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Problem 1

The job is to conduct a first-cut shaft diameter estimation. Designed shaft needs to transmit
1000 N-m torque with superimposed 250 N-m alternating torque due to torsional vibration.
Shaft material is a heat- treated alloy steel with Su=1.2GPa and Sy=1.0GPa. The shaft has a
shoulder with designated D/d=1.2 and r/d=0.05. Shaft surface demands a good quality ground
finish. Reliability target of the designed shaft is 95 percent.

a. What is the minimal diameter required for infinite life?
b. Identify your assumptions made to get estimated diameter.
Solution:

a. For this question, we are asked to determine the minimal diameter required for infinite
life.
M, =0 N-m
M,=0 N-m
T, =1000 N-m
T, =250 N-m
Assume 2.79 < d <51 mm
And
{Sut = 1.2 GPa = 174.0452927 ksi
S, = 1.0 GPa = 145.0377439 ksi
Therefore, the endurance limit is equal to
S, =0.55,; =0.5% 1.2 GPa= 600 MPa
Next, we consider to modify the endurance limit.
Surface Condition (ground):
k, = aSk, = 1.58 x 12007°8> = 0.8648
Size Effect:
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(d x 1000y 2197
b= \—F=> 5

7.62
Loading Effect (torsion):

k. =0.59
Temperature Effect (room temperature):
kg=1
Reliability Effect (95%):
k., = 0.868

Therefore, the modified endurance limit is equal to
Sse = kakpkckakeSe

d x 1000y ~107
— 0.8648 x ( ) % 0.59 x 1 X 0.868 X 600 MPa

7.62
From Table A-15-8, I can know that the stress concentration factor for D/d=1.2 and

r/d=0.05 round shaft with shoulder fillet is equal to
Kis = 1.6
And because the stress in this question is torsion,
Vva =0.190 — 2,51 x 10735, + 1.35 x 107552, — 2.67 x 107853,
= 0.190 — 2.51 x 1073 x 174.0452927 + 1.35 X 10~°
X 174.04529272 — 2.67 x 1078 x 174.04529273 = 0.0213
= a = 45456 x 10~*
The fatigue stress concentration is equal to

Kis— 1 1.6 -1
Koe14®s=D (16-1)
1+\/§ 1+\/ 45456 x 10~*
r 0.05d x 100 x 0.39370078740
And
1 %, %
no Se Sut
For the minimal diameter required for infinite life,
n=1
Therefore,
Oa | Om
l=—+4+—
Se  Sut
. 1
(32KfMa) 16Kfs 2 32Kf +3 (161{fsTm>2 2
) md3 md3 - md3 md3
- ut
1 1
32K - 0\? 16K:T,\*]?  [(32K; - 0\ 16K\ *|?
md3 - md3 md3 v e md?3
1= o
Se Sut
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2
2

N| =

; (16KfsTa>2 ] (16KfsTm>2
d3 d3
_|_

1=
Se Sut

1 - 10050 Te | Tn)
md3 \S, Sy,

|
16V3

]
1+ (1.6 —1)
" +\/ 4.5456 x 10~*
0.05d x 100 X 0.39370078740
d3

1=

250 N-m

d X 1000)‘"-107
7.62

X

0.8648 x ( X 0.59 x 1 X 0.868 x 600 MPa

1000 N-m
1.2 GPa

= d =0.02974 m = 29.74 mm
b. For this question, we are asked to identify your assumptions made to get estimated
diameter.
Because 2.79 <d = 29.74 < 51 mm, the assumption is satisfied.

Problem 2

The rotating solid steel shaft is simply supported by bearings at points B and C and is driven
by a gear (not shown) which meshes with the spur gear at D, which has a 150-mm pitch
diameter. The force F from the drive gear acts at a pressure angle of 20°. The shaft transmits a
torque to point A of Ta =340 N - m. The shaft is machined from steel with Sy = 420 MPa and
Sut =560 MPa.

Using a factor of safety of 2.5, determine the minimum allowable diameter of the 250-mm
section of the shaft based on (a) a static yield analysis using the distortion energy theory and
(b) a fatigue-failure analysis. Assume sharp fillet radii at the bearing shoulders for estimating
stress-concentration factors.
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250 mm

100 mm

Solution:

For this question, we are asked to determine the minimum allowable diameter of the 250-mm
section of the shaft based on (a) a static yield analysis using the distortion energy theory and
(b) a fatigue-failure analysis. Assume sharp fillet radii at the bearing shoulders for estimating
stress-concentration factors.

From the force analysis, I can know that
Fcos20°R =Ty

T, 340 N-m

R cos 20 (1502mm) 08 2

= F = 4.8243 X 103 N

0°
And the maximum bending moment occurs at point C, which is equal to
M, = Fxcp = (4.8243 x 103 N) X (100 mm) = 4.8243 X 10> N-m
Therefore, we can know that at point C:
M, =0 N-m
M, = 4.8243 X 10> N-m

T, =340 N-m
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T,=0 N-m
For sharp fillet, K, = 2.7 and K;; = 2.2.
And,

Va = 0.246 — 3.08 x 10735, + 1.51 x 107552, — 2.67 x 107853,
= 0.246 — 3.08 X 1073 x 81.22 + 1.51 X 1075 x 81.222 — 2.67 x 108
x 81.223 = 0.081146

= a = 6.58462 x 1073

The fatigue stress concentration is equal to

K, —1 2.7 -1
K =1 +—( =D _ 1+ ( )
14 ﬁ ) +\/ 6.58462 X 103
7 0.02d x 100 x 0.39370078740

Va =0.190 — 2.51 x 10735, + 1.35 x 107552, — 2.67 x 107853,
= 0.190 — 2.51 x 1073 x 81.22 + 1.35 X 1075 x 81.222 — 2.67 x 1078
x 81.223 = 0.06089

= a=3.7072%x 1073

The fatigue stress concentration is equal to

Kes—1 22-1

KfS:H(ts ):1+ ( )
1+ |2 1+\/ 3.7072 x 103

0.02d x 100 x 0.39370078740

%

r

Assume g = 0.8 and g5 = 0.9.
So,
Ke=1+q(K,—1)=1+08(27-1)=24
Kes =1+ qs(K,s—1)=1+09(22-1)=21

(a)
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I
1

2

1
O-r,nax = [(O-m + Ja)z + 3(Tm + Ta)z]i =

32K, (My, + Mg)\” 16K (Tp, + To)
+3
d3 d3

(. ) |
32x |1+ 27— X (4.8243 x 102 N - m)
\ 1+\/ 6.58462 x 103 /
) 0.02d x 100 x 0.39370078740
Td3
\_
1
2\ 2
16x|1+ B2=1 X (340 N-m)
1 +\/ 3.7072 x 10-3
0.02d X 100 X 0.39370078740
+3 - ;
d
4 )
And
NOmax = Sy
2.5
o 2
32x| 1+ B7=1 X (4.8243 x 102 N - m)
. +J 6.58462 X 103
" 0.02d X 100 X 0.39370078740
Td3
k_
1
_2\ 2
16x| 1+ Z2- 1 x (340 N-m)
. +\/ 3.7072 x 103
0.02d X 100 x 0.39370078740
+3 (
td3
1)
= 420 MPa
=>d=41.61 mm
(b)
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Assume d = 51 mm
And

{Sut = 560 MPa

S, =420 MPa
Therefore, the endurance limit is equal to
S, = 0.55,; = 0.5x 560 MPa =280 MPa
Next, we consider to modify the endurance limit.
Surface Condition (machined):
k, = aSP, = 4,51 x 5607%265 = 0.843
Size Effect:
k, = 1.51(d x 1000)~0-157

Loading Effect (bending):

k.=1
Temperature Effect (room temperature):

kg=1
Reliability Effect:

k.=1

Therefore, the modified endurance limit is equal to
See = kokpk kgk,S, = 0.843 x 1.51(d x 1000)7%157 x 1 x 1 x 1 X 280 MPa
Hence,
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)

1

o= (L gm0 F + i)+ 20

)
[ion2s] 1 N
\

7 )0843 x 1.51(d x 1000) 917 x 1 x 1 X 1 X 280 MPa| "

(2.7 -1)
+ X 4.8243 x 102 N-m
1 +J 6.58462 x 103

0.02d x 100 x 0.39370078740

N[ =

(22-1)
+3 X0
3.7072 x 103

Ry \/O 02d x 100 x 0.39370078740

S —

(2.7-1)

4/ 1+ : XO\
AR )

560 MPa 6.58462 x 1073

0 02d x 100 x 0.39370078740

[N
-
W[ =

/ (22-1) \x340 N -m .

+3| {1+
\ 1 +\/ 3.7072 x 103 /
0.02d X 100 X 0.39370078740

= d = 55.37 mm

Problem 3

The torque to be transmitted through the key from the gear to the shaft is T = 2819 in-1bf. The
nominal shaft diameter supporting the gear is 1.00 in. Specify a square key for torque
transmission, using a factor of safety of 1.1. Use 1020 CD steel for the key material and DET
theory as the failure criteria for safety factor calculation.

Solution:

Mechanical Design 2 Homework 05



SCUPI

Sichuan University - Pittsburgh Institute
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For this question, we are asked to specify a square key for torque transmission, using a factor

of safety of 1.1.
From Table 7-6, a i-in square key is selected. Choose 1020 CD steel for the key material,
with a yield strength of 57 kpsi.

From Fig. 7-19, the force F at the surface of the shaft is

T 2819 in - lbf
F=—=——+——=5638 Ibf
T 1 in

2
By the distortion-energy theory, the shear strength is
Ssy = 0.577S,, = 0.577 x 57 kpsi = 32.889 ksi

Failure by shear across the area ab will create a stress of T = F/tl. Substituting the strength
divided by the design factor for t gives

Sey F
n tl
32.889 ksi 5638 Ibf
1.1 ~0.251
[ =0.754 in

To resist crushing, the area of one-half the face of the key is used:

Sy F
n  tl/2
57 ksi 5638 Ibf
1.1 0.251/2
[ =0.87 in

Failure by crushing the key is the dominant failure mode, so it defines the necessary length of
the key tobe [ = 0.87 in.

Mechanical Design 2 Homework 05








