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Abstract: In this study, an attempt is made to develop empirical model for oil-film temperature of 
hydrodynamic lubrication in journal bearing using response surface methodology (RSM). The 
experiments have been designed and carried out, according to Box-Behnken experiment Design 
technique (BBD), by using hydrodynamic plain journal bearing test rig. The design independent 
variables including, rotational speed, bearing load, and oil-feed pressure have been used to develop a 
mathematical model. The results of the ANOVA of the developed model showed that, it is 
inappropriate to predict the temperature variation around the bearing based on pre-experimental 
investigations. The results also showed that the residuals versus the fitted values are distributed almost 
unevenly. 
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INTRODUCTION 

 
Hydrodynamic journal bearings are typical critical power transmission components that carry high loads in 

different machines (Bouyer and Fillon, 2011). Therefore, it is essential to know the expected operating 
conditions of the bearings to gain high performance and avoid failure at the initial stage. The available 
predictive techniques for bearing analysis can be categorized into rigorous and rapid techniques (Campbell et 
al., 1968; Martin, 1983; Majumdar, 1994). The use of numerical methods involves very detailed analysis of 
bearing geometry but tend to be expensive in skill and time and lack of accuracy in the determination of the 
overall performance of sliding bearings (Reddyhoff et al., 2005; Mahieux, 2005; Podevin et al., 2005; Arghir et 
al., 2003; Sahlin et al., 2005; De Kraker et al., 2007; Rezaei et al., 2009). Traditionally, the classic one-factor-
at-a-time experimental approach had been applied to evaluate journal bearing behaviour by changing one 
variable while the other factors are constant. This technique is laborious and time consuming and seldom 
guarantees the determination of optimal conditions (Kasolang and Dwyer-Joyce, 2008; Survase et al., 2006; 
Deligant et al., 2011; Dimitrios et al., 2011). These limitations of one-factor-at-a-time technique can be 
overcome by using empirical methods, namely, response surface methodology (RSM). The RSM is a 
combination of statistical and mathematical techniques based on a few experiments, which is useful for, 
developing, improving and searching for the optimum conditions (Myers and Montgomery, 2002; Nacer et al., 
2011; Brynn Hibbert, 2013; Babak Abbasi and  Hashem Mahlooji, 2012; El-Tayeb et al., 2010; Long Wu et al., 
2012).  

To the best knowledge of authors, there is a lack of literature that addresses the modelling of oil-film 
temperature in hydrodynamic journal bearing, by using an experimental design technique. Thus, the aim of the 
present work is to develop mathematical model based on response surface methodology. The key process 
parameters taken into consideration are: rotational speed (S), bearing load (L) and oil-feed pressure (O). The 
solutions predicted by the polynomials are compared with the experimental results. 

 
MATERIALS AND METHODS 

 
Journal Bearing Test Rig: 

In this study, a sturdy versatile journal bearing test rig CM-9064 (Fig. 1) was used to conduct the 
experiments. This test rig is easy to operate, with provision to measure, bearing friction, and pressure and 
temperature profiles, at different angular position on the circumference of journal bearing. The journal is 
mounted horizontally on a self-aligned bearings, it is rotated by a servo-motor, with timing belt 2:1 pulley ratio. 
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A centrifugally casted flawless bearing freely slides over journal, with 100 microns clearance, and as it rotates, 
hydrodynamic bearing is formed.  

 

 
 
Fig. 1: Journal bearing test rig  

 
A Phosphorous bronze grade 1, centrifugally casted bearing having l/d ratio = 1 slides over journal with 

radial clearance of 0.05 mm.  The inner surface of the bearing is ground and polished to surface finish of 1.6 Ra 
value, with cylindrical and roundness below 3 microns ( the inner diameter of the bearing 100.1 mm). The 
bearing part was modified to fix 12 pressure and temperature sensors on the front face, and circumference of 
bearing at every 30 degrees interval, as shown in Fig. 2. The sensors use ultra stable technology that provides 
stability over a wide temperature range. The oil inlet and outlet temperatures were also measured, using another 
two sensors, as seen in Fig. 2. Table 1 illustrates the details of test bearing and shaft dimensions, measuring 
sensors and lubricant properties. 

 

 
Fig. 2: Housing with measuring sensors. (1) Temperature sensor (2) Pressure sensor (3) Shaft (4) Temperature  
            inlet (5) Temperature outlet 
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Table 1: Details of experimental setup 

Part detail Range 
Bearing material 
Inner bearing diameter D   
Bearing Length, L 
Surface roughness 
Journal material  
Outer journal diameter, D 

Phosphorous bronze  
100.1 mm 
50 mm 
0.8Ra on ID grounded & polished 
EN-353 steel 
100 mm 

Surface roughness 
Radial clearance, c 
c/r ratio 
Load range, W 
Journal speed 
Lubricant  viscosity 
 
Lubricant 
Pressure sensor 
       Model 
       Range 
       Accuracy 
Temperature sensor 
       Model 
       Range 
       Accuracy 
Frictional Torque sensor 
      Model 
      Range 
      Accuracy 

0.8Ra grounded & polished 
52 µm (0.05mm) 
0.001 
5-100 kN 
100 – 1000 RPM 
68 cSt @ 40oC 
8.8 cSt @ 100oC 
ISO VG 68 
 
MEAS (M 5156) 
10 MPa 
(0.001± 1%  measured value) MPa 
 
PT 100, make: Ajay sensor 
Max 200 ºC 
(1±    1% measured temp.) ºC 
 
Beam type load cell (Sensortronic) 
30 kg 
(0.01±      1% measured value) Nm 

 
Response Surface Methodology (RSM): 

Response surface methodology (RSM) is a collection of mathematical methods and experimental strategies, 
which are functioned for mathematical modelling and investigative engineering problems, where a lot of factors, 
effect the response of concern (Shang and Tadikamalla, 1993; Montgomery, 2001; Gujjala Raghavendra et al., 
2012; Seyed et al., 2012). RSM is also defined as a statistical method, which employs quantitative data from 
proper researches, to establish and concurrently resolve multi-variable equations. The experimental design 
associated with RSM is employed for depicting the variety of the independent input variables, and the empirical 
mathematical model helps to investigate an proper estimating association among the output responses and the 
input variables, and evaluate the effect of independent variables on the desired variable response and 
optimization techniques for accomplishing the best possible values of the process specifications, which 
generates the appropriate value of the responses.  

The proposed linear (first order) model correlation among the machining responses and machining 
independent variables is represented as: 
 

Cpnmy +++=  Pressure FeedLoadSpeed                      (1) 
 
Where, y is the response, C, m, n and p are the constants. Equation (1) can be written in the following form: 
 

33221100 xxxxy ββββ +++=              (2) 
 
Where, y is the response, x0 = 1(dummy variables), x1= Speed (rpm), x2 = Load (KN), x3 = Oil-Feed 

Pressure (MPa ) β0 = C and β1, β2, and β3 are the model parameters. 
   A second order model helps in estimating a section of the true response surface with parabolic curvature. 

This model comprises all the terms that are found in the first-order model along with all quadratic terms like 
𝛽𝛽11𝑥𝑥1𝑖𝑖

2  and all cross product terms like𝛽𝛽13𝑥𝑥1𝑖𝑖𝑥𝑥3𝑗𝑗 . It is usually expressed as 
  

𝑦𝑦 = 𝛽𝛽𝑜𝑜 + ∑ 𝛽𝛽𝑗𝑗
𝑞𝑞
𝑗𝑗−1 𝑥𝑥𝑗𝑗 + ∑ 𝛽𝛽𝑗𝑗𝑗𝑗 𝑥𝑥𝑗𝑗2 + ∑∑ 𝛽𝛽𝑖𝑖𝑗𝑗 𝑥𝑥𝑖𝑖𝑥𝑥𝑗𝑗 + 𝜀𝜀𝑖𝑖<𝑗𝑗

𝑞𝑞
𝑖𝑖−1    (3) 

 
y = 𝛽𝛽𝑜𝑜 + 𝑥𝑥𝑖𝑖′𝛽𝛽 + 𝑥𝑥𝑖𝑖′𝛽𝛽𝑥𝑥𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑗𝑗        (4) 

 
Where, 𝑥𝑥𝑖𝑖 = �𝑥𝑥1𝑖𝑖 , 𝑥𝑥2𝑖𝑖 , … , 𝑥𝑥𝑖𝑖𝑞𝑞 �,𝛽𝛽 = �𝛽𝛽1,𝛽𝛽2, … ,𝛽𝛽𝑞𝑞�     
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The second-order model is capable of being metamorphosed into different functional forms and locally 
estimating the response surface; hence it efficiently estimates the true response surface. 

 
Design of Experiments (DOE): 

Of late, the design of experiment (DOE) is very widely employed in various science domains because of its 
benefits, such as, minimizing the number of experiments that are required to be accomplished, whereby, the 
laboratory works are considerably reduced (Ferreira et al., 2007). The Box-Behnken Design (BBD), as one of 
RSM design, was introduced just by employing three levels of each factor and consequently with an acceptable 
number of experimental points (Hinkelmann and Kempthorne, 2007). The employment the BBD should be 
constrained to a condition, in which one is not keen in estimating intense responses. Moreover, this design is 
rotatable (or near rotatable), which means that the model constitutes a rationally constant circulation of scaled 
forecast variation right through the experimental design region (Montgomery, 2005). It needs three levels of 
each factor, which results in minimized experimental testing to assess multiple variables and their interactions 
(Ragonese, 2002). 

Depending on a three-level-three-factor Box–Behnken design, the experiments have been designed. The 
key process parameters for journal bearing that determine the oil-film temperature are: rotational speed (S), 
bearing load (L) and oil-feed pressure (O). Three levels of each input variable are used in Box–Behnken design 
technique so that design the experimental design before executes the experimentation. Each experiment was 
replicated thrice. The manipulated variables and their levels investigated in this work are given in Table 2.  

 
Table 2: Process variables and their levels 

Variables Units Notations Factors Levels (coded) 
-1 0 1 

Speed rpm S 100 400 800 
Load KN L 5 10 15 
Oil-Feed Pressure MPa O 0.2 0.5 0.8 

 
RESULTS AND DISCUSSION 

 
Development of Mathematical Model based RSM: 

The objective of analysis of variance (ANOVA) is investigating whether the process parameters have 
significant effects on the oil-film temperature and conducting quantitative analysis of the impact of various 
factors on experimental results, so as to indicate whether the model developed is meaningful. The significance 
test of regression model and single model coefficients and distortion test are carried out by using statistical 
package, Minitab 16 software. Experiments were designed by Box-Behnken experiment Design technique 
(BBD). The Box-Behnken experiment design technique is generated for the three variables in the following 
ranges: rotational speed (100-800 rpm), bearing load (5-15 KN), and oil-feed pressure (0.2-0.8 MPa) (see Table 
2). Oil-film temperature (T) is fitted to the full quadratic model using coded units (-1, 0, 1) of the process 
parameters. The following results are calculated by analysis of variance (ANOVA) and shown in Tables 3 & 4. 

 
Table 3: Estimated regression coefficients for (T) 
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Table 4: Analysis of variance (ANOVA) for (T) 

 
 
It is evident from Tables 3 & 4, that the fit is poor with an R2

(adj) value of 50.2%. In addition, from the 
analysis of variance table (see Table 4), it is seen that the p-value for the interaction term is high (0.625) which 
is must be (P < 0.05) and hence it is insignificant. Also from the estimated regression coefficients table (see 
Table 3), it is seen that the square terms for speed, load and oil-feed pressure are not very significant since their 
p-values are very high 0.38, 0.603 and 0.689 respectively. Hence the interaction terms were eliminated, except 
the interaction terms for speed and oil-feed pressure because of the low p-value 0.243, and the square terms for 
speed, load and oil-feed pressure and fit the reduced model. The estimated regression coefficients and analysis 
of variance for oil-film temperature reduced model are presented in Tables 5 & 6 respectively.  

 
Table 5: Estimated regression coefficients for (T) reduced model 

 
 

Table 6: Analysis of variance (ANOVA) for (T) reduced model 
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The comparison between the predicted values with the observed date is given along with the BBD matrix is 
given in Table 7. The final estimated regression model for oil-film temperature (T) using uncoded variables is 
expressed as follows: 
 
T (ºC) = 59.2605 + 0.0210 * Speed - 0.2525 * Load - 19.9663 * Feed Pressure + 0.0512 * Speed * Feed-
Pressure                                                                                                                                                                  (5) 

 
Table 7: The BBD matrix with observed and predicted values of (T) 

Run 
order 

Coded Factors  Observed 
Response ᵒC 

Predicted 
Response ᵒC S (rpm) L (KN) O(MPa) 

1 0 1 1 53 58.43 
2 0 0 0 55.5 59.54 
3 1 -1 0 64 61.86 
4 1 0 -1 46.4 54.30 
5 1 1 0 63.1 59.33 
6 -1 0 1 55.6 46.59 
7 0 -1 -1 66.9 60.65 
8 -1 0 -1 51.3 55.50 
9 1 0 1 68.9 66.89 
10 0 0 0 57 59.54 
11 0 1 -1 67 58.12 
12 0 0 0 59 59.54 
13 -1 -1 0 50.6 52.31 
14 0 -1 1 58.4 60.95 
15 -1 1 0 46.7 49.78 

 
By calculating the determination coefficient R2

(adj) from the estimated regression coefficients table (see 
Table 5), it is apparent that the R2

(adj) has now gone up to 60.7 %. Although the R2
(adj) improved slightly by 

eliminating the insignificance terms, it is assumed to be insufficient regression model. This is due to the higher 
p-values, p>0.05, of the regression model terms. Despite, the lack-of-fit value of the model indicates non-
significance and the closer agreement between the predicted values and the experimental data, as seen in Table 
7, but it can be concluded that the model does not have an adequate precision. 
 
Verification Tests of (T) RSM based Model: 

By applying the diagnostic plots such as the normal probability of the residual, residual versus the fitted 
values, histogram of the residuals and residuals versus the order of the data, the model adequacy can be judged. 
Fig.3 combines the diagnostic plots in one plot. As it can be seen, that the normal probability plot of the 
residuals falls on a least-square line which is used to estimate the cumulative distribution function for the 
population. As evident from the figure, the errors are not normally distributed and there are no serious violations 
of the assumptions that underlie the analysis. It is also noted that the residuals versus the fitted values is almost 
symmetrical scatter above and below the x-axis. The residuals lie in the interval of ±10.00 outlier and there are 
no data outside the interval 10, which implies that the model is consistent with all data. 
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Fig. 3: Residuals plots for oil-film temperature 
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The performance of the developed mathematical model to predict the oil-film temperature around the 
journal bearing circumference is also tested using three confirmation experiments which were randomly selected 
from Table 7 above. The original outcomes in terms of the average of three measured results are computed. The 
predicted results are compared with the observed values and also computed percentage error of confirmation 
experiments is calculated and presented in Table 8.  

 
Table 8: Validation test results for oil-film temperature 

 
 
Avg. percentage error: 10.08 %: 

The higher average percentage error of three experiments of 10.08 % is reported in Table 8. This is 
interpreted to the higher p-values of the film temperature model terms presented in Table 5. The p-values must 
be lower than 0.05 to allow the model to predict the response adequately and indicate the significance and 
reliability of the model (Roger, 2012). In addition, the residuals versus the fitted values are distributed almost 
unevenly. This is also due to journal bearing rarely operates in an isothermal mode (Bushan, 2001). A 
considerable amount of heat is generated as the journal rotates over a longer time, especially at high speeds and 
high loads. This means that the viscosity of the lubricant does not remain uniform throughout the film. Thus, it 
is inappropriate to predict the temperature variation around the bearing based on pre-experimental 
investigations. In such cases, variations of the lubricant viscosity must be taken into account for a more realistic 
approximation. In theory, this requires a simultaneous consideration of fluid equations and the energy equations. 
Therefore, the solutions can only be obtained numerically. In practice, it is also difficult to get a non-isothermal 
approximation due to the many unknown parameters which form equilibrium (Bushan, 2001). 

 
Conclusions: 

Using three-level-three-factor Box–Behnken design technique in the design of experiment, the process 
variables (rotational speed, bearing load and oil-feed pressure) which are influencing the oil-film temperature 
had been modelled using response surface methodology. The results revealed that, the RSM offers an extensive 
variety of information on the control and response variables interrelationships, with a relatively small number of 
test runs. It was reported out that the model is assumed to be insufficient regression model. This is due to the 
higher p-values, p>0.05, of the regression model terms. Despite, the lack-of-fit value of the model indicates non-
significance and the closer agreement between the predicted values and the experimental data. As a 
recommendation, the solutions can only be obtained numerically, due to the many unknown parameters which 
form equilibrium. The finding presented in this paper is expected to be quite useful to the bearing designers, and 
as well as to the general tribological community to consider the variations of the lubricant viscosity for a more 
realistic approximation. 
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