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Abstract -Power shafts are the most crucial components of a machine, and they are frequently subject to fatigue
due to variable external loads. The goal of this research is to design solid and hollow shafts with constant load
and torque in order to anticipate the percentage reduction in shaft mass and change in diameter. The modified
Goodman approach was used to calculate the shaft's diameter, which was then compared to the maximum shear
stress method. The results show that hollow shafts have a 28% lower mass than solid shafts with the same
material and strength, while hollow shafts have a 5% higher outer diameter. When using maximum share stress
theory, the results show that the diameter of the designed shaft increases slightly.

Index Terms: Power Shaft, Hollow Shaft, Solid Shaft, Mod_Goodman Method, Fatigue.

I. INTRODUCTION

The rotating components that transmit power in machines are called shafts. Typically, they are made of low-
or medium-carbon steel and have a circular cross section. They can be solid or hollow. As a ubiquitous and
significant rotating machine component, shafts support a variety of transmission components, including gears
and pulleys. The main difference between a solid shaft and a hollow shaft is that the cross-sectional area of the
hollow shaft is spread away from the axis of rotation, while the cross-sectional area of the solid shaft is spread
closer to the axis of rotation. The hollow shaft has a greater moment of inertia than the solid shaft for the same
weight per unit length of shaft. Therefore, hollow shafts are stiffer than solid shafts in terms of torsional and
bending forces; but for the same objective, a hollow shaft's diameter is larger than a solid shaft's, requiring more
space.

Due to the advantages of hollow columns, especially their light weight and hardness compared to solid ones,
and due to their exposure (whether solid or hollow) to different loads during their work, which generates
different stresses on the material of the shafts, it is important to study the effect of these forces and the extent to
which the design (outer diameter of the shaft) differs between the hollow and solid types. The Mod-Goodman
method is widely used to study and analyze shaft stresses to compute the fatigue effect on the component, as all
machines and structures are subject to fatigue (Osgood, 1982 [1]; Stephen, 2018 [2]). The design and
optimization of shafts under fatigue loading were investigated by Gujar (2013) [3] and Deepan (2011) [4].
According to Rakesh et al. (2018), aluminum with a BLF composite hollow pit is accurate in terms of weight
curtailment, but only by 1.16% when compared to

In this work, Mod-Goodman method was used to design and analyze stresses of solid and hollow power shafts
to verify mass reduction of the designed shaft. Besides that, the increasing of outer diameter and fatigue
resistance were considered.

Il. METHODOLOGY

The suggested shaft is 300 mm long, with different diameters contingent on the outcome of the design. As
shown in figures 1 and 2, it is subjected to a torque of 300 N.m. and a single force of 1000 N operating on the
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pulley. Table 1 displays the characteristics of the various carbon steel grades employed in the design. The mod-
Goodman equation and maximum shear stress method are used in this work to compute the diameters of the
solid and hollow shafts in accordance with the mentioned boundary conditions. The mass of both kinds of shafts
is then determined; this process was carried out seven times in accordance with various material grades. Plotting
the findings against mod-Goodman lines thus guarantees the finite life of the designed shafts.

Table 1. Material properties

AISI / CDh Sut (MPa) Sy (MPa) P (g/cm3)
AISI 1010 370 300 7.87
AISI 1018 440 370 7.87
AISI 1020 470 390 7.87
AISI 1030 520 440 7.85
AISI 1035 550 460 7.85
AISI 1040 590 490 7.84
AISI 1050 620 580 7.85
g 1000 N
pulley Bearings
e
300 N.m - —dr
: . L
I 300 mm |

Figure 1: Studied Model (Solid Shaft)

G 1000 N
pulley Bearings
. :
300 N.m “d'i—drﬂ
Vem ~_1
: 300 mm |

Figure 2: Studied Model (Hollow Shaft)
[ll. SOLID AND HOLLOW SHAFT DESIGN USING MOD-GOODMAN

The Mod-Goodman equation (1) is used in a tensile region where compression stress has little effect on fatigue
safety factor (Stephen K.2018 - [2]). Since the shafts in our case are subjected to bending and torsion, in
fluctuating assuming no axial force on the shafts, thus, the bending and torsional stresses have alternating and
midrange components, using von Mises stresses formulas (equations 2 and 3) for the two stress elements with
fatigue factors (Kr for moment and Ky for shear), equations 4 and 5 can be obtained (Shigley.2015 - [6]).
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And for hollow shafts:
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Where, d, is the outer diameter of hollow shaft and k is di/do, d; is the inner diameter of hollow shaft.

Applying these equations to the Mod-Goodman equation (1), taking into consideration rotational shafts such as
ours with constant bending and torsion: Mm =Ta=0, the diameter of a specified shaft can be computed
using equations 8 and 9 for solid and hollow shafts.

1/3

d= @[ZKFM“+(3(1(]%%)2)1/2 } (8

4 Se Sut

1/3

1/2
L 1en (2K, (3(K7sT)?)
T (1 -kY]| S, S

. (9)

ut

The calculation parameters that are used in this work are illustrated in table 2 and the endurance limit Se was
calculated using Marin equation as below (Shigley.2011 - [6]):

S, = kakpkekakof! oo (10)

Using f, = % to predict rotary beam test specimen endurance limit.

Table 2. calculation parameters

parameter value
Fatigue safety factor n 2.5
Ks 2.14
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Ks 3
K (di/do) 0.6
k, (Machined CD) 0.832
ky 1
ke 1
kq (50 C°) 1
k. (90% reliability) 0.814

IV. SOLID AND HOLLOW SHAFT DESIGN USING MSS

The diameter of the shaft can be calculated in another way using maximum shear stress method (equation 11)
(Steven R. Schmid.2014 - [8]), which does not account for the endurance limit and the fatigue factor of safety.
Naturally, this approach forecasts a broad design approximation unless fatigue considerations play a significant
role in machine design. This technique was used in this work to determine the diameter of both solid and hollow
designed shafts in order to illustrate how fatigue considerations affect machine design. Equations 12 and 13 can

be used to determine the diameters of designed shafts.

%rmaxdf’; = [M2+T?V2 . ... (11)
i , ,1/211/3
16 ((k,M) + (ke T
d= [Cy)” + (kT | e (12)
MTTmax
] 1/271/3
[l + oty .
= —— QT v e (13)

V. VON MISES STRESS COPONENTS

Von Mises stress components (¢, and a;,) must be identified in order to apply Langer equation (14)
(Shigley.2015 - [6]) to study the first-cycle yielding and to graphically employ the Mod-Goodman line.
Equations (4 and 5) can be used to compute von Mises stress components while taking Mm=Ta=0 into account.

Sy
n, =——— .....(14)
Oq + 0y

VI. RESULT AND DISCUSSION

Results of the Mod-Goodman method has been filled in the table 3. These data were presented by figure 3 and
figure 4.

The results reveal a significant reduction in mass for hollow shafts compared to solid shafts of the same
material and strength. Hollow shafts, on the other hand, have a larger outer diameter than solid shafts; the
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average mass decrease is 28%, while the average diameter increase is approximately 5%. According to A. Fierek
(2020) [7], the percentage difference between solid and hollow shafts is 39% for a 32 mm diameter.

Results of the MSS method was illustrated in the table 4, and presented by figure 5 and figure 6. These
findings also reveal a significant decrease in the mass of the hollow shafts while increasing their outer diameter.
The average mass reduction is 29.5%, while the average diameter increase is 4%. The outside diameters
computed using this method are clearly smaller than those obtained using the Mod-Goodman method. This, of
course, is due to the lack of fatigue consideration.

Table 3. Results of Mod—Goodman method

Solid Hollow Solid Hollow
AlSI / CD d (mm) do (mm) di (mm) mass (kg)
AISI 1010 45 47 28 3.75 2.64
AISI 1018 42 44 26 3.27 2.34
AISI 1020 41 43 25 3.12 2.27
AISI 1030 40 42 25 2.96 2.11
AISI 1035 39 41 24 2.81 2.04
AISI 1040 38 40 24 2.67 1.89
AISI 1050 36 38 22 2.4 1.77

50

g 45 Solid Shaft

é . Hollow Shaft \‘\.

E 30

300 400 500 600 700 800

Sut (Mpa)

Figure 3: Designed diameter for solid and hollow shafts using Mod-Goodman method
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Figure 2: Mass of designed sloid and hollow shafts using Mod-Goodman method

able 4. Results of MSS method

Solid Hollow Solid Hollow
AISI / CD d (mm) | do (mm) | di (mm) mass (kg)
AlISI 1010 43 45 27 3.43 2.4
AlISI 1018 40 4?2 25 2.97 2.11
AlISI 1020 40 41 24 2.97 2.05
AlISI 1030 38 40 24 2.68 1.9
AlISI 1035 37 39 23 2.54 1.84
AlISI 1040 37 38 22 2.54 1.78
AlISI 1050 35 36 21 2.27 1.58
46

Eaa

%42 Solid Shaft

840

£ 38

g 36 Hollow Shaft

] 34

532

© 30

300 400 500 600 700 800
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Figure 5: Designed diameter for solid and hollow shafts
using MSS method
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Figure 6: Mass of designed sloid and hollow shafts using
MSS method

Table 5 depicts the Von Mises component results (o, o, ) , which are represented in Figures 7 and 8. They
show that solid and hollow shafts in this study have nearly identical Von Mises stress components, and the factor
of safety against first-cycle yield is bigger than the fatigue factor of safety (n=2.5). As a result, there is no
localized yielding, and fatigue will come first.

Table 5. Results of Von Mises components calculation

Solid Hollow
AISI / CD o, MPa o,, MPa n, o, MPa | ¢y, MPa n,
AISI 1010 17.95 87.2 2.85 18.01 87.9 2.83
AISI 1018 22.08 107.2 2.86 22.06 107.1 2.86
AISI 1020 23.73 115.3 2.81 23.64 114.8 2.82
AISI 1030 25.56 124.1 2.94 25.36 123.2 2.96
AISI 1035 27.57 133.9 2.85 27.27 132.4 2.88
AISI 1040 29.81 144.8 2.81 29.36 142.6 2.85
AISI 1050 35.06 170.3 2.83 34.25 166.3 2.89
201
om - Solid e
151 om - Hollow - =
— ,o/.’
& 101 ¢
S —
- oa - Solid
o 51 oa - Hollow
P______..-.——0—-"'“—'—___‘.
1
250 350 450 550 650
Sy (Mpa)

Figure 7: Von Mises stress components
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Figure 8: factor of safety guarding against first-cycle
yield

The Von Mises component results were plotted on Mod-Goodman lines, as illustrated in Figures 9 and 10.
According to those figures, the working points in our case are below the Yield (langer) and Mod-Goodman lines,
indicating that the design is free of first-cycle yielding and has infinite life.

VIl. CONCLUSION

The results show a considerable reduction in the mass of hollow shafts compared to solid shafts with the same
material and strength of 28% on average, while the outer diameter of hollow shafts increases by roughly 5%
when compared to solid shafts. The results show a minor increase in the diameter of the proposed shaft when
maximum share stress method is employed compared to Mod-Goodman method since the fatigue factor of safety
is not applied in the first method. Furthermore, calculations show that the design is safe and has infinite life for
both solid and hollow shafts, with all working points falling below Mod-Goodman and Langer lines.

VIIl. RECOMMENDATIONS

An experimental investigation should be conducted to support the results of this study, and software such as
ANSY'S should be implemented.

Solid Shaft

~ Langer Lines

Von Miess oa (MPa)

Figure 9: Fatigue diagram shows Mod—-Goodman lines (Solid Shafts)
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Hollow Shaft
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300 400
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Figure 10 Fatigue diagram shows Mod—Goodman lines (Hollow Shafts)
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