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Abstract. In this work, characteristics of various ball bearing parameters are studied under different loads and 
rotational speeds. By using Dimensional Analysis (DA), dimensionless parameters are computed which provides 
solution for a group of parameters. This analysis can be accomplished by using the Buckingham π-theorem. DA 
leads to reduction of the number of independent parameters involved in a problem. These independent parameters 
get expressed as dimensionless groups. These dimensionless groups are always ratios of important physical 
quantities involved in the problem of interest. In modeling and experimentation, its main function is to reduce the 
amount of independent variables, simplify the solution, and generalize the results. It becomes an effective method, 
especially if a complete mathematical model of the investigated process is not known. Moreover, in the present 
work the Buckingham π-theorem is applied to find the influencing parameter π5 by using the Taguchi method. 
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1. Introduction 

Applied mechanics is used in many fields of engineering, especially mechanical engineering. In this context, it is 
commonly referred to as engineering mechanics. Much of modern engineering mechanics is based on Isaac Newton’s Laws of 
motion, while the modern practice of their application can be traced back to Stephen Timoshenko, who is said to be the father 
of modern engineering mechanics. Within the theoretical sciences, applied mechanics is useful in formulating new ideas and 
theories, discovering and interpreting phenomena, and developing experimental and computational tools. 

The purpose of a ball bearing is to maintain the separation between the moving parts, reduce the friction, and support loads. 
The bearing is used in engineering such as bicycles and motors. Rotary motion of the shaft is seen in various engineering 
applications such as gyroscopes and aircraft gas turbines. The ball bearings are made of different components: inner ring, outer 
ring, ball, and cage. The cage element helps in separating the rolling elements at equal spaces within the inner and outer races 
to allow them rotate freely. Rotating machinery is commonly used in mechanical systems machine tools, compressors, turbines, 
and aircraft engines. These systems are affected by vibrations produced by unbalance, resonance, material imperfections, and 
cracks. The presence of unbalance produces vibrations in rotating machines. High speed spindles are required to contain heat. 
In order to eliminate the thermal expansion of the main spindle, oil-air lubrication has been used to reduce torque of the 
bearings and decrease heat generation in bearing surface. 

The working temperature is of great importance in the overall performance of the bearing system. Bearing temperature is 
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associated with many critical parameters, i.e., lubricant viscosity, load carrying capacity, and power losses. Bearings are critical 
elements in many machines. To ensure that they reach their calculated lifetime, it is important that the temperature conditions 
in the bearing be adequate. After turning on a machine, the maximum temperature in the bearing system rises up to a steady 
state temperature. This steady state temperature is reached gradually, or the maximum temperature reaches a peak before going 
down to the steady state temperature. This peak temperature could destroy the bearing if no cooling system is provided. So, the 
temperature development in the bearing system depends on the surrounding environment such as the housing thickness, 
cooling conditions, and heat transfer coefficient of the bearing material. 

The idea of experimentation with a different, rather than the actual, dimension was suggested by several individuals 
independently. Some attribute it to Newton, who coined the phrase of “Great Principle of Similitude”. Later, Maxwell, a 
Scottish Physicist, played a major role in establishing the basic units of mass, length, and time as the building blocks of all 
other units. Moreover, Josef Kunes [1] was an English civil and mechanical engineer who studied the relation between 
windmill propeller and similar devices and the pressure and velocity of the driving forces.  

Josef Kunes [1] investigated formulation of the dimensional analysis theory. This idea was extended by William Froude by 
relating the modeling of open channel flow and actual body but more importantly the relationship between drag of models and 
actual ships. While the majority of the contributions were done by thermo-fluid guys, the concept of the equivalent or similar 
was propagated to other fields. A German Mathematical physicist suggested using similarity in electrical engineering and 
suggested the Norton circuit equivalence theorems. Rayleigh was probably the first one who used the dimensional analysis to 
obtain the relationships between the physical quantities. Oscar Pinkus [2] was the first to derive and use dimensionless 
parameters to analyze experimental data.  

Josef Kunes [1] culminated the dimensional analysis and simultaneously presented it in a more systematic form. During the 
same time, a German engineer developed the dimensional analysis. Bruwell obtained the shaft orbits for various modes of 
dynamic loading of long bearings using Sommerfeld conditions. Prior to the advent of computers, Cameron and Wood [3] used 
Southwell’s relaxation method to solve the Reynolds equation for finite full journal bearings ranging from L/D = ∞ to ¼.  

Wilcock [4] in a series of experiments with 8-in. journal bearings discovered that their performance was seriously altered 
when they were operated in the turbulent regime. Petrusevich [5] obtained the solutions for the film thickness in gears which 
included the elasticity equations and, in the process, discovered the essential and typical shape of elastohydrodynamic pressure 
profiles. 

Ocvirk [6, 7] provided a detailed and full solution to the problem of short bearings. It is a simple, compact, and elegant 
solution which is without peer for analytical manipulations. Despite its label of infinitely short, it is pretty much valid to L/D 
ratios of up to ½, which is the design range of the most modern bearings. Sommerfeld and Walter [8] used a Gaussian 
algorithm for solving the finite difference equations for both 3600 and 1800 arcs. 

The first use of modern computers in the solution of the finite Reynolds equation using the proper boundary conditions was 
made by Pinkus [9]. He obtained the solutions not only for circular but also for elliptical and three-lobe bearings for L/D ratios 
ranging from 1.5 to 0.25, as well as for finite bearings for various arcs and (R2 /R 1) ratios. Bruwell used the same approach as 
Swift to obtain the solutions for the dynamically loaded bearings based on the short bearing theory. Raimondi and Boyd [10] 
provided the solution for full and partial journal bearings for L/D ratios of 0.25, 0.5, and 1 for incompressible fluids and also 
presented the results for gas bearings for L/D ratios of 0.5, 1, and 2. Gross assembled a tabulation of finite gas bearing 
solutions for various operating conditions.  

Booker [11] first presented the "mobility" method, a new concept of treating dynamically loaded bearings. Ng and Pan [12] 
by using eddy viscosity derived the bearing performance equation for the turbulent flow conditions. Lund [13] introduced the 
interaction of stiff and flexible rotors with the bearings in determining stability. The Reynolds equation in its finite form with 
the correct boundary conditions was solved for nearly any bearing configuration for both liquid and gas lubricants. Gears, 
rolling element bearings, and traction drives received a workable and solid theory to calculate performance. Bearings linked to 
rotor dynamics provided a new methodology for the correct evaluation of the stability of rotor systems. 

In a study by Abed Alr Zaq [14], the experimental results of the convection heat transfer coefficient and pressure drop 
values during condensation and evaporation of CO2 were obtained at different operating conditions for the flow inside micro-
pipes. Brian D. Storey [15] investigated the Fluid dynamics and heat transfer. The results showed that numerical simulation is 
useful for various flow problems, but caution and expertise are required when the flow of fluid is unstable or turbulent.  

2. Evaluating and analyzing dimensionless parameters 

To analyze the parameters which are influencing the bearing characteristics, it is very convenient to apply Buckingham π-
theorem. Because there are nearly more than 20 parameters to be used. In other methods it is a difficult task to compute all the 
dimensionless numbers. Before applying Buckingham π-theorem, the parameters of bearing which are considered for 
analyzing the characteristics of bearing are as follows:  

The number of bearing parameters is considered in Table 1. The π-terms are evaluated by considering four repeating 
variables which are heat transfer coefficient (h), heat generated in the bearing (q), thermal conductivity (k), and power (p); 
therefore, the number of π-terms is 20. The 20 π-terms are represented in terms of equations which are given below. The 
equations are solved by Buckingham pi-theorem. After solving the equations, the π-terms are as stated below: 
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Table 1. List of bearing parameters 

S. No. Parameters Units L M T Θ 
1 Reaction Force (Fr) N 1 1 -2 0 

2 Acceleration due to gravity (g) m/sec2 1 0 -2 0 
3 Shaft speed (n) rpm 0 0 -1 0 
4 Power (p) W 2 1 -3 0 
5 Heat Generated in the bearing (q)or(HG) W/m2 2 1 -2 0 
6 Surface temperature of the bearing (Ta) 0C 0 0 0 1 
7 Load carrying Capacity (N)or(LOAD) N 1 1 -2 0 
8 Frequency of the bearing (Fb) Hz 0 0 -1 0 
9 Dynamic viscosity (µ) N-sec/m2 -1 1 -1 0 
10 Bearing Size (D ball) mm 1 0 0 0 
11 Clearance of Ball Bearing (C ball) mm 1 0 0 0 
12 Thermal conductivity (k)or(TCM) W/mK 1 1 -3   -1 
13 Heat transfer coefficient (HTC) W/m2K 0 1 -3   -1 
14 Shaft density (ρ) Kg/m3 -3 1 0 0 
15 Flexural Rigidity (EJ) N-m2 1 3 -2 0 
16 Moment of Inertia (I) m4 4 0 0 0 
17 Stiffness (s) N/m 0 1 -2 0 
18 Thermal conductivity (k ref) W/mK 1 1 -3   -1 
19 Shaft speed(n ref) rpm 0 0 -1 0 
20 Load carrying Capacity (N ref) N 1 1 -2 0 
21 Frequency of the bearing (Fb ref) Hz 0 0 -1 0 
22 Bearing Size (D ball ref) mm 1 0 0 0 
23 Dynamic viscosity (µ ref) N-sec/m2 -1 1 -1 0 
24 Temperature initial (T initial) 0C 0 0 0 1 

 

Π1 = h-1q-1k1p0.Fr (1) 

Π2 = h1q2k-1p-2.g (2) 

Π3 = h0q1k0p-1.n (3) 

Π4=h-1q0k2p-1.Ta (4) 

Π5 = h-1q-1k1p0.W (5) 

Π6= h0q1k0p-1.fb (6) 

Π7 = h-3q-2k3p1.µ (7) 

Π8 = h1q0k-1p0.Dball (8) 

Π9= h-1q0k2p-1.Tinitial (9) 

Π10= h0q1k0p-1.fb ref (10) 

Π11= h-3q-2k3p1.µ ref (11) 

Π12= h1q0k-1p0.Dball ref (12) 

Π13= h0q0k-1p0.kref (13) 

Π14= h0q1k0p-1.n ref  (14) 

Π15 = h-1q-1k1p0.Nref (15) 

Π16 = h-5q-3k5p2.ρ (16) 

Π17= h-5q-7k5p4.EJ (17) 

Π18= h4q0k-4p0.I (18) 

Π19= h-2q-1k2p0.S (19) 

Π20= h1q0k-1p0.Cball (20) 

2.1 Experimental setup 

The experimental setup is shown in Figure 1. The setup consists of a shaft with central radial load and is supported on two 
ball bearings. The motor is coupled by a flexible coupling to the drive shaft. The ball bearing is tested at different speeds with 
radial load. The details of the bearings used in the present analysis are given in Table 2.   
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Table 2. Bearing dimensions 

Bearing  no 6201 
Inside diameter 12mm 

Outside dia. 22mm 
Bearing width 10mm 

Ball dia. 10mm 
Contact angle 0 

 

Fig. 1. Experimental set up  

3. Results and discussion 

3.1 Regression analysis 
The experimental results for the dimensionless parameter π5 are given in Table 3. Mathematical models for bearing 

parameters such as heat generation in the bearing (HG), heat transfer coefficient (HTC), radial load (LOAD), and thermal 
conductivity of the material (TCM) were obtained from regression analysis using MINITAB16 statistical software to predict 
the dimensionless parameter π5. 

Table 3. Results for the dimensionless parameter E5 

Trial No. LOAD HTC TCM HG π5 S/N ratio 
1 16 5 43 1.09 149.984 -43.5209 
2 16 15 45 6.58 315.84 -49.9893 
3 16 25 46 14.27 420.1088 -52.4672 
4 18 5 45 14.27 1089.648 -60.7457 
5 18 15 46 1.09 736.332 -57.3415 
6 18 25 43 6.58 35.316 -30.9594 
7 22 5 46 6.58 2825.46 -69.0218 
8 22 15 43 14.27 73.53867 -37.3303 
9 22 25 45 1.09 248.9872 -47.9235 

The regression equation for π5 is as follows: 

π5 = – 18169 + 123* Load – 56*HTC + 388 *TCM + 6.2 *HG 

R2 = 90.6% R2 (adj) = 81.3% 
(21) 

In the linear regression analysis, R2 is the value of correlation coefficient and should be between 0.8 and 1. In this study, the 
results obtained from the dimensionless parameter π5 were in a good agreement with regression models (R2>0.80). 
   

3.2 Analysis of S/N ratio 

In the Taguchi method, the term ‘signal’ represents the desirable value (mean) for the output characteristic, and the term ‘noise’ 
represents the undesirable value for the output characteristic. Taguchi uses the S/N ratio to measure the quality characteristic 
deviating from the desired value. There are several S/N ratios available depending on the type of characteristic: lower is better 
(LB), nominal is best (NB), or higher is better (HB). Smaller is better S/N ratio was used in this study because a lower value of 
π5 was desirable. The quality characteristic smaller-the-better is calculated using the following equation: 
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Fig. 2. Main effects plot for S/N ratios of π5 



                                           Experimental Investigation on Radial Ball Bearing Parameters using Taguchi Method  

Journal of Applied and Computational Mechanics, Vol. 4, No. 1, (2018), 69-74 

73

S/N ratio = – 10 
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where n is the number of measurements in a trial/row, and yi is the ith measured value in a run/row. 
The S/N ratio values which were calculated by taking Eq. (22) into consideration are listed in Table 2 for π5. Figure 2 

shows the main effects plot for S/N ratios. The level of a factor with the highest S/N ratio was the optimum level for the 
responses measured. From the S/N ratio analysis in Fig. 2, optimization values of the dimensionless parameter π5 were 16 load 
(level 3), 25 heat transfer coefficient (level 3), 43 thermal conductivity of the material (level 1), and 1.06 heat generation in 
bearing surface (level 1).  

3.3 Analysis of variance (ANOVA) 
ANOVA was used to determine the significant parameters influencing the dimensionless parameter π5 in the ball b

earing analysis. Tables 4 and 5 show the summary of S/N ratio values and ANOVA results for π5. In this study, the 
analysis is carried out with the level of significance as 5% and 95% confidence level.  

Table 4. Response Table for S/N ratios of π5 

Level 
Parameters  

L HTC TCM HG 

1 -48.66  -57.76  -37.27  -49.60 

2 -49.68  -48.22  -52.89  -49.99 

3 -51.43  -43.78  -59.61  -50.18 

Optimum level  L1 HTC3 TCM1 HG1 

 
Table 5. ANOVA for π5 (S/N Data) 

Factors DOF 
Sum of 
squares 

Mean 
squares 

% Contribution 
(p) 

Load (L) 2 11.74 5.868 1.06 

HTC 2 306.17 153.084 27.67 

TCM 2 788.14 394.072 71.22 

HG 2 0.54 0.268 0.05 

Total  8 1106.58  100.00 

4. Conclusions 

The analysis was done by the application of Buckingham π-theorem. From this method 20 dimensionless quantities were 
obtained, and each dimensionless quantity was studied. The use of regression analysis focused on fewer terms than 
conventional regression. The method was used to find the influence of ball bearing parameters under different load conditions. 
In the present study, Taguchi experimental method was applied for investigating the influence of various process parameters 
such as heat transfer coefficient, load, thermal conductivity of the material, and the heat generation in the bearing surface 
during the dimensionless parameter π5. Regression models obtained from the dimensionless parameter π5 results matched very 
well with the experimental data (R2>0.80). The level of importance of the dimensionless parameter on π5 was determined by 
ANOVA. Based on this study, it was concluded that the thermal conductivity of the material had more influence, compared 
with heat transfer coefficient and load, on the dimensionless parameter π5 at different load conditions. 
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