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Abstract 
Aluminium alloy wheels are increasingly popular for their light weight and 
good thermal conductivity. Cooling Holes (CH) are introduced to reduce 
their weight without compromising structural integrity. Literature is sparse 
on the effect of aspect ratio (AR) of CHs on wheels. This, work, therefore, at-
tempts to undertake a parametric study of the effect of aspect ratio (AR) on the 
mechanical response of an aluminium alloy wheel with triangular, quadrilateral 
and oval-shaped CHs. Three-dimensional wheel models (6JX14H2ET42) with 
triangular, quadrilateral and oval shaped CH (each with CH area of 2229 mm2) 
were generated, discretized, and analyzed by FEM using Creo Elements/Pro 5.0 
to determine the mechanical response at the inboard bead seat at different 
ARs of 1, 0.5, 0.33 and 0.25, each for quadrilateral-CH and oval-CH, at a stat-
ic Radial Load of 4750 N and Inflation Pressures of 0.3 and 0.15 MPa, respec-
tively. The study shows that the magnitude of stress and displacement is af-
fected by shape and AR of CH. From the results, it could be established that 
oval-shaped-CH wheel at AR of 0.5 offers greater prospect in wheel design as 
it was least stressed and deformed and, that the CH combination with highest 
integrity was the oval-CH and quadrilateral-CH at AR of 0.5. 
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1. Introduction 

Automobile wheels are vital structural members of the vehicular suspension sys-
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tem that sustain both static and dynamic loads encountered in operation [1]. 
The designs of wheels are directed by a series of international standards and 
codes such as the British Standards Institution and the Tire and Rim Associa-
tion. Generally, wheels classified are according to their configuration (offset) as 
central, inset or outset [2]. 

Aluminium alloy wheels are increasingly popular for their light weight and 
good thermal conductivity. However, there are efforts to introduce CHs to re-
duce their weight without compromising structural integrity. Cooling holes are 
very vital in automobile wheels as they help in weight reduction, aesthetics and 
aid in dissipation of heat. Varieties of cooling holes are in use [3]. 

A lot of experimental, numerical and parametric studies have been underta-
ken to study the mechanical response in terms of stress and displacement of 
wheels using different FEM analytical tools. 

Analogy from thick ring theory in the development of loadings on links and 
eye-bar has been analyzed [1] [4]. Outcomes demonstrate that the loading shape 
is of a cosine function about a central angle of about 30˚ from either side of the 
point of contact with the ground contact angle 40˚ and 90˚ that are also as-
sumed. Work on the exact loading function is still ongoing [4].  

Without compromising fatigue resistance and other mechanical properties, 
using Finite Element analysis, radial fatigue and damage analysis for weight op-
timization of aluminum alloy wheel were examined [5] [6]. Results showed that 
a weight reduction of about 50% was achieved when compared to steel wheel 
and that damage on the wheel was about 0.2% in the flange region.  

A parametric study of radial and spiral models of Al 356.2 and ZK60A alloy, 
respectively was undertaken. The design and analysis were executed using CREO 
and ANSYS, respectively. Results showed that models with spiral flexure offer 
greater resistance to stress than radial flexure [7]. 

The effect of various materials and detailed fatigue life of the automotive 
wheel rim by using finite element analysis and radial load testing was reviewed. 
Modeling of the wheel was with CATIA and imported into ANSYS for analysis. 
In the modern technological advancement, considerable attempts are being 
made to develop Al and Mg alloy wheels bearing in mind factors such as 
strength to weight ratio, low cost and better fuel consumption [8] [9] [10]. Most 
aluminium alloy wheel manufacturing companies carry different test on their 
products, but method of testing is always limited [11]. Results showed that, for a 
simulated rotary bending fatigue test at different stress levels on aluminium alloy 
(Al) A356.2, cracks were initiated at the joint between the arm and the hub, 
while the wheel mounting face lug region of the wheel experienced most stress 
[12] [13]. 

The through process modelling methodology to predict the fatigue life of 
A356 automobile wheel subjected to bending fatigue was investigated [14]. The 
through process methodology includes: 1) casting, 2) heat treatment, 3) ma-
chining, 4) in-service loading, and 5) performance prediction. Both the cyclic 
elastic strains measured and crack initiation for predicted cycle were in agree-
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ment with fatigue test on the wheels. Previous research studies have established 
the practicality and validity of the through process. [15] [16] [17].  

Assessment of the wheel performance as a function of the rim and disc thick-
ness was carried out using fatigue analysis and employing NASTRAN [18] [19]. 
The analytical result of stress and fatigue life was in good agreement with that 
obtained for rotary cornering fatigue test.  

Experimental and numerical simulation of dynamic impact loading of cast 
aluminum alloy wheel owing to collision with the curb of the road or large ob-
stacle was studied [20]. The result obtained showed that the maximum stress 
occurred in the lug region of the bolt hole as a result of geometrical complexities 
[13] [20]. In the study of different size wheels using ABAQUS and empirical 
analysis, results with good agreement were obtained [21]. Results from further 
works showed that stress concentrations occurred in the spoke area of the rim 
and cracks formation began in these areas [22]. 

The studies above show that for dynamic analysis of wheels, the most stressed 
location of the wheel is the bolt holes and the arms, while for static analysis, the 
most severe location is the inboard bead seat. However, literature is sparse on 
the effect of aspect ratio (AR) of CHs on wheels, hence, an attempt is made on 
this sturdy. 

2. Constitutive Stress-Strain Relations 

In the case of linearly elastic isotropic three-dimensional solid [23], the stress-strain 
relations are: 
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For solids of revolution (axisymmetric solids), [D] is given as: 
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For the tetrahedron element is shown in Figure 1 with global xyz coordinate 
system and having twelve nodal degrees of freedom and three displacement 
components u, v and w, the displacement variation is taken to be linear as, 

( ) 1 2 3 4, ,u x y z x y zα α α α= + + +                    (5a) 

( ) 5 6 7 8, ,v x y z x y zα α α α= + + +                    (5a) 

( ) 9 10 11 12, ,w x y z x y zα α α α= + + +                    (c) 

where, 1 2 12, , ,α α α  are constants. By using the nodal coordinates, 

3 2iu Q −= ; 3 1iv Q −= ; 3iw Q=  at ( ), ,i i ix y z              (6a) 

3 2ju Q −= ; 3 1jv Q −= ; 3 jw Q=  at ( ), ,i i ix y z             (6b) 

 

 
(a)                                         (b) 

 
(c) 

Figure 1. Cooling holes AR of 1: (a) Triangular (equilateral); (b) Quadrilateral; (c) Oval. 
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3 2ku Q −= ; 3 1kv Q −= ; 3kw Q=  at ( ), ,i i ix y z            (6c) 

3 2lu Q −= ; 3 1lv Q −= ; 3lw Q=  at ( ), ,i i ix y z            (6d) 

From it is obtained 
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where, Ni, Nj, Nk and Nl are the shape functions. 
The field variable is expressed, as follows, in matrix form 
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noting that all the six strain components are relevant in three-dimensional anal-
ysis, the strain-displacement relation can be expressed using equation as, 
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The stiffness matrix of the element in the global system is written as, 

[ ] [ ] [ ][ ]T deK B D B v= ∫∫∫                      (12) 

where, [D] is as expressed by Equation (3). 
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3. Methodology 

The research work presents (FE) analysis of a selected automobile aluminum al-
loy wheel (6JX14H2; ET 42) for a passenger car which was loaded with a combi-
nation of inflation pressure of 0.3 MPa and radial load of 4750 N. The radial load 
was spread within a contact patch angle of 30˚ symmetric about the point of 
contact of the wheel with the ground. This angle was chosen based on literature 
values [4] [24]. Three-dimensional wheel models of the wheel with triangular, 
quadrilateral and oval-shaped CHs (each with CH area of 2229 mm2) were gen-
erated, discretized into elements and analyzed by the FEM using Creo Ele-
ments/Pro 5.0. This area was chosen because this was the largest sized equilateral 
triangular-CH area that can be accommodated between the hub and the inner 
face of the wheel. The model consists of 38,493 tetrahedral elements. The wheel 
was constrained at the bolt holes. Static Radial load of 4750 N was then applied 
at an inflation pressure of 0.3 MPa to determine the stress and displacement dis-
tribution at the inboard bead seat of the wheel at circumferential angles (be-
tween 0˚ and 180˚) symmetric about the wheels’ point of contact with the 
ground. Young’s Modulus, yield stress and Poison’s ratio of the wheels are 22.29 
GPa, 222.50 MPa and 0.42, respectively. 

A parametric study was carried out at the inboard bead seat at different ARs 
for the CHs. The ARs considered for the triangular cooling hole were 1 and 0.5 
respectively, while for the quadrilateral and oval CHs, the AR each were 1, 0.5, 
0.33, and 0.2, respectively. AR of 0.33 and 0.25 were not considered for the tri-
angular cooling hole because beyond aspect ratio of 0.5, the arm of the wheel 
snapped leaving the wheel as a hollow cylinder. The characteristic displacement 
and stress curves were compared with those of [4] and [24]. 

4. Results and Discussion 

The Aspect ratios (ARs) of 1, 0.5, 0.33 and 0.25 were considered for the cooling 
holes. For triangular cooling hole, the AR was terminated at 0.5 because it was 
observed that beyond the equilateral triangular-CH, an AR of 0.5 and beyond 
lead to greater stress and displacement values and overlapping of CHs leading to 
snapping-off of the web or arm of the wheel, thus, resulting to an open ended 
cylinder. Figures 1-4 show quadrilateral shape cooling hole and oval shape 
cooling hole each at aspect ratio of 1, 0.5, 0.33 and 0.25, respectively. 

4.1. Comparison of Displacement Curves 

Figure 5 shows the relation between the shape of the displacement curve [4] and 
that obtained from this study. The results showed that maximum displacement 
values occur at the wheel’s point of contact with the ground. The results are in 
good agreement as revealed by the shapes of the curves and that of Figures 6-8. 

Effect of Aspect Ratio on Displacement 
Figures 6-8 show the displacement curves for the CHs. It could be seen that at  

https://doi.org/10.4236/ojapps.2021.111004


S. O. Igbudu, D. A. Fadare 
 

 

DOI: 10.4236/ojapps.2021.111004 47 Open Journal of Applied Sciences 
 

 
(a)                                         (b) 

 
(c) 

Figure 2. Cooling holes at AR of 0.5: (a) Triangular (equilateral); (b) Quadrilateral; (c) 
Oval. 
 

 
(a)                                         (b) 

Figure 3. Cooling holes at AR of 0.33: (a) Quadrilateral; (b) Oval. 
 
ARs of 1, 0.5, 0.33 and 0.5, the maximum displacement values occur at the point 
of contact of the wheel with the ground, that is, at 0˚ circumferential angle. The  
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(a)                                         (b) 

Figure 4. Cooling holes at AR of 0.25: (a) Quadrilateral; (b) Oval. 
 

 
Figure 5. Displacement curves at inboard bead seat 
at 3114 N radial load [23]. 

 

 
Figure 6. Displacement curves at the inboard bead seat at 4750 N radial load and 0.3 MPa 
inflation pressure for triangular CH. 
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Figure 7. Displacement curves at the inboard bead seat at 4750 N radial load and 0.3 MPa 
inflation pressure for quadrilateral CH. 
 

 
Figure 8. Displacement curves at the inboard bead seat at 4750 N radial load and 0.3 MPa 
inflation pressure for oval CH. 
 
character of the curves is in good agreement with that established by literature. 
The, seemingly, slight variation in the shape of the curves of Figures 6-8, when 
compared with Figure 7, is due to the difference in the magnitude of the radial 
load and wheel configuration. The triangular CH wheel experienced maximum 
displaced at AR of 0.5, with a value of about 0.414 mm, while the least displaced 
wheel for the oval CH and quadrilateral CH is at AR of 0.5, with a value of about 
0.184 mm and 0.194 mm, respectively. This implies that considering the extreme 
values of the displacements, the values of the oval CH and quadrilateral CH 
wheels will increase by about 125% and 113%, respectively when compared with 
the wheel with triangular CH. 
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4.2. Comparison of Von-Mises Stress 

Figure 9 shows the shape of the Von-Mises stress curve obtained by [24] as re-
ported by [4] and sample graph from this work. Sherwood asserted that the ef-
fect of the Von-Mises stress lies between 0 degree and 40 degrees contact angle 
and, that beyond this angle, the effect is insignificant. The result is in good 
agreement as revealed by the shapes of the curves at AR of 1 for all CHs consi-
dered as shown in Figures 10-12. 

4.2.1. Effect of Aspect Ratio on Von-Mises Stress 
Figures 10-12 represent the magnitude of the stress as depicted by the shapes of 
the curves. It could be seen that at AR of 1, the curves exhibited the same cha-
racter as that of Figure 9. The slope is negative and the first turning point was at 
an angle about 40˚ along the wheels’ circumference, with maximum value at the  
 

 
Figure 9. Von-Mises stress at inboard bead seat [4] [24]. 

 

 
Figure 10. Von-Mises stress at the inboard bead seat at 4750 N radial load and 0.3 MPa 
inflation pressure for triangular CH. 
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Figure 11. Von-Mises stress at the inboard bead seat at 4750 N radial load and 0.3 MPa 
inflation pressure for quadrilateral CH. 
 

 
Figure 12. Von-Mises stress at the inboard bead seat at 4750 N radial load and 0.3 MPa 
inflation pressure for oval cooling hole. 
 
point of contact with the ground, which is also in good agreement with Figure 9. 
The triangular CH wheel possesses the same attributes at AR of 0.5, Figure 10. 
From Figure 11 and Figure 12, At ARs of 0.5, 0.33, and 0.25, the slope is posi-
tive between 0˚ and 40˚ circumferential angle, with maximum Von-Mises values 
ranging between 40˚ and 80˚. The drift of the maximum displacement values 
may probably be due to the ARs and shape of the CH. The maximum Von-Mises 
values for the triangular CH wheel at ARs of 1 and 0.5 are about 7.952 and 8.679 
MPa, respectively. The wheels with oval CH and quadrilateral CH is at AR of 0.5, 
are least displaced, with values of about 6.277 and 6.433 MPa, respectively. The 
magnitude of stress and displacement and, shape of their curves are affected by 
AR and CH shape. 
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4.2.2. Effect of Cooling Hole Combination on the Mechanical Response 
Having analyzed the various CH geometries of triangular, quadrilateral and oval, 
the effect of CH combination was investigated at the inboard bead seat at 4750N 
radial load and 0.3 MPa inflation pressure. Figures 13(a)-(c) show the CHs’ 
combination, viz: triangular-CH at AR 1 and oval-shape-CH at AR of 0.5; trian-
gular-CH at AR1 and quadrilateral-CH at 0.5 AR and, quadrilateral-CH and 
oval-shape-CH at 0.5 AR. 

Figure 14 and Figure 15 show the displacement and stress curves. It was ob-
served that the least stress and displaced combination was quadrilateral-CH and 
oval-shape-CH. each at AR of 0.5, with a maximum displacement value at 
ground contact of about 0.202 mm and a maximum Von-Mises stress value of 
about 6.59 MPa. The triangular-CH and oval-shape-CH combination had a 
maximum displacement value at 0-degree location of about 0.258 mm and a 
maximum Von-Mises stress value of about 7.09 MPa, while that of triangu-
lar-CH and quadrilateral-CH combination has a maximum displacement value 
of about 0.270 mm and a maximum Von-Mises stress value of about 7.17 MPa. 
The CH combination does not significantly affect the shape of the displacement  
 

 
(a)                                         (b) 

 
(c) 

Figure 13. Cooling hole combination: (a) Triangular CH at AR of 1 and Oval AR of 0.5; 
(b) Triangular CH at AR of 1 and Quadrilateral CH AR of 0.5; (c) Oval AR of 0.5 and 
Quadrilateral CH AR of 0.5. 
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Figure 14. Effect of cooling hole combination on the displacement at the inboard bead 
seat at 4750 N radial load and 0.3 MPa inflation pressure. 
 

 
Figure 15. Effect cooling hole combination on the Von-Mises stress at the inboard bead 
seat at 4750 N radial load and 0.3 MPa inflation pressure. 
 
or stress curves. 

Figure 16 shows the 3-D wheel model mesh; Figure 17 and Figure 18 
represent displacement fringes (mm) of different CH wheels at aspect ratio of 1 
and 0.5, respectively. 

5. Conclusions 

A parametric study on the effect of aspect ratio on the mechanical response of an 
automobile aluminium alloy wheel was undertaken. Results show that at the in-
board bead seat:   

1) The magnitude of stress and displacement and, shape of their curves are af-
fected by shape and AR of CH. 
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Figure 16. 3-D wheel model mesh. 

 

 
Figure 17. Displacement (mm) of wheel at aspect ratio of 1: (a) Triangular-CH; (b) Qua-
drilateral-CH; (c) Oval-CH. 
 

2) Considering the extreme values, the triangular CH wheel is most deformed, 
while the oval CH is least deformed at AR of 0.5. The maximum displacement of 
the wheels occurs at point of contact of the wheel with the ground, which agrees 
favorably with literature findings. From the results, it could be established that 
oval-shaped-CH wheel at AR of 0.5 offers greater prospect in wheel design as it 
was least stressed and deformed. 

3) For the wheels at AR of 1, the maximum value of the Von-Mises stress is at 
point of contact with the ground. The same attribute was established for the  
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Figure 18. Displacement (mm) of wheel at aspect ratio of 0.5: (a) Triangular-CH; (b) 
Quadrilateral-CH; (c) Oval-CH. 
 
triangular CH wheel at AR of 0.5. Maximum Von-Mises values ranging between 
40˚ and 80˚ contact angle both for the oval CH and quadrilateral CH wheels at 
AR OF 0.5, 0.33 and 0.25. The drift in maximum displacement values may 
probably be due to the ARs and shape of the CH. The CH combination with 
highest integrity was the oval and quadrilateral at AR of 0.5.  

4) This study, in itself, is not exhaustive in view of the CH shapes and ARs 
considered. Further studies in this area are encouraged. 
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