machine, Geages are omitted on one end for clarity.
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Figure 1, Test Specimen

A detall of the specimen may be found on Page g ,

Figure 2. The two fillet radil 1 and B were one inch and

three quarters inch respectively.

Duralumin alloy 24 ST was selected as the most
suitable material for the specimen, since it had two marked
advantages over other easily obtainable material, The com-
paratively low modulus of elasticlty permitted larger, and
hence more accurately recorded strain values within the lim-
its of the tests, Furthermore, since relatively large dimen-
sions were required for accuracy, the good machinability and

lightness of this metal also recommended its cholce.

In order to estimate the degree of uniformity of

the specimen, & hardness traverse was performed on the end
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DURAL TORSION SPECIMEN

Flgure 2



-

of the finished specimen, Standard Brinell tests were made
using the 500 kg load and 30 second applicstion, The loca-
tion of test points, as well as the data obtained, may be

found on page 10 , figure 3.

The average BR,H,N, was found to be 83,3 with a

maximum veriation of 5,4% from the average,

Inasmuch as the actual measurements were of

strain, rather than stress, it was important that the load-
ing be confined to that range in which the variation in
slope of the stress-strein curve from the highest to the
lowest stressed portion 1s not significent, It was also im-
portant to avoid undue yielding which would injure the gages.,
Since the same geges were preserved throughout the investiga-
tion, the cummulative effect of even apparently slight yleld-

ing presented a'dofinite dengser,

Accordingly deta was obtained, figure 4, page 11,
and & load-indiceted strain curve plotted, As a result of
this test, 1t was thought advisable to hold indicated strain

velues to approximately one thousand microinches per inch,



HARDNESS TEST DATA, pigure 3

Data
Station

Diameter of A
Impression B
Average Diam,

Station Average

2,72
2.62
2,67
87.7

* —
—_—
i

1
2
—_ .'_;__.A- T
2

2.73
2.69
2,71
85.1

1.
2,
3.

<:> 4,

5,

6e

7

2,82 2,83
2,78 2,73
2,80 2,78
79.6 80.8

2.7
2.83
2.80
79.6

2.71
2,68
2,70
85.7
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STRESS - STRAIN TEST, pigure 4

Data
Torque 0 2000 3910 59810 7880 10010 15080 19830 s)
Strain Read. 79 1174 1346 1530 1707 1879 2364 28%1 1082

Indicated Strain O 195 367 551 728 900 1385 1912 83

20000

lb.-ln.

10000

Load,

fd I R I e I I I
0.0 1000 2000

Indicated Strain, Microinches/in.
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GAGE PLACEMENT

One of the greatest difficulties encountered in
the investigetion, was that of accurately positioning the
gages at the desired points on the specimen, It was essen-
tial to the very nature of the investigation that both in-

clinstion and axial position be carefully preserved,

Several methods were proposed, and tried unsuc-
cessfully, to achieve this aim, Of the several jigs and
templates employed, most suffered from inadequate refer-

encing.

To remedy this defect the following method was

developed and did enjoy some meeasure of success,

In this method, the gages were &ll placed with
reference to the surface of the larger shaft, With refer-
ence to Figure 5 on page 14, the axial position of each
gage was determined as the distance L along the surface
from the gage point to the reference., The values of L were

then cumputed for the various angular positions,

These values were then plotted, Figures 8 and 9,
pages 18 & 19,' and a line passed through each point parala
lel to a reference line., This resulted in a series of lines
each at a distance from the reference corresponding to one
axial gage position., Peairs of lines inclined at 45 degrees

and each intersecting on one of the parallels were then added.
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A template was then constructed of light gage
steel as shown in figure 7, page 16. This was secured on
the previously constructed chart so that its arms terminated

on the reference line,

With the aid of a lowpower magnifier the gages
were then placed on the chart, and under the template, with
the center of each gage directly over one set of cross lines,
While held in this position with tape, the gages were then

tack-cemented to the template,

It may assist the reader at this time to refer

to figure € on page 15 , covering the basic operations,

When the cement was thoroughly dry, the template
was removed from the chart, A thin metal band was next
wrapped around the large end of the specimen so that it

extended beyond the edge an elghth inch,

The template was then formed so as to roughly
conform to the fillet outline. The arms were curved to
fit the fillet and the main portion curved to conform to
the smaller shaft, The template was now installed on the
specimen, the arms pressed smuggly against the retaining
band and into the fillet, the main portion wrapped around

the smaller shaft and spring secured,

The preceding'operations resulted in placing
all gages at thelr desired axial position amd with the
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GAGE LOCATION pigure 5

i .
SRR RN RN

L=x(%-¢)+c

¢ in radians

TABULATED CALCULATIONS
r! = 1,000" ¢! = ~0.031"
™ = 0.750" " = +0,219"

¢ ¥-¢ (F-¢) (-9 L' L"
+ 1.557 1.410
C 1.57080 1.57080 1.17810 1.540 1.397
1 1.55335 1.55335 1.16501 1.522 1.384
2 1.53589 1.53589 1.15192 1.505 1.371
3 1.51844 1.51844 1.13883 1.487 1.358
4 1.50099 1.50099 1.12574 14470 1.345
5 1.48353 1448353  1.11265 1.453 1.332
6 1.46608  1.46608 1.89956 1.435 1.319
7 1.44863 1444863 1.08647 1.418 1.306
8 1.43117 1.43117 1.07338 1.400 1.292
9 1.41372  1.41372 1.06029 1.383 1.279
10 1.39627 1.39627 1.04720 1.365 1.266



1. Template placed on Gage
Position chart and gages
tack-glued in the posi-
tions indicated by cross
lines.

2. Template and gages re-

moved from board when
glue 1is dry. Arms bent
to fit fillet.

3. Retalner band placed to
receive arms, template 1s
pushed smugly into posi-
tion, CGages are then
cemenbed to specimen.,

plate is separated from
gages with a sherp knife.
Care necessary to avoid
injury to gages.

METHOD OF PLACING GAGES

Figure 6
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Figure 7 , GAGE TEMPLATE
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desired inclination of 45 degreess to & generatrix,

It remained ohly to float glue under each gage and
press firmly in place for a few seconds to complete the instal-
lation. When the glue band had completely dried the template
was removed by cutting the glue tackings. A razor knife such
as 1s used in model construction was found convenient for

thiSo

Gages were then applied in the manner described
to the lerger fillet, These gages were pleced at the posi-
tions O, 1, 2, 3, 4, 5, 10 degrees of $, This series of
gages, however, were destroyed in the first drilling opera-
tion, Both cutting o0il and centrifugal force served to ren-

der them useless for the later tests,

For the remainder of the investigetion gages
pleced at 0, 1, 2, 3, 5 and 10 degrees on the larger fillet
and at 4, 0, 1, 2, 3 eand 4 degrees on the smaller were used.
The designation + refers to a position beyond the fillet a

disfance equal to the arc length of one degree.
APPARATUS

The experimental work was performed on a Tineus-
Olsen 60,000 in.-1b, torsion testing wachine, located in the
Materials Testing Laboratory at the Virginia Polytechnic
Institute., Calibration of this machine just prior to the

testing period revealed no impalrement of its operational
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GAGE POSITION — I"FILLET
‘Figure 8
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GAGE POSITION -3 FILLET
Figure 9
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cherecteristics,

All gages used were Baldwin Southworth SR 4, type
A-8 of 1/8" gage length, A standard balancing unit was em-
ployed whose smallest calibration of 10 microinches per

inch permitted visual interpolation to units,

A twenty circuit rotary selector switch facili-
tated the reading of the several gages, Equipped with sil-

ver contacts, variation of contact resistance was nil,

Figure 10, General View of Apparatus

A pair of steel reducing flanges were employed
to enable the testing machine to grip the large ends of the
specimen, Longitudinal allignment was insured by a match-
ing recess and tenion joint between flange and specimen,

Figure 11, on page 21, shows these flanges in detall,
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TEST PROCEDURE

After placing the gages on the lerger fillet,
the solid specimen was placed in the testing machine,
Since jaw type grips were used, the specimen was center-

ed by measurements from the grip periphery,

A small base load was first applied and strain
measurements taken at this load, It had been found more
convenient to lndex later strains to thils base load ra-
ther than zero load since the latter required complete
removal from the machine., Further, it was thought that
strain differences obtained in this manner would not
contain the error due to clamping in the grips, an error

sensibly constant throughout the run for any one gage.

The load was then increased in steps, and the

gage readings recorded at each loading.

For the remainder of the tests, however, a
slightly different procedure was followed, The specimen
having been bored to the desired inside diameter, 1t

was placed in the testing machine as before,

A major load was then applied corresponding
to roughly 1000 microinches per inch indicated strain,
and readings taken, The specimen was then releésed to
a base load of 2000 1lb,-in, and‘the gages were read,

The ma jor load was then reapplied, and readings taken,
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Base load strains were again measured,

When this cyele was completed, the specimen was
removed from the grips and then replaced, The complete
cycle was performed a total of four times, a complete re-
moval from the machine grips effected between each, This
was done in order to minimize the effect of any misalligne

ment introduced when installing the specimen,

After a1l four testing cycles had been completed,
the specimen was removed from the testing machine end pre-

pared for the next drilling.

It was found necessary to unsclder and remove
all wiring from the gages for this operation, The gages
lead wires were taped securely to the specimen and the
whole center portion covered with craft paper, This was

also taped at the edges to prevent the entrance of oil,

The stated procedure was then repeated after

each counter boring operation,

During each of the various tests it was found
necessary to ground the case of the straein indicator., A
severe electrostatlic condition accompanied by erratic be-
"havior of the indicator sometimes occurred when this was

not done.



Date and Calculations:

Gage Position Neutral

Torque

10210
14030
15930
17880

A G-
K
A €
K
A e
K

Average K

1556
1785
1902
2015
229
117

113

-24-

S0lid Shaft
Fillet

0 1
1693 1886
1942 2144
20886 2273
2182 2393
249 258
1.088 1.124
124 12¢
1.060 1.103
116 120
1,028 1.082
1,057 1,096

Redius =
2

2127
2393
2529
2658

266
1.160
138
1,162
1.152

1,158

1.00"
4

15e2
1762
1886
2000

240
1.047
124
1,060
114
1,009

1.039

5

2058
2300
2426
2547

242
1,057

1.077
121
1.071

1.068

10

1230
1464
15885
1702

234
1,021
121
1,033
1,034

1,029



Data;
Geme Position

Run

1.

2.

Se

4,

Inside Diameter = 0,50 in.

Torgue

17000
2000
17000
2000

17000
2000
17000
2000

17000
2000
17000
2000

17000
2000
17000
2000

0

1269
231
1248
217

1223
177
1224
170

1251
197
1232
169

1243
178
1233
le8

1" Fillet

1

1580
479
1561
467

1567
439
1557
429

1561
457
1542
427

1527
416
1528
409

2

1753
598

1741
590

1709
553

1710

548

1740
567
1723
547

1736
558
1726
551

Radius
3

1513
348
1503
338

1460
303
1467
297

1514
326
1493
303

1601

1488
301

5

2147
1000
2133

997

2129
982
2128
973

2162
1017
2158

998

2119
968
2118
967

1457
403
1433
393

1437
380
1433
369

1468
423
1453
397

1417
366
1413
361

Neutral

1238
223
1227
213

1201
183
1201
175

1240
213

185
1203

1198
167

1292
172

183
1272

1267
141

1302

1279
150

1247
122
1242
117

3/4" Fillet Redius

0

2083
981
2072
973

2073
948
2077
943

2078
962
2064
939

2067
937
2061
931

1

1533
398
1528
592

1533
392
1533
382

1541
410
1532
387

1511
367
1508
362

2

2092
907
2081
900

2056
875
2048
866

2099
911
2079
883

2047
860
2042
853

3

1562
389
1552
381

1522
379
1528
344

1568
378
1550
358

1541
357
1537
352

4

1308
142
1267

-98-



Date:

Gage
Run
1.

2.

Se

Inside Diameter = 0.75 in,

Position
Torque

17000
2000
17000
2000

17000
2000
17000
2000

17000
2000
17000
2000

17000
2000
17000
2000

]

1482
363
1467
362

1480
383
1477
379

1450
387
1447
3582

1435
339
1434
342

1" F1llet Radius

1

2007
948
2009
o4%

2013
961
2009
9563

1993
926
1983
923

1968
907
1963
910

2

1869
672
1872
673

1900
707
1893
702

1852
662
1854
662

1847
657
1848
660

3

1660
431
1666
432

1703
474
1698
471

1651
431
1653
430

1644
422
1643
423

5

1377
172
1382

1386
163
1383
159

1393

1387
172

1323
137
1321
136

10

1640
533
1643
533

1637
517
1632
512

1657
538
1643
532

1577
493
1575
493

Neutreal

1292
122
1293
221

1313
237
1310
231

1287
317
1287
213

1263
200
1262
202

1647
572

1647

572

1676
567
1666
557

1723
592
1709
583

1690
570
1683
567

xia"

1357

1357
188

1329
161
1327
160

1363
192
1357
187

1287
149
1292
152

Fillet Radius

1

1881
697
1888
698

1851
654
1848
652

1887
689
1880
686

1838
666
1839
667

2

1268
38
1270
36

1317
66
1313
61

12%4
33
1272
27

1270
30
1266
27

3

1469
259
1472
257

15286
301
1523
299

1472
258
1471
258

1460

243
1453
247

£

1719
816
1723
516

1777
568
1772
564

1726
525
1727
524
1693
500

1602
502

-93-



Datea:

Gage Position

Inside Diemseter =

Run Torque

1.

2.

Se

15000
2000
15000
2000

15000
2000
15000
2000

15000
2000
15000
2000

15000
2000
15000
2000

0

1473
493
1478
489

1552

1543
547

1540
542
1534
540

1540

540
1541
1539

1" Fillet Redius

1

1813
763
1818
762

1872
797
1867
795

1853
787
1851
788

1792
743
1796
739

2

1910
847
1917
842

1983
897
1979
897

1978
897
1973
896

1963
877
1962
874

1.00 1n0

3

1553
480
1560
477

1609
518
1605

518

1606
523
1607
520

1643

547
1641
543

5

1277
191
1273
193

1267
167
1269
170

1254
173
1253

17e

1297
211
1297
213

10

1679
697
1683
697

1683
678
1679
680

1669
678
1663
678

1658
872
1654
669

Neutreal

1313
343
1312
345

1333
357
1330
359

1326
360
1326
359

1331

1330
360

1683
658
1688
657

1724
€662
1716
663

1698
660
1693
659

1711
873
1711
674

3/4" ¥illet Radius

0

1417
340
1417
3543

1467
374
1468
373

1459
366
1443
367

1400
318
1398
320

1

1822
737
1823
742

1864
760
1867
761

1847
753
1837
753

1813
734
1812
736

2

1183
87
1183
87

1193
97
1187
99

1188
98
1191
98

1197
105
1197
107

3

1408
337
1409
334

1413
349
1418
351

1420
351
1427
351

1433
357
1432
357

4
1697

1698
626

1706
647
1713
647

1717
657
1722

1738
678
1739
677

-La-



Data: Inside Diaméter = 1.25
Gage Position 1" Fillet
Run Torque ¢} 1 2

1. 12000 1210 1527 1587
2000 363 630 673
12000 1207 1523 1587
2000 361 630 675

2 12000 1207 1509 1589
2000 358 613 678
12000 1203 1503 1589
2000 353 607 673

Se 12000 1202 1500 1587
2000 352 607 670
12000 1202 1501 1587
2000 347 603 687

4, 12000 1206 1463 1602
2000 356 582 682
12000 1206 1466 18600
2000 359 587 683

in.
Radius
3

1252
336
1256
339

1259
343
1258
339

1257
336
1254
330

1277
348
1277
350

5

1093
167
1092
167

1087
166
1083
163

1073

153
1072
152

1039
130
1040
133

10

1424
587
1427
586

1416
580
1412
577

1400
568
1398
567

1357
540
1359
543

Neutral

1133
300
1130
298

1133
303
1127
303

1123
290
1120
289

1113
289
1112
288

1639
777
1642
779

1632

1631
757

1627
758
1631
757

1623
763
1623
767

3/4" Fillet Radius

0

1450
5569
1457
560

1449
563
1444
558

1437
5582
1435
549

1417

1418

539

1

1513
603
1507
600

1507
597
1498
591

1493
587
1490
592

1462
561
1462
564

2

1943
1020
1943
1021

1944
1024
1943
1023

1933
1010
1032
1007

1923
1011
1924
1011

3

1190
283
1188
284

1192
287
1187
288

1182
269
1180
267

1173
277
1172
274

4

le02
700
1603
699

1600
701
1599
693

1593
688
1593
687

1592
697
1592
700



Calculations;

Gage Position

Run

1,

2.

Se

4.

Item

A Ea,
A Cb

A e
I A¢
k

A€a

Aeb

Aéc
Tae

k

A €a
Acbk
A ce
TAe

k

Aéa
A€b
Aec

Zae
k

Averagek

0

1038
1017
1031
3086
1,017

1046
1047
1054
3147
1.028

1054
1035
1063
3152
1.026

1065
1055
1065
3185
1,032

1,023

1!'
1

1101
1082
1094
3277
1.080

1128
1118
1128
3374
1.102

1104
1085
1115
3304
1.075

1111
1112
1119
3342
1,083

F1llet Radius

2

1155
1143
1151
3449
1.137

1156
1157
1le2
5475
1.135

1173
1156
1178
3505
1.141

1178
1168
1175
3521

3

1165
11586
1165
3485
1.149

1157
1164
1170
3491
1.140

1188
1167
1190
3545
1,154

1192
1179
1187
3558

1.141 1.153

5

1147
1133
1136
3416
1.126

1147
1146
1155
3448
1.126

1145
1141
1160
3446
1.121

1151
1150
1151
3452
1.119

1.085 1,139 1,149 1,123

Inside Diameter = 0,50 in.

10

1054
1030
1040
3124
1.030

1057
1083
1064
3174
1,037

1045
1030
1056
- 3131
1.019

1051
1047
1082
3150
1.021

1.030

Neutral

1015
1004
1014
3033

- 1018

1018
1026
3062

1027
1009
1037
3073

1030
1025
1031
5086

1120
1111
1120
3351
1,105

1120
1115
1126
3361
1.098

1120
1087
1129
3346
1,089

1125
1120
1125
3370
1.092

3/4" Pillet Redius

0

1102
1091
1099
3292
1,085

1125
1129
1134
3388
1.106

1116
1102
1125
3343
1.088

1130
1124
1130
3384

1,097

1,094

3

1135
1130
1136
3401
1‘121

1141
1141
1151
35433
1.121

1131
1122
1145
3398
1.106

1144
1141
11486
3431
1,112

1.115

2

1185
1174
1181
3540
1.167

1181
1173
1182
3536
1,155

1188
1168
1198
3552
1.156

1187
1182
1189
3558
1,153

1.158

3

1173
1163
1171
3507
1.156

1143
1149
1184
3476
1.1356

1190
1172
1192
3554
1,157

1184
1180
1185
3549
1.150

1.150

4

1166
11586
1168
34886

1,149

1165
1164
1173
3502
1,144

1180
1160
1186
35286
1,147

1175
1171
1177
3523
1.142

1.146



Calculations: Inside Diaméter = 0.75 in.

Gage Position 1" Fillet Radius

Run Ttem 0 1 2 3 5

1, A e 1099 1164 1197 1229 12056
Aeb 1104 1170 1200 1235 1210

Aec 1105 1174 1199 1234 1210

T ae 3308 3508 3596 3698 3625

k 1,031 1,093 1,120 1.152 1,129

2, Aea 1097 1168 1183 1229 1223
A b 1094 1163 1186 1224 1220

A ec 1098 1164 1191 1227 1224

Lae 3289 38495 3570 3680 3667

k 1,019 1.082 1,107 1.149 1.137

3 Aca 1083 1176 1190 1220 1216
A 1090 1165 11982 1222 1210

A e 1095 1166 1192 1223 1215

Zae 3278 3507 3574 3665 3641

K 1,019 1,092 1,110 1,142 1,133

4. A e 1096 1149 1190 1222 1186
A€o 1095 1150 1191 1221 1184

Acc 1092 1150 1188 1220 1185

Laec 5283 3449 3569 3663 3555

& 1,031 1.083 1.121 1.150 1,117

Averege W 1,025 1.088 1,114 1,148 1.129

10

1107
1110
1110
3327
1.037

1120
1115
1120
3355
1.039

1119
1105
1111
3335
1,037

1084
1082
1082
3248
1.020

1,033

Neutral

1070
1071
1072
3213

1076
1073
1079
3228

1070
1070
1074
3214

1063
1062
1060
3185

1075
1075
1075
3225
1.005

1109
1099
1108
3317
1,027

1131
1117
1126
3374
1.050

1120
1113
111s6
3549
1,052

1.036

3/4" Fillet Radius

0

1174
1174
1169
3517
1,093

1168
1166
1187
3501
1.087

1171
1165
1170

3506

1.092

1138
1143
1140
3421
1,073

1,086

1

1184
1191
11980
3565
1.110

1197
1194
1196
3587
1.112

1198
1191
1194
3583
1,115

1172
1173
1172
3517
1,103

1.110

2

1230
1232
1234
3696
1.151

12561
124%
1252
3750
1 .162

1241
1239
1245
3725
1.159

1240
1236
1237
3715
1.167

1.160

3

1210
1213
1215
3638
1.132

1224
1222
1224
3670
1,137

1214
1213
1213
3640

1.132

1217
1210
1206
3633
1.140

1.135

4

1203
1207
1207

3617

1.126

1209
1204
1208
3621
1.123

1201
1202

_ 1203

3606
l.122

1193
1192
1190
3575
1.123

1,123

—og‘-



GQaleculations:

Gage Position

Run
1.

2

4.

Item

A€o

A€y

Aec
ITac

L

Aeca
Ach
Aec
ZAe
K

A€a
Acb
Ace
I ae

K

A €a
Aep
A ac

ZAe
3

Average K

o}

980
985
989
2954
1,017

1005
996
996

2997

1,027

998
. 992
994
2084
1,030

1000
1001
1002
3003
1,030

1.026

Inside Dismeter = 1,00"

1" Fillet Radius

1

1050
1055
1056
3161
1,089

1075
1070
1072
3217
1l.101

10686
1064
1063
3193
1.101

1049
1053
1087
3159
1.083

1.094

2

1063
1070
1075
3208
1.104

1086
1082
1082
3250
1,113

1081
1076
1077
3234
1.117

1086

1085

1088
3259
1.117

1.113

3

1073
1080
1083
3236
1.113

1091
1087
1087
3265
1,117

1083
1084
1087
3254
1.123

1096
1094
1098
3288
1.128

1.120

5

1086
1082
1080
5248
1,118

1100
1102
1099
3301
1,130

1081
1080
1081
3242
1,118

1086
1086
1084
3256
1.116

1.121

982
986
986
2954
1.017

1005
1001
999
3005
1.028

991

985
2961
1,021

986
982
985
2963
1.012

1.020

Neutral

970
969
967
2906

976
973
971
2920

966
966
967
2899

973
972
970
2915

1025
1030
1031
3086
1.062

1062
1054
1053
3169
1,085

1038
1033
1034
3105
1.071

1038
1038
1037
3113
1.087

1.071

3/4" Pillet Radius

0

1077
1077
1074
3228
1.112

1093
1094
1098
3282
1.123

1093
1077
1076
3246
1,120

1082
1080
1078
3240
1,111

1.117

1 2

1085 1096
1086 1096
1081 1096
3252 3288
1,119 1.132

1104 1096
1107 1100
1106 1098
3317 3294
1.137 1.128

1094 1090
1084 1093
1084 1093
- 3262 3276
1.126 1.130

1079 1092
1078 1092
1076 1090
3233 3274
1.108 1.123

1.123 1.128

3

1071
1072
1075
3218
1.107

1064
1069
1067
3200
1.096

1069
1076
1076
3221
1,111

1076
1075
1075
3226
1.107

1.105

£

1068
1069
1072
3209
1,104

10569
1066
1066
3191
1,092

1060
1065
1068
3193
1.100

1060
1061
1062
3183
1.002

1.097



Calculations; TInside Diameter = 1,25"
Gage Position 1" Fillet Radius
Run Item 0 1 2 3 5

1. Ryl 847 897 914 916 926
e 844 893 914 920 925

Aee 846 893 912 97 925

Lae 2537 2683 2740 2753 2776

k 1,0a7 1,078 1,100 1,103 1.113

2. AGa 849 896 911 916 921
Ak 845 890 911 915 917

Ate 850 896 916 919 920

Iae 2544 2682 2738 2750 2758

s 1,027 1,082 1,103 1.109 1,113

3. Aew 850 893 917 921 920
ree B850 894 917 918 919

A 855 898 920 924 920

Tae o585 2683 2754 2783 2759
kK 1,023 1.076 1.102 1.107 1.105

4. Ae.. 850 881 920 929 909
A B850 884 918 929 911
Aec 847 879 917 927 908
Lhe 2547 2644 2755 2785 2728
x 1,032 1,071 1,114 1.127 1.104

Average ® 1,025 1,077 1.105 1.113 1.109

10

837
840
841
2518
1,010

836
832
835
2503
1.010

832
830
831
2493
1.000

817
819
816
2452
«995

1.004

Neutral
0
833 862 891
830 865 898
832 863 89%7
2495 2590 2686
1.038 1,077
830 867 886
824 < 866 881
824 874 886
2498 2607 2653
1.053 1,070
833 869 885
830 873 883
831 874 886
2494 2616 2654
1.047 1.063
824 860 882
823 860 883
824 856 879
2471 2576 2644
1.043 1,070
1.000 1.045 1.070

3/4" Fillet Radius

1 2 3 4

910 923 907 902
904 922 905 903
907 922 904 904
2721 2768 2716 2709
1,090 1,110 1.087 1,087

910 920 905 899
901 919 900 898
907 92Q 899 906
2718 2759 2704 2703
1.097 1,113 1.092 1,092

906 923 913 9086
903 922 911 905
898 925 213 906
2707 2770 2737 2716
1,085 1,111 1,097 1,088

901 912 896 895
901 913 895 895
898 913 898 892
2700 2738 2689 2682
1,093 1.108 1,088 1,086

1,091 1.111 1,09} 1.088
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RESULTS

The values of stress concentration factor determined
in this investigatlion gre tabulasted below, The values describ-
ed as measured are those actually computed frcm the experimental
data. In addition, values taken from the faired curve, Figure

17, paege 39, ere also presented.

r/a | /4 k k
(measured) | (faired)

0.50 0.00 1.160 1.160
0.25 1.151 1.154
0.375 1.148 1,145
0,50 1.123 1.130
0,625 1.113 1.106

0.375| 0.25 1.162 1.167
0,375 1.160 1.188
0.50 J 152 1.140
0.625 1.114 1,115

Key to Symbols
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DISCUSSION
ACCURACY

Previous work on the problem of torsional stress
concentration being limited to the study of stepped shafts
of solid erossection, the results of the test of the solid
shaft with r/di = 0.5 form the only basis of comparison with

the results of other investigators,

The velue of the stress concentration factor de-
termined for this case was compared with the value predicted
by Sonntag'slrormula and also with the extrapolated results
of A. Weigand2, This extrapolation was necessary since
r/di = 0,5 was beyond the scope of that investigation,

Other papers read on this subject dealt largely with values
of r/d1 of the order of 0.1 and did not lend themselves to

extrapolation to the values required,

It should be noted that the fillet size studied
was at the limit of validity for the Sonntag Formuls, This
formula is a falr representation of the accumulative experi-

mental data, prior to Mr, Weigand's Investigation.

Source Stress Concentration r/G ave.
Factor

Sonntag Formula 1,125 -

A. Welgand (extr,) 1,13 7.7

Author's Value 1,16 8.0

l., Appendix I
2, Appendix II



It 1s seen that the results of this iInvestigation
are somewhat higher than either previously determined value
although not to a significant degree. However, both the method
of Mr, Weigand and of the author suffer from a common source
of error, that of finite gage length, The ratio of fillet ra-
dius to gage length (G) may be taken as a rough index, to the

extent of this error.

In view of the fact that the stress varles as a
pointwise function of position slong the fillet surfact, ris-
ing to & maximum at one section, it is inevitable that error
be present in any attempt to measure this maximum with a gage
of finite length. 'Te severity of this restrictlon may be

judged from Figure 18, page 44.

It has been observed that the strain-position curve
rises to a maximum over a comparatively short interval. The
one-eighth inch gage used in this investigation clearly tlan-
kets this interval, extending over 7.15 degrees., Considerable
"averaging” 1s thus to be expected, with the measured strains

belng somewhat smaller than the true value at any point,

Unforturnately, the extent of this error is not known
to the author., Further investigation 1s thus indicated with
a8 view toward increasing the r/G ratio. Since smaller gages
appear impractical at the present, increased specimen size

appears the more attractive approach.
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Error in the results of this investigation due to
incorrect gage position were thought to be of a minor degree,
sinrce the relative positions were maintained by the use of a
template. ‘“hile the position of the maximum stress might well
vary as much ss one degree, the numericel value of this maxi-

mum is thought to be truly represented in thils respect,

The gages proper were controlled to a variation of
three per cent according to the manufactor's specifications,
T™e resultent accuracy of the several gages used was expected

to be slightly greater,

RESULTS

The values of the stress concentration factor de-
termined in this investigatlen were seen to be reasonably come
petitle with the eerlier works on solid shafts,

Cne of the more significant features 1s the estab-
lishment of & decreasing relationship between the stress con-
centration factor and the d/4 ratio. This relation is pre-
sented graphically, figure 17, page 39.

The character of this relationship remains largely
independant of the averaging error. That this trené was ob-
served for both fillets tested served ro sutstantieate 1lts

truth.

From the general trend of the data obtained, 1t may

be expected that the stress concentration factor approaches
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unity as the d/d4 ratio approaches unity., For this hypo-
thetical limit of zero wall thickness the stress concentrae
tion fector becomes Mathematically indeterminate, zero divide
c@ bty zero, since no stress can be transmitted. The menner
of approach to this limit must therefore serve to establish

the limiting value of the stress concentration factor,

The choice of unity appears a reasonable one on
the strength of the data aveilatble, however, further inves-
tigation 1s indicated to satisfactorally establish this
1imit. Definite knowledge regarding this limiting value
would undoubtedly prove to be a great step toward a more

complete understanding of the problem,



’/vSample Strain Position Curve

Gage Length

TR N

RELATIVE SIZE OF GAGE LENGTH Figure 18

-,i-
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CONCLUSIONS

"he method of placing SR-4 gages by means
of the intermediate template described was

seen to be capable of good accuracy.

The stress concentration factor decreases
with an increasing d/diratio, all other

conditions constant.

Further investigation of the problem is
indicated with greater r/G ratios, to de-
finltely establish the values of stress

concentration factor determined.
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SUMMARY

In this investigation the stress concentration fac-
tor was evaluated for a holliow stepped shaft with varisble wall
thickness and two fillet sizes, Electric strain gages of the
SR-4 type were employed to measure strains in the fillet sec-

tion.

Values of the stress concentration factor were de-
termined with the ratio of inside to outside dismeter rang-
ing from 0,25 to 0.625, A decreasing relation was established

bPetween stress concentration and the internel diemeter,

A satisfactory method of positioning gages asccurate-
ly on the complex fillet surface was developed. "his method
featured an intermedlate steel template with positive refer-

encing.



do
di

NOMENCLATURE

Fillet Radius
Large shaft diameter
Small shaft diameter

Diasmeter of longitudinal hole
Angular position of gage

Arc Length to gage posltion
Stress concentration factor
Gage Length

Indicated unit strain
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APPENDIX I

STRESS CONCENTRATION FACTOR BY SONNTAG FORMULA

The stress concentration factor for the larger
fillet, and solild crossection 1is calculated on the basis of
Sonntag's Formula,

k= Blus +2.0R)[£28) « [1-B-24a8]11+ig]

~
faor B i+2a

where A= "/d¢ B~ 94
Lo
s A=~ 25 * 060
20 _
B=406 ° 0.50
= P = 0.8§0
1+2A 1+ 2(0.9)

o k= 0,5[.,5 +(3o)(o.s)][-:—:—%zxyzfg] - o.s~(zXo.on.s)][z *TzL(B.s;}

1]

o.5[30)L0.15] + ©

x
]

1.12§
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APPENDIX II

EXTRAPOLATION FROM A PRIOR INVESTIGATION

The results of a comparatively recent investigation
of so0lild shafts by A. Weilgand were extrapolated to include
the case of di1/do = 0.5 and r/d1 = 0.5

The followihg faired values were taken from N,4.C,A.

Technical Memorandum 1179,

.di/do s 005
r/d1 0.250 0.214 0.150 0.107
k 1.22 1.25 1,36 1.45

1.50

1.30 \\Q\x

-
1.20 \9\\*3>»_\_\\
1.10 T
1,00
0 0.1 0.2 0.5 0.4 0.5
r/di

The approximate value of k thus determined was 1,13
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