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Problem 5: Solution 

 

 

 

A: location of fan 

B: left bearing 

C: gear 

D: groove 

E: shoulder 

F: right bearing 

 

Approach to solve the problem as follows:  

(a) For determining suitable shaft dimensions: 

1. Identify the critical location 

2. Choose material 

3. Find 𝑆𝑒 and 𝑆𝑒′ 
4. Estimate stress concentration factors 

5. Estimate shaft diameters at the given location 

6. Verify the estimated diameters 

(b) For check conformity of deflection to design standard:  

1. By neglecting smaller details, utilize a design software to calculate approximate 

deflection and slope developed at various points on the shaft (MD solids is always useful 

here) 

2. Determine if the slopes and deflections conforms to the catalogue standard given in 

Table 7-2. 

Step-1: Indentifying critical location  

Reaction forces  

-Since there is only one gear at C, 
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𝐹𝑔 = √2302 + 6332 = 673.5 𝑙𝑏𝑓 – resultant force at C 

-Due to shaft rotation, the bending stress is completely reversed case 

-Assuming the fan load to be much smaller than the bending stress caused by gears, 𝐹𝑓𝑎𝑛 ≈ 0 

-Applying equations of equilibrium: 𝑅1 + 𝑅2 = 637.5 𝑙𝑏𝑓 and 𝐹𝑔 𝑥 6.98 − 𝑅2 𝑥 10.12 = 0 → 𝑅1 = 209.9 𝑙𝑏𝑓 and 𝑅2 = 464.5 𝑙𝑏𝑓 

Bending moment  

OB: 𝑀𝑂𝐵 = 0 

BC: 𝑀𝐵𝐶 = 𝑅1𝑥  M = 1465 lbf.in at C 

CF: 𝑀𝐶𝐹 = 𝑅1𝑥 − 𝐹𝑔(𝑥 − 6.98)  M = 1115 lbf.in at D, 845 lbf.in at E and 0 at F 

Torque  

-Torque is constant between points A and C, because a steady torque was applied. 

-Torque is given as: 𝑇 = 𝐹𝑡  𝑥 𝑑2 = 633 𝑥 (82) = 2532 𝑙𝑏𝑓. 𝑖𝑛 

Critical locations  

-From the BM and Torque diagrams below, potential critical locations can be spotted as follows: 

1. Keyway at C, where bending moment is maximum, torque is high and stress concentration exists. 

2. Keyway at A, where torque is high, diameter is expected to be smaller and stress concentration exists. 

3. Groove at D, where diameter is expected to be smaller, bending moment is still high and stress 

concentration exists. 

4. Shoulder at E, where diameter is expected to be smaller, bending moment is still high and stress 

concentration exists. 

 

Since the BM is higher at C, we will start analysis from that location. 
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Step-2: Selection of material  

-Let us select an inexpensive material, i.e. 1020 CD steel with 

Table A-20: Sut = 68 kpsi, Sy = 57 kpsi 

Keyway at C  

Step-3: Find 𝑆𝑒 and 𝑆𝑒′ 
Eq. (6-8): 0.5(68) 34.0 kpsieS    

Eq. (6-19): 
0.2652.70(68) 0.883ak    

  𝑘𝑏 = 0.9, initial geuss 

 𝑘𝑐 = 𝑘𝑑 = 𝑘𝑒 = 𝑘𝑓 = 1 

 𝑆𝑒′ = 𝑘𝑎𝑘𝑏𝑘𝑐𝑘𝑑𝑘𝑒𝑘𝑓𝑆𝑒′ = 27.02 𝑘𝑝𝑠𝑖 
Step-4: Estimate stress concentration factors at C   

-Assuming 
𝑟𝑑 = 0.02, 𝑘𝑡 = 2.14, 𝑘𝑡𝑠 = 3.0  for end-milled key seat, Table 7-1 

-From Fig. 6-20: 𝑞 = 0.66 and 𝑞𝑠 = 0.72  𝑘𝑓 = 1.8 and 𝑘𝑓𝑠 = 2.4 

Step-5: Estimate shaft diameter at C  

-We use DE-Goodman criterion which is conservative and good for initial design with 𝑛 = 1.5 

-𝑀𝑎 = 1465.1 𝑙𝑏𝑓. 𝑖𝑛, 𝑀𝑚 = 𝑇𝑎 = 0, 𝑇𝑚 = 2532 𝑙𝑏𝑓. 𝑖𝑛     at C 

Using: 

1 mark 

1 mark 

1 mark 

2 mark 

1 mark 

2 mark 



 

 𝑑 = 1.389′′  Hence, let us select 𝐷4 = 1.4" based on recommened values from table A-14 and A-17. 

Let us check our initial estimate: 𝑘𝑏 = (1.40.3)−0.107 = 0.848 ≈ 0.9. Hence, initial value of 𝑘𝑏 used is 

acceptable.  

Nevertheless, utilizing 𝑘𝑏 = 0.848 yields 𝑆𝑒′ = 25.45 𝑘𝑝𝑠𝑖. And for keyways made from end-milled 

cutters, 
𝑟𝑑 ~0.02, 𝑘𝑡 = 2.14 and 𝑘𝑡𝑠 = 3.0. Hence, recalculating the 𝑑 using the new values: 

 𝑑 = 1.415′′  Hence, let us selecting 𝐷4 𝑡𝑜 𝑏𝑒 1.4" is acceptable based on the recommened values 

from table A-14 and A-17. 

-Check for yielding:  𝜎𝑎′ = 32𝑀𝑎𝜋𝑑3 = 5.438 𝑘𝑝𝑠𝑖 and 𝜎𝑚′ = 0 𝑛𝑦 = 𝑆𝑦𝜎𝑎′ +𝜎𝑚′ = 575.438 ~10.5, hence fatigue failure will occur first. 

 

 

Groove at D 

First, we need to assume dimensions and then check the factor of safety. 

-will assume Fig. A-15-14 is applicable 

-will assume the 2’’ diameter specified to the right of the groove is relatively narrow and will not allow 
the stress to flow (see Fig. 7-9 for stress flow concept)  𝑟𝑑 = 0.11.2 = 0.0833  and  𝑑 = 1.4 − 2(0.1) = 1.2 and 𝑟 = 0.1 (given) 

1 mark 

1 mark 



𝐷𝑑 = 1.41.2 = 1.167 

Step-3: Find 𝑆𝑒 and 𝑆𝑒′  
Eq. (6-8): 0.5(68) 34.0 kpsieS    

Eq. (6-19): 
0.2652.70(68) 0.883ak    

  𝑘𝑏 = (1.20.3)−0.107 = 0.862 

 𝑘𝑐 = 𝑘𝑑 = 𝑘𝑒 = 𝑘𝑓 = 1 

 𝑆𝑒′ = 𝑘𝑎𝑘𝑏𝑘𝑐𝑘𝑑𝑘𝑒𝑘𝑓𝑆𝑒′ = 25.88 𝑘𝑝𝑠𝑖 
Step-4: Estimate stress concentration factors at D  

-𝑘𝑡 = 1.9  for 
𝑟𝑑 = 0.0833  and  

𝐷𝑑 = 1.41.2 = 1.167 

 

-From Fig. 6-20: 𝑞 = 0.8    𝑘𝑓 = 1.72  

Step-5: Estimate factor of safety at groove  

-We use DE-Goodman criterion which is conservative and good for initial design with 𝑑 = 1.2 

-𝑀𝑎 = 1115 𝑙𝑏𝑓. 𝑖𝑛, 𝑀𝑚 = 𝑇𝑎 = 0, 𝑇𝑚 = 2532 𝑙𝑏𝑓. 𝑖𝑛     at D 

Using: 

 

 𝑛 = 2.16  Acceptable 

Hence, 𝐷4 = 1.4"  is good value for diameter at C. 

-Check for yielding:  𝜎𝑎′ = 32𝑀𝑎𝜋𝑑3 = 6.572 𝑘𝑝𝑠𝑖 and 𝜎𝑚′ = 0 𝑛𝑦 = 𝑆𝑦𝜎𝑎′ +𝜎𝑚′ = 576.572 ~8.67, hence fatigue failure will occur first. 

 

Shoulder at E 

First, we need to assume dimensions and then check for the factor of safety. 

- 𝑟 = 18 ′′ (given) and 𝐷 = 2.0′′ (specified on diagram and added to balance fan weight on far left)  

-adopting typical 
𝐷𝑑 ratio for a shoulder to be 1.2 (recommended by bearing catalogue—slides) 
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- 
𝐷𝑑 = 1.2   𝑑 = 1.67 ≈ 1.7′′ 

- 
𝑟𝑑 = 0.1251.7 = 0.074   

Step-3: Find 𝑆𝑒 and 𝑆𝑒′  
Eq. (6-8): 0.5(68) 34.0 kpsieS    

Eq. (6-19): 
0.2652.70(68) 0.883ak    

  𝑘𝑏 = (1.70.3)−0.107 = 0.831 

 𝑘𝑐 = 𝑘𝑑 = 𝑘𝑒 = 𝑘𝑓 = 1 

 𝑆𝑒′ = 𝑘𝑎𝑘𝑏𝑘𝑐𝑘𝑑𝑘𝑒𝑘𝑓𝑆𝑒′ = 23.54 𝑘𝑝𝑠𝑖 
Step-4: Estimate stress concentration factors at D  

-𝑘𝑡 = 1.95  for 
𝑟𝑑 = 0.074  and  

𝐷𝑑 = 1.71.2 = 1.2 

 

-From Fig. 6-20: 𝑞 = 0.75    𝑘𝑓 = 1.71  

Step-5: Estimate factor of safety at shoulder  

-We use DE-Goodman criterion which is conservative and good for initial design with 𝑑 = 1.7 

-𝑀𝑎 = 845 𝑙𝑏𝑓. 𝑖𝑛, 𝑀𝑚 = 𝑇𝑎 = 0, 𝑇𝑚 = 0     at D 

Using: 

 

 𝑛 = 2.76  Acceptable 

Hence, 𝐷5 = 1.7"  is good value for diameter at E. 

 

-Check for yielding:  𝜎𝑎′ = 32𝑀𝑎𝜋𝑑3 = 1.751 𝑘𝑝𝑠𝑖 and 𝜎𝑚′ = 0 𝑛𝑦 = 𝑆𝑦𝜎𝑎′ +𝜎𝑚′ = 576.572 ~32.54, hence fatigue failure will occur first. 

 

Diamater of other sections  

The locations of the bearings and other locations of shaft are subjected to less bending and/or torgue, 

we expect the factor of safety to be higher than the required value at these locations. Hence, the 
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diameters at the other locations can be obtained from standard catalogue for bearings and shafts as 

follows: 

-𝐷2 = 𝐷6 =  0.875′′ standard bore size from bearing catalogue  

 

 

https://www.astbearings.com/catalog?cid=inch_series_1600 

 

-𝐷3 = 1.2′′ from table A-14 and A-17 

 

Keyway at A  

Since there is only steady torsion here, the diameter at pulley end need only be estimated based on a 

static failure criteria. Since the tension of pulley belt are neglected,  we’ll use the MSS theory (from 
Chp5) to find the diameter by considering only torque. 

-Assuming the fan is held in place by Marine Propeller Shaft Hub, 

https://www.techboat.com/Bibliotheque/SAE_%20dimension.pdf 
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-Fan hub bore size of 3/4 or 0.75’’ has been selected for point O 

-Hence, the factor of safety is estimated at: 

 
 4

2532 0.75 / 2
30.6 kpsi

0.75 / 32

Tr

J



    

Eq. (5-3): 
/ 2 57 / 2

0.93
30.6

y

y

S
n


     Not acceptable  

-Now, selecting hub bore size of 7/8 or 0.875’’, the factor of safety becomes: 

 
 4

2532 0.875 / 2
19.2 kpsi

0.875 / 32

Tr

J



    

Eq. (5-3): 
/ 2 57 / 2

1.48 1.5
19.2

y

y

S
n


     Acceptable, since fan weight is very 

insignificant. 

Hence, 𝐷1= 0.875’’ 

 

(b) The deflection will not be much affected by the details of fillet radii, grooves, and keyways, so these 

can be ignored.  Also, the slight diameter changes, as well as the narrow 2.0 in diameter section, can be 

neglected.  Hence, we will model the shaft with the following three sections: 
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Section Diameter 

(in) 

Length 

(in) 

1 0.875 2.90 

2 1.20 7.77 

3 1.70 2.20 

  

The deflection problem can be solved easily with singularity functions or castigliano’s theorem.  For 

examples, see Ex. 4-7, p. 173, or the solution to Prob. 7-24.  Alternatively, structural analysis software 

(such as MDsolids) or finite element software (such as ANSYS, COMSOL, Abaqus) may be used.   

Using MDSolids, initial estimate for the deflection and slope at various locations becomes:  

Location Slope 

(rad) 

Deflection 

(in) 

Left bearing A 0.000730 0.000000 

Right bearing F 0.000864 0.000000 

Fan O 0.000730 0.002118 

Gear C 0.000759 0.001823 

 

Comparing these values to the recommended limits in Table 7-2, we find that they are all within the 

recommended range.   

 

 

 

 

Sample Deflection Calculations (Not required in grading) 
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