
Validation and modeling of power losses of NJ 406 
cylindrical roller bearings

MINGHUI TU  

Master of Science ThesisStockholm, Sweden 2016





 

 
 
 
 
 
 
 
 
 

 
 
 
 Validation and modeling of power losses of 

NJ 406 cylindrical roller bearings 
  
 

Minghui Tu  
 
  

 

Master of Science Thesis MMK 2016:163 MKN 179 
KTH Industrial Engineering and Management 

Machine Design 
SE-100 44 STOCKHOLM  





i

Examensarbete  MMK 2016:163 MKN 179 

Validering och modellering av effektförluster för 
NJ 406 cylindriska rullager 

 Minghui Tu 
Godkänt
2016-September-21

Examinator 
Ulf Sellgren

Handledare
Mario Sosa 

Uppdragsgivare 
Institutionen för Maskinkontruktion, 
System- och Komponentdesign 

Kontaktperson
Mario Sosa 

Sammanfattning 
I de flesta maskiner används lager för att ta upp krafter från roterande komponenter. I en 
växellåda används lager för att ge axlarna möjlighet att rotera fritt och att begränsa deras 
rörlighet i axiell och radiell led. För att öka växellådors prestanda är det viktigt att 
minimera effektförluster och att ha en hög tillförlitliglitlighet. Effektförluster orsakade av lager 
kan vara betydande i växellådor. Att kunnaprediktera effektförlusterna i lager mera exakt 
kan ge en bättre översikt av fördelningen av effektförluster i växellådor och för att förbättra 
deras prestanda. 
Huvudsyftet med det här projektet är att ta fram en friktionsmodell för NJ 406 cylindriska 
rullager. Experiment utfördes i en omgjord kugghjulsrigg, där parametrar som varvtal, last och 
oljenivåer varierades. Baserat på resultat från de utförda experimenten, jämfördes de med tre 
redan framtagna lagermodeller från Palmgren, Harris och SKF. Den huvudsakliga 
forskningsfrågan separerades i fyra delfrågor där analys och jämförelse gjordes mellan de 
existerande modellerna och utförda experiment. De fyra delfrågorna som undersöktes var; 
lastoberoende friktionsförluster, lastberoende friktionsförluster, mätosäkerhet och modellering. 
Oljenivåns, oljetypens, oljetemperaturens, varvtalets och lastens inverkan på lagrens 
friktionsrespons undersöktes också. Resultaten från mätosäkerhetsanalysen visar att 
experimenten i det här projektet är repeterbara och att det är möjligt att utveckla nya 
lagermodeller genom att använda resultaten från de utförda experimenten. 
Baserat på mätresultaten, passar de lastoberoende friktionsförlusterna från Harris modell bäst. En 
ny modell för lastberoende förluster utvecklades eftersom ingen av de tre existerande 
modellerande passar mätresultaten. Därför utvecklades en ny modell som kombinerar Harris 
modell för lastoberoende lagerförluster och en ny modell lastberoende friktionsförluster. 

 Nyckelord: Rullager, lagerfriktion, lagermodellering. 
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Abstract 
In most of machines, rotating parts are supported by many types of bearings which may have 
different requirements. In a gearbox, bearings are normally used to support gear shafts which 
allow the shafts to rotate freely and limit the axial and radial motion of the shafts. For improving 
of gearbox performance, it is important to minimize power losses and have high reliability. 
Power losses caused by bearings can be significant in gearbox system. To be able to predict 
bearing power losses accurately can give a better overview of the distribution of power losses in 
the system and is helpful for improving of gearbox performance.  
The main purpose of this project is to develop an accurate NJ 406 cylindrical roller bearing 
friction torque model. Numerous experiments were performed on a bearing test rig modified 
from a back-to-back gear test rig under different conditions, such as different rotating speeds, 
different loads, different oil level, etc. Based on the results from the experiments, analysis of 
three existing models, Palmgren, Harris and SKF, were performed. By separating the main 
research question into four sub research questions, the analysis and comparing between existing 
models and experimental data were also separated into load independent friction torque analysis, 
load dependent friction torque analysis, precision analysis and modeling. 
The influences of oil level, oil type, oil temperature, rotating speed and load on bearing friction 
torque were also studied. The results of precision analysis show the results of experiments in this 
project are repeatable and it is able to develop new bearing models by using these experimental 
results. 
Based on the experimental data, after modified, the load independent friction torque from Harris 
model fits the experimental data well. A new model of load dependent bearing friction torque 
was developed since none of the three existing models fit the experimental data. Therefore, a 
new NJ 406 cylindrical roller bearing friction torque model was developed which is modified 
Harris model for load independent friction torque and the new model for load dependent friction 
torque. 
Keywords: Roller bearings, bearing friction, bearing modeling. 
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NOMENCLATURE 
The notations and abbreviations used during this project are described in this section. 

Notations 
Symbol Description 
a Distance between shaft (mm) 
B Bearing width (mm) 
b One of parameters in Vogel model (-) 
b Values of parameters calculated by least square method (-) 
C Limitation value of parameters calculated by least square method (-) 
C Basic dynamic load rating (kN) 
Cw One of parameters in SKF model (-) 
c One of parameters in Vogel model (-) 
D Bearing outside diameter (mm) 
d Bearing bore diameter (mm) 
dm Pitch-circle diameter o the set of rolling elements (mm) 
ds Seal counterface diameter (mm) 
e Base of natural logarithm (-) 
Fa Bearing axial load (N) 
Fr Bearing radial load (N) 
Fβ Resultant load of bearing in Harris model (N) 
fA One of parameters in SKF model (-) 
ff One of parameters in Harris model (-) 
ft One of parameters in SKF model (-) 
f0 Factor depending on bearing design and lubricant method in Palmgren 

model (for cylindrical roller bearing = 2~3) and Harris model (for 
cylindrical roller bearing = 2.2~4) (-) 

f1 Factor depending on bearing design and relative bearing load in Palmgren 
model (for cylindrical roller bearing = 0.00025~0.0003) and Harris model 
(for cylindrical roller bearing = 0.0002~0.0004) (-) 

Grr Variable depending on the bearing type, dm, Fr and Fa (-) 
Gsl Variable depending on bearing type, dm, Fr and Fa (-) 
G0 One of parameters in Roeland model (-) 
g1 Factor depending on direction of load in Palmgren model (-) 
H Oil level (mm) 
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J Jacobian matrix 
K One of parameters in Vogel model (-)  
KL Roller bearing type related geometric constant (-) 
Kroll Rolling element related constants (-) 
Krs Replenishment constant: for low level oil bath and oil jet lubrication = 

 83 10 ， for grease and oil-air lubrication =  86 10  
KS1 Constant depending on the seal type and the bearing type and size (-) 
KS2 Constant depending on the seal type and the bearing type and size (-) 
KZ Bearing type related geometric constant (-) 
lD One of parameters in SKF model (-) 
M Total bearing friction torque (Nm) 
Mdependent Load dependent bearing friction torque (Nm) 
Mdrag Frictional moment of drag losses, churning, splashing etc. in SKF model 

(Nm) 
Mf End-flange friction torque in Harris model (Nm) 
Mindependent  Load independent bearing friction torque (Nm) 
Mrr Rolling frictional moment (Nm) 
Mseal Frictional moment of seals in SKF model (Nm) 
Msl Sliding frictional moment (Nm) 
Mv Load independent friction torque in Harris model (Nm) 
M0 Load independent friction torque in Palmgren model (Nm) 
M1 Load independent friction torque in Palmgren model and Harris model (Nm) 
mn Module (-) 
n Speed of rotation (r/min) 
P0 Static equivalent bearing load in Palmgren model (kg) 
p Difference between atmospheric pressure and the vaporization pressure of 

the oil in Palmgren model (kg/mm2) 
Rs One of parameters in SKF model (-) 
R2 Coefficient of determination (-) 
rb1 Radius of base circle of pinion (mm) 
rb2 Radius of base circle of wheel (mm) 
rω1 Radius of reference circle of pinion (mm) 
S Squared error of each parameter calculated by least square method 
SSM Variation predicted by regression model 
SSR Contribution from the residuals 
SST Sum of SSM and SSR 
S0 One of parameters in Roeland model (-) 
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S1 One of parameters in SKF model (-) 
S2 One of parameters in SKF model (-) 
s Sample standard deviation 
T Temperature in Roeland model and NYNAS model (ºC) 
Tgear Load on one pair of gears (Nm) 
T0 Room temperature (ºC) 
t One of parameters in SKF model (-) 
VM Drag loss factor (-) 
z Z value of standard normal probabilities (-) 
z1 Tooth number of pinion (-) 
z2 Tooth number of wheel (-) 
α Contact angle between roller element and bearing rings (º) 
αn Pressure angle (º) 
αω Contact angle (º) 
β Parameters matrix of fitting curve in least square method 
β Exponent depending on the seal type and the bearing type in SKF model (-) 
η Dynamic viscosity (mPas) 
θ Temperatures in Vogel model (ºC) 
μbl Coefficient depending on the additive package in the lubricant (-) 
μEHL Sliding friction coefficient in full-film conditions (-) 
μsl Sliding friction coefficient (-) 
ν Kinematic viscosity (cSt) 
ν0 Kinematic viscosity in Harris model (cSt) 
ρ Density (g/ml) 
ρ0 Density at room temperature (ºC) 
σ Standard deviation of the population 
Φish Inlet shear heating reduction factor (-) 
Φrs Kinematic replenishment reduction factor (-) 
φbl Weighting factor for the sliding friction coefficient (-) 
ω Angular velocity of the bearing rings in relation to each other in Palmgren 

model (rad/s) 

Abbreviations 
PAO std Poly-alpha-olefin standard oil 
PAO LV Poly-alpha-olefin low viscosity oil 
VG100+4% Ang Vegetable glycerin 100 oil plus 4% additives of Angl 
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SGB Slave gearbox 
TGB Test gearbox 
TRB Tapered roller bearing 
BB Ball bearing 
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1 INTRODUCTION 
This chapter describes the background, the purpose, the limitations and the methods used in the 
presented project. 

1.1 Background 
In most of machines, rotating parts are supported by many types of bearings which may have 
different requirements. For example, in aerospace sector, bearings should have high reliability 
under extreme environments such as low temperatures and high load, as well as low weight and 
low friction. The global bearings market is generally seen as the worldwide sales of different 
kinds of bearings, such as rolling, ball and linear motion bearings. SKF stated that the global 
rolling bearing market size in 2015 in volume increased by 0-1% year over year and reached 
between SEK 330 and 340 billion (inc. 2016a). Therefore, bearings are greatly demanded by 
different sectors and more kinds of bearings are being designed according to the requirements of 
customers. 
In a gearbox, bearings are normally used to support gear shafts which allow the shafts to rotate 
freely and limit the axial and radial direction motion of the shafts. For improving of gearbox 
performance, it is important to minimize power losses and have high reliability. 
Power losses caused by bearings can be significant in a gearbox system. To be able to predict 
bearing power losses accurately can give a better overview of the distribution of power losses in 
the system and is helpful for improving of gearbox performance. A model of power losses of 
bearings in gearboxes can provide clear and accurate result of power losses from bearings and 
explain what will affect its performance. 
Rotational speed, load, lubricant oil and lubricant method may affect the performance of 
bearings in gearboxes. Each of the existing bearing power loss models have different operating 
conditions such as a specific region of speed or load. However, the speed and load in the back-
to-back test gearbox used during the project is not always in the specific region of existing 
models, and the experimental data of bearing power losses cannot fit into existing models. 
Therefore, a new bearing power loss model should be made in order to find the accurate power 
losses of bearings within the required speed and load in this project. 
In addition, a load dependent friction torque model of bearings could help other research projects 
which deal with gear efficiency analysis, since the power loss distribution can be much clearer 
by using a new bearing model. 
Accurately predicted bearing power losses in mechanical system can help to: 
 Based on the rotating speed and temperature, according to the bearing model, lubricant oil 

or method can be chosen to decrease heat generation from bearings. 
 Be able to know which environment variables affect the most the performance of the 

bearings. 
 Help to choose the best bearings which fit into the specified environment. 

1.2 Purpose 
The goal of this project is to develop a power loss model of bearings which can be tested in the 
gearbox of a modified FZG test rig (Harström et al. 2015) under 0.6 to 9 kN load and 50 to 3500 
r/min rotating speed, specifically NJ 406 cylindrical roller bearing. A comparison should be 
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made between the new model and existing models to find the differences. In addition, because 
the project is related with the research being done by Mario Sosa and Martin Andersson who are 
PhD students at the Department Machine Design at KTH and the main research question was 
derived from Sosa’s thesis (Sosa 2015), the results will be used in gearbox efficiency analysis in 
their research and most constraint parameters were set according to their research questions. 
Since the bearing friction loss can be divided into load independent loss and load dependent loss 
(Palmgren, Palmgren, and SKF Industries inc. 1959) and the experiments should be repeatable 
and accurate, the main research question or the goal of this project can be divided into four sub 
research questions. The main research questions solved in this project are shown below. 
How to predict the power loss of NJ 406 cylindrical roller bearings used in back-to-back gear 
test rig accurately? 
It is the main research question of this project. According to the experiment operating conditions 
used in Sosa’s thesis, the same operating conditions were used such as the load on each bearing 
should be between 0.6 to 9 kN and the rotating speeds of bearings are from 50 to 3500 r/min. 
The four sub research questions are shown below. 
 Can any of the existing models predict the load independent power loss of NJ 406 

cylindrical roller bearings used in back-to-back gear test rig accurately? 
 Can any of the existing models predict the load dependent power loss of NJ 406 cylindrical 

roller bearings used in back-to-back gear test rig accurately? 
 Are the experiments performed during this project repeatable and accurate? 
 If none of existing models fit the experiment results, what is the new power loss model for 

NJ 406 cylindrical roller bearings? 
The first sub research question is about load independent power loss of bearing under the 
operating conditions mentioned in main research question. In the same way, the second sub 
research question is about load dependent power loss of bearings. The third sub research 
question is to check the precision of all experiments performed during the project and the 
repeatability of experimental data. Actually, the precision tests were performed during the 
project. By moving forward each step, a precision test was done to check the accuracy of the 
results. The last sub question was aroused because the result of second sub question shows that 
none of existing power loss models fit the experimental data. A new model is needed under the 
specific operating conditions in this project. 

1.3 Delimitations 
The project will be an analysis of the power losses of bearings in the modified gearbox, that 
means the load on the shaft is not caused by gears but put by traverse crane system which is 
shown in Figure 1. The direction of load is different between real condition and experiment 
condition but the value of load can be similar. 

a)  b)  
Figure 1. Comparison of the real condition and experiment condition (sub figure on the left shows the real condition 

in a gearbox, figure b shows the condition in modified gearbox (Harström et al. 2015)). 
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In addition, because of the limitation of the bearing test rig, the rotating speeds and loads tested 
during the bearing experiments in this project are limited. The range of rotating speed is from 87 
to 3479 r/min, the maximum load is about 7 kN since the weight of test rig is not enough and it 
will start to tilt if more than 7 kN of load added. 

1.4 Method 
Experimental results were achieved using the test rig which is shown in Figure 2 to compare 
with the existing models. By using statistical knowledge and experimental data, a new bearing 
loss model was developed. 
MATLAB was used to analyze experimental data, compare existing models and build a new 
model. In this way, the power losses of bearings can be predicted in further changing of 
operating conditions. 

 
Figure 2. Modified FZG test rig. 

The experiments were done by changing different variables each time, such as oil temperature, 
rotating speed and lubricant methods. And the experimental data were then compared with the 
results of existing models and trying to find the best-fit model. 
All of the models were analyzed and the parameter in the selected model was tuned in order to 
optimize the models. 
Project meetings were held each week with the supervisor in order to make sure the project was 
on the right track. 
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2 FRAME OF REFERENCE 
Background knowledge used during this project and former performed researches on bearing 
friction torque were introduced in this chapter. 

2.1 Background Knowledge 
To be able to analyze the experimental data, compare among existing models and create new 
bearing friction model, some basic knowledge about bearings, friction torque, viscosity, the 
configuration of modified test rig and statistic is presented. 
2.1.1 Definition of NJ 406 Cylindrical Roller Bearing 
The project’s focus is on the bearing losses of NJ 406 cylindrical roller bearing, the definition of 
NJ 406 should be known. According to Palmgren (Palmgren, Palmgren, and SKF Industries inc. 
1959), the rollers in cylindrical roller bearings are guided between flanges either on the inner or 
on the outer ring.  
There are several types of flanges on bearings such as two sides’ flanges on outer ring of bearing 
but no flange on inner ring, two sides’ flanges on inner ring of bearing but no flange on outer 
ring. NJ represents the type of bearing which has two sides’ flanges on outer ring and one side 
flange on inner ring as shown in Figure 3. 
According to SKF (inc. 2012), the total name of NJ 406 cylindrical roller bearing is NJ (0)406. 
The 0 in the bracket represent the bearings width series, the 4 represents the outer diameter series 
of the roller bearing and 06 times 5 represents the bore diameter of the bearing in mm. In this 
case, the first digit of the dimension series identification is omitted. Therefore, the bearing’s 
name is NJ 406 and Figure 4 and Table 1 shows the parameters of NJ 406 cylindrical roller 
bearing. 

 
Figure 3. Flange type of NJ (inc. 2016b). 

 

 
Figure 4. Geometry parameters of NJ 406 roller bearing (inc. 2016b). 
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Table 1. Parameters for calculation of NJ 406. 
Name of parameters Values 

Basic dynamic load rating (C) 60.5 [kN] 
Basic static load rating (C0) 53 [kN] 

Fatigue load rating (Pu) 6.8 [kN] 
Reference speed 9000 [r/min] 
Limiting speed 11000 [r/min] 

2.1.2 Definition of Friction Loss of Bearing 
According to Palmgren (Palmgren, Palmgren, and SKF Industries inc. 1959), the friction in roller 
bearings is caused by several kinds of movements, such as rolling at the contact surfaces 
between rolling elements and raceways, sliding due to deviations from the requirement geometry, 
sliding at the contacts between rolling elements and cage or guide flanges and the viscosity of 
lubricants. 
Also from Palmgren (Palmgren, Palmgren, and SKF Industries inc. 1959), the friction torque of 
bearings can be divided into two parts which are load independent bearing torque and load 
dependent bearing torque. The unloaded bearing torque is of mainly hydrodynamic nature. The 
lubricant located at the contacts is pressed between the contact surfaces and the value of torque is 
dependent on viscosity of the lubricant and rotating speed. 
Harris (Harris 1991), SKF (inc. 2012) and other researchers such as Michaelis (Michaelis, Höhn, 
and Doleschel 2009), Petry-Johnson (Petry-Johnson et al. 2008) and Björling, M. (Björling et al. 
2015) also use Palmgren’s way to separate bearing friction torque into two parts and they even 
separated each part of friction torque into more sub parts to analyze bearing friction torque. 
2.1.3 Calculation of Viscosity 
During the project, three types of lubricant oils were used, PAO standard (PAO std), PAO low 
viscosity (PAO LV) and VG100+4% Ang. The dynamic viscosity (η) and kinematic viscosity (ν) 
at specific temperature need to be calculated for existing models analysis. 
The dynamic viscosities of the three types of oil at different temperatures were directly measured 
by using rheometer. In order to calculate exact dynamic viscosity at any specific temperature, a 
model indicates the relation between dynamic viscosity and temperature should be found. Two 
dynamic viscosity models were found during the project and they are Roeland model and Vogel 
model. 
 Roeland model 
Equation (1) shows the Roeland model from Gohar, R. (Gohar 2001). G0 and S0 are two 
parameters which can be calculated by using least square method and measured value of 
dynamic viscosity. 
       

0

0log 1 1.2135
STG   (1) 

 Vogel model 
However, according to the research of Hussain (Hussain, Biswas, and Athre 1992), Vogel model 
has more accurate results than Roeland model. Therefore, Vogel model was chosen to find the 
relation between dynamic viscosity and temperature for the three types of oil. 
Equation (2) shows the Vogel model from Gohar, R. (Gohar 2001). K, b and c can be calculated 
by least square method and measured data. 
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    b
cK e   (2) 

Then, in order to calculate ν of the three types of oil, equation (3) should be used from Gohar, R. 
(Gohar 2001). 
     (3) 
Since the density of oil also changes with temperature, according to NYNAS  
(NYNAS 2016), the relation between oil density and temperature can be found. From NYNAS 
handbook, a standard coefficient between oil density and temperature is given for all types of oil 
which is 0.00065 /°C. Equation (4) shows how to calculate oil density at different temperature. 
By using equation (4), ρ at temperature T can be calculated. 
      0 0 0.00065T T   (4) 
By using equation (2), (3) and (4), the dynamic viscosity and kinematic viscosity of three types 
of oil can be calculated during the project. 
2.1.4 Statistical Knowledge 
The following statistical parameter are defined from Andersson (Andersson 2012): 
 Mean value 
Mean value is the average of a set of data. Equation (5) shows the calculation of mean. 

    1 2 1

n
in i
yy y yy n n   (5) 

 Standard deviation 
There is a difference between the standard deviation of the population σ and sample standard 
deviation s. The sample standard deviation is not necessarily equal to σ since there will be 
differences between different samples. The larger the sample, the closer s is to σ. Therefore, most 
of standard deviations calculated from experiments are sample standard deviation. Equation (6) 
shows the equation of sample standard deviation. 

 


 
 2

1
( )

1

n
ii
y y

s n   (6) 
The reason of n-1 occurs is there is only n-1 degree of freedom since y  has to be calculated first. 
If the variables in experiments are independent, the combination of standard deviation should be 
calculated by equation (7). 
       2 2 2 2

1 2total n   (7) 
If a string data is normally distributed, the percentage of probability of data falls within two 
times standard deviation region is 95.4%. 
 Linear least square method 
Linear least square method is one of least square methods for regression analysis. From Strang 
(Strang 1986) If there is only one parameter for each independent variable, linear least square 
method can be used. For example, there is a regression model such as equation (8). β is the 
parameters matrix of fitting curve. 
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The matrix of X can be calculated by equation (9) without β inside the matrix. 
     

 
,i

ij j i
j

f xX x   (9) 
Therefore, the value of β can be directly calculated by equation (10). 
    1ˆ T TX X X y   (10) 
 Non-linear least square method 
If parameters matrix cannot completely separate the matrix of independent variable X, non-linear 
least square method need to be used. Jacobian matrix needs to be used to replace the X. The 
original values of the parameters need to be set to start the Gauss-Newton algorithm. The 
difference between real data and results from model, which is denoted as Δy, is calculated every 
iteration by using new values of parameters in the model. The new values of parameters can be 
calculated by adding Δβ to the previous values. The calculation of Δβ is shown in equation (11). 
     T TJ J J y   (11) 
By iterating the values of parameters until the absolute value of Δβ comes to 10-8 in this study, 
the final values of parameters can be found. The method of nonlinear least square is more 
general than linear least square method. 
 Coefficient of determination 
In order to determine if the function has a good fit with the data when using linear least square fit, 
the coefficient of determination (R2) was used. Equation (12), (13) and (14) show the method to 
calculate the coefficient of determination. 
   2 1M R

T T
SS SSR SS SS   (12) 

         2 2
R observed predicted i i

i
SS y y y a bx   (13) 

  T M RSS SS SS   (14) 
R2 is between 0 and 1. The closer R2 is to 1, the better the curve fits the data. In the process of 
analysis, the calculation of coefficient of determination was done by MATLAB curve fitting tool 
automatically. 
 Calculation of confidence bounds for parameters 
In order to know the certainty of the parameters values, confidence bounds for parameters are 
needed, a method from MATHWORKS (MathWorks 2016)  was used. From equation (15), the 
upper and lower limits can be calculated. S is the squared error of each parameter which is 
calculated by equation (16) by taking the diagonal elements from the result matrix. 
  C b z S   (15) 
   1 2TS J J s   (16) 
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2.2 Configuration of Bearing Test Rig 
According to the design of Harström, Jonsson, Lind, Magnerius and Strand (Harström et al. 
2015), the traverse crane push concept was chosen as the bearing test rig. The bearing test rig 
was developed based on SGB of back-to-back gear test rig. The rig is able to measure the friction 
torque from bearings under no load and loaded condition. As shown in Figure 2, the gearbox on 
left hand side is TGB which was not been used during the project. The gearbox on right hand 
side is the SGB which is the gearbox used for bearing experiments. 
The configuration of original SGB on back-to-back gear test rig is shown in Figure 5. 

 
Figure 5. Original configuration of SGB. 

The location of the bearings inside the test rig is shown in Figure 6. From Figure 6, there are four 
bearings in the test rig. Bearing A and bearing D sit on the test rig. Bearing B and C are in the 
square sleeve. Comparing with the configuration in Figure 5, the gear is replaced by bearing B 
and C, but bearing A and D are at the same location. The space for pinion is emptied but sealed 
by two covers. 
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Figure 6. Bearings location in test rig. 

The working principle of the bearing test rig is shown in Figure 7 and Figure 8. From the two 
figures, a lever arm is used to increase the force from the crane and this force then pushes 
downwards on bearing B and C. Therefore, the load on each bearing has same value but 
downwards on bearing B and C, upwards on bearing A and D. A free body diagram of the shaft 
is shown in Figure 9. The four forces in the figure are from the four bearings and the values of 
the forces are equal. 

 
Figure 7. Test rig working principle front section view. 
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Figure 8. Test rig working principle side section view. 

 
Figure 9. Free body diagram of the shaft. 

Based on the analysis in the report of Harström, Jonsson, Lind, Magnerius and Strand, the test 
rig can be loaded from 0.6 to 9 kN, handle rotations between 50 to 3500 r/min, oil temperatures 
between 30 to 120 ºC and test both dip and spray lubrication. 
The original spray lubrication cannot be used since the space inside the gearbox is not enough 
for using the spray nozzle used during gear testing after assembling. The other reason is it is hard 
to measure how much oil goes to the bearings in spray lubrication when running experiments. 
Therefore, low oil level dip lubrication was chosen to replace spray lubrication since it can show 
the worst case when using spray lubricant and its ease to measure. 

2.3 Existing models 
There are many bearing friction models where Palmgren model (Palmgren, Palmgren, and SKF 
Industries inc. 1959), Harris model (Harris 1991) and  SKF model (inc. 2012) are the most used. 
In order to find a way to predict friction loss of NJ 406 cylindrical roller bearing, these existing 
models were studied first. 
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2.3.1 Palmgren model 
According to Palmgren, the bearing friction torque is divided into two parts which are load 
independent friction torque and load dependent friction torque.  
 Load independent friction torque 
After converting the units of load independent friction torque from kgmm to Nm, the equation of 
load independent friction torque when lubricated by oil is shown in equation (17). 
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  (17) 

When using grease lubrication, the load independent friction torque can be calculated by 
equation (18). Wrote that in equation (18), can only be used when νn is larger than 2000. 
       211 330 0 9.81 10       if n 2000mM f n d   (18) 
 Load dependent friction torque 
Equation (19) and (20) can be used to calculate load dependent loss of roller bearings. 
 1 1 1 00.0098 mM f g P d   (19) 
  1 0 0.8 cota rg P F F   (20) 
 Total friction torque 
Total friction torque can be calculated by adding load independent friction torque and load 
dependent friction torque together as shown in equation (21). M is the total friction torque and 
the unit depends on the unit of M0 and M1. 
  0 1M M M   (21) 
2.3.2 Harris model 
Conforming to Harris, the friction torque of bearings can be divided into two parts which are 
load independent torque loss and load dependent torque loss. In load independent torque, Harris 
divided the torque into two parts again which are viscous friction torque and end-flange friction 
torque. For load dependent torque and viscous friction torque, Harris followed the method of 
Palmgren but changed the parameter values. 
 Load dependent friction torque 
The method to calculate load dependent friction torque from Palmgren can be used but the values 
of parameters were updated. Equation (22) and (23) shows the method to calculate load 
dependent torque of radial roller bearings. 
  3

1 110 mM f F d   (22) 
   max 0.8 cot ,a rF F F   (23) 
 Viscous friction torque 
The method of calculating load independent torque from Palmgren can be used to calculate 
viscous friction torque but the values of parameters were updated. Equation (24) shows the 
method to calculate viscous friction torque of bearings. 
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  (24) 

 End-flange friction torque 
Radial cylindrical roller bearings with flanges can carry thrust load in addition to the radial load. 
The friction torque caused by the rollers against one flange is roller end-flange friction torque. 
Equation (25) shows the method of calculation of this friction torque. According to Harris, the 
equation can be used only when 0.4a

r
F
F . 

  310f f a mM f F d   (25) 
 Total friction torque 
Total friction torque of bearings can be calculated by adding the three types of friction torque 
together as shown in equation (26). M is total friction torque and the unit depends on the units of 
the three types of friction torque. 
   1 fM M M M   (26) 
2.3.3 SKF model 
According to SKF, the friction torque of bearings can be divided into four parts. Load 
independent friction torque can be divided into friction torque of seals and friction torque of drag 
losses, churning, splashing etc. Load dependent friction torque can be divided into rolling 
friction torque and sliding friction torque. The SKF model’s application conditions are shown in 
Table 2. 

Table 2. Requirements of SKF model (inc. 2012). 
Condition Requirement 

Lubrication 
Grease lubrication 

Only steady state conditions 
Lithium soap grease with mineral oil 

Bearing free volume filled approximately 30% 
Ambient temperature 20°C or higher 

Oil lubrication Oil bath, oil-air or oil jet 
Viscosity range from 2 to 500 mm2/s 

Load Value of load Equal to or larger than 0.01 C for ball bearings 
Equal to or larger than 0.02 C for roller bearings 

Way of load Constant loads in magnitude and direction 
Speed Constant speed but not higher than the permissible speed 

Clearance Normal operating clearance 
 Load independent friction torque of drag loss 
Friction torque of drag loss of roller bearings can be calculated by equation (27) to (34). 
 


         

1.37923 4 2 10 2 34 10 1.093 10 m tdrag M roll w m m s
nd fM V K C Bd n n d R   (27) 
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 Load independent friction torque of seals 
The friction torque caused by seals can be calculated by equation (35). 
  1 2seal S s SM K d K   (35) 
 Rolling friction torque 
Rolling friction torque of cylindrical roller bearings can be calculated by equation (36) to (39). 
     0.6

rr ish rs rrM G n   (36) 
       1.289 0.64

1
1 1.84 10ish

mn d   (37) 

    
     


2

1
Zrs

rs KK n d D D de
  (38) 

  2.41 0.31
1rr m rG R d F   (39) 

 Sliding friction torque 
Sliding friction torque of cylindrical roller bearings can be calculated by equation (40) to (43). 
 sl sl slM G   (40) 
  0.9

1 2sl m a m rG S d F S d F   (41) 
        1sl bl bl bl EHL   (42) 
    1.482.6 10

1
mbl n de   (43) 

 Total friction torque 
Total friction torque of bearings can be calculated by adding the four types of friction torque 
together as shown in equation (44). 
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    rr sl seal dragM M M M M   (44) 

2.4 Related work 
There have already been quite a few investigations of bearing friction torque. As mentioned 
above, Palmgren presented a bearing model of friction torque and divided it into load 
independent torque and load dependent torque. Harris followed Palmgren method and divided 
load independent torque into viscous friction torque and end-flange friction torque. SKF 
presented their model of bearings by experimental fitting and gave some recommended values 
for the parameters in their equations. 
Different researchers treated the bearing friction loss calculation in different ways. Some only 
use one friction coefficient factor to estimate the bearing loss, some chose one of the three 
models mentioned above, some modify one of the three models and some only consider one part 
of bearing friction torque. 
In the work of Höhn (Höhn et al. 2002), an average friction coefficient of bearings was used to 
calculate the friction torque of bearings. 
Petry-Johnson, Kahraman, Anderson and Chase (Petry-Johnson et al. 2008) used an average 
friction coefficient of bearings to calculate load dependent loss of bearings and subtracted all 
load independent losses, including the load independent loss from bearings from the data. 
Björling, Miettinen, Marklund, Lehtovaara and Larsson (Björling et al. 2015), and Fernandes, 
Martins and Seabra (Fernandes, Martins, and Seabra 2013) (Fernandes, Martins, and Seabra 
2014) directly used the SKF model  in their work in order to subtract bearing losses from total 
losses. In the work by Cousseau, Graca, Campos and Seabra (Cousseau et al. 2011) (Cousseau et 
al. 2012), they directly use the SKF model to calculate friction torque of bearings. Sopanen and 
Mikkola (Sopanen and Mikkola 2003) directly used Harris model for their bearing friction torque 
calculation. William Stilwell (Alex William Stilwell 2012) used Palmgren and Harris model to 
find the best rollers for his gear efficiency analysis. 
Söndgen and Predki (Söndgen and Predki 2013) compared their experimental data with the SKF 
model by using different types of bearings. Equations and simulation models were developed to 
calculate friction torque caused by axial load on bearings. 
Michaelis, Höhn and Doleschel (Michaelis, Höhn, and Doleschel 2009) used the SKF model for 
load independent loss calculation and load dependent loss calculation for mineral oils; however, 
they multiplied with a new factor called load loss factor. 
Fernandes, Marques, Martins and Seabra (Fernandes et al. 2015) found that the results from SKF 
model are different from their experimental data, so they modified one of the recommended 
parameters in the SKF model in order to keep the SKF model accurate. They claimed the SKF 
model could predict the power losses accurately only after they tuned the parameters. 
Liebrecht, Si, Sauer and Schwarze (Liebrecht et al. 2016) focused on the load independent 
bearing loss analysis. They divided the load independent bearing loss into drag losses and 
churning losses. By using classical theories of fluid mechanics, they came up with mathematical 
models for each bearing losses. 
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Leonhardt and Bader (Leonhardt and Bader 2016) used Palmgren model and simulated a gear 
stage composed of two helical gears with bearings by "FVA Workbench 4.0", in order to 
calculate best pretension force for bearings to reach low bearing losses at a high rating life. 
Bearing torque model for TRB (tapered roller bearing) and BB (ball bearing) used during 
research of Houpert (Houpert 2002) are from Zhou, Hoeprich and Houpert, which is different 
from the three existing bearing models mentioned before. 
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3 THE PROCESS 
In this chapter the working process is described. Operating conditions were mentioned to 
constrain the input variables in the experiments. 

3.1 Operating Conditions 
Since the project is connected with the gear efficiency research which being done by Mario Sosa 
and Martin Andersson who are PhD students at the Department Machine Design at KTH, the 
boundaries of input variables were set according to the requirements of their work. 
The input variables are rotating speed, load, oil level, oil type, and oil temperature. Since NJ 406 
cylindrical roller bearings used in this project do not have bearing seal, the friction torque caused 
by bearing seal should be 0. 
 Rotating speed 
Eight different rotating speeds were chosen for testing which are shown in Table 3. The speeds 
were selected by pitch velocity of the wheel in the research of Sosa and Andersson. 

Table 3. Table of rotating speeds. 
Order of speed Rotating speed [r/min] Pitch velocity [m/s] 

1 87 0.5 
2 174 1 
3 348 2 
4 550 3.2 
5 1444 8.3 
6 1740 10 
7 2609 15 
8 3479 20 

 Load 
Twelve different load stages were chosen as standard load stages for gears. The bearing load 
calculation is based on the gears described by Sosa (Sosa 2015). Table 4 shows the gears 
parameters. 

Table 4. Table of gears parameters. 
Name of parameter Value of parameters 

a (distance between shaft) [mm] 91.5 
z1 (tooth number of pinion) [-] 16 
z2 (tooth number of wheel) [-] 24 

αn [º] 20 
mn (Module) [-] 4.5 
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By using the parameters in Table 4, the equation to convert from load on gears to load on each 
bearing can be derived. The process of deriving is shown from equation (45) to (49). The crucial 
value is pressure angle αω. Equation (45) shows the relation between αω, rb1, rb2, a and rω1 according to the geometry of gears. 

 


  1 2 1
1

cos b b br r r
a r   (45) 

The value of rb1 and rb2 can be found be equation (46) and (47). 

   11
cos

2n nb
m zr   (46) 

   22
cos

2n nb
m zr   (47) 

By combining equation (45), (46) and (47), the value of rω1 can also be calculated. Finally, the 
relation between load on each bearing and load on gears can be found by equation (48). Since 
there are two bearing to support the gear shaft, the radial force on each bearing should be half of 
total radial force caused by gear torque, the radial force on each bearing Fr should be multiply by 
2 in equation (48). After calculation, equation (49) can be directly used during experiments to 
calculate load on each bearing. 
     12 cosgear rT F r   (48) 
  14.93r gearF T   (49) 
By using equation (49), load on each bearing can be calculated corresponding to each load stage. 
Table 5 shows the load stages in Nm on the pinion and in N for each bearing. The corresponding 
percentages of basic dynamic load rating parameter of the NJ 406 cylindrical roller bearing are 
also listed in Table 5. 

Table 5. Table of load stages used in experiments. 
Load stage Pinion Torque [Nm] Load on each bearing [N] Percentage of C [%] 

1 3.3 49.3 0.08 
2 13.7 204.5 0.34 
3 35.3 527.0 0.87 
4 60.8 907.7 1.50 
5 94.1 1404.9 2.32 
6 135.3 2020.0 3.34 
7 183.4 2738.2 4.53 
8 239.3 3572.7 5.91 
9 302.0 4508.9 7.45 
10 372.6 5562.9 9.20 
11 450.1 6720.0 11.11 
12 534.5 7980.1 13.19 
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According to the configuration of the bearing test rig, the entire load was exerted in the radial 
direction. So, the axial load of bearing was designed to be 0 during the project. 
 Oil level 
Three different oil levels in the gearbox were tested. The tested oil levels were 88.25 mm, 103 
mm and 73.5 mm which are shown in Figure 10. As shown in Figure 10, 103 mm means the oil 
level is at the half of the bearing, 73.5 mm the oil level is at the half of the lowest roller in the 
bearing. 88.25 mm is at the middle of 103 mm and 73.5 mm. The highest and lowest oil levels 
also represent two types of lubricant methods, 103mm oil level represents dip lubrication, 73.5 
mm oil level represent spray lubrication, since it is hard to measure the oil level when using 
spray lubrication. At this low oil level, only the half of lowest roller is immerged in oil and it can 
be considered as the worst case when using spray lubrication. The reason of choosing 88.25 mm 
oil level is to find how does the friction torque change from dip lubrication to spray lubrication. 

 
Figure 10. Oil levels sketch map. 

 Oil type 
In order to get different oil viscosity and check if oil type affects the bearing friction torque, 
three types of oil were used during the project. The tested lubricants were PAO std, PAO LV and 
VG100+4% Ang. 
 Oil temperature 
The lubricant were tested at 40, 60 and 90 °C. Since the oil temperature changes with time 
during experiments, the temperature sensors inside the gearbox on test rig were used to measure 
the oil temperature during experiments. 
 Duration of experiments 
Duration for most of experiments is 5 min. 10 min duration tests were done several times in 
order to check the precision of 5 min duration. 
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3.2 Load independent friction torque analysis 
The project follows the bearing friction torque analysis method used by Palmgren, Harris and 
SKF which is to divide the bearing friction torque into load independent friction torque and load 
dependent friction torque. The symbol of load independent friction torque calculated in this 
project is set as Mindependent. 
3.2.1 Analysis of existing models 
According to the equations in frame of reference about load independent friction torque of the 
three existing models, MATLAB functions were built for each of existing models. By using the 
three models, the relation between the rotating speed of bearing and load independent friction 
torque on each bearing at specific oil type, oil viscosity and oil level was calculated.  
Since PAO standard oil at 90 °C and 103 mm oil level is the condition mostly used by Sosa and 
Andersson, the condition was used to plot the relation between rotating speed and load 
independent friction torque on each bearing based on the three existing models. Then, a 
comparison among the three existing models was made to find the relation between them. 
3.2.2 Experiments 
The table of performed experiments is shown in APPENDIX A: Experiment table. After 
assembling the test rig, which is shown in Figure 2, the steps of each experiment to measure load 
independent bearing friction torque is shown in Table 6. 

Table 6. Experiment steps of load independent bearing friction torque. 
Step number Step detail 

1 Open the lid of SGB to check oil condition inside 
the gearbox 

2 Open valve to discharge the oil inside SGB and 
close valve 

3 (if oil type change is 
needed) 

Clean the SGB by flush oil twice (start the motor 
for 1 min at 1000 r/min each time) 

4 Pour in new oil to required oil level 
5 Close SGB, set and start heating oil to required 

temperature 
6 Put on required load to the bearings by the traverse 

crane 
7 Select required rotating speed 
8 Start the test rig and recording MATLAB code at 

the same time for 5 min or 10 min 
9 Repeat step 7 and 8 for all required rotating speeds 

10 (If different oil 
temperatures will be tested) 

Repeat step 5 to change required oil temperature 
and then repeat step 9 

11 Close the test rig, save experimental data from 
MATLAB 
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From Table 6, input variables such as oil type, oil level, oil temperature, duration of experiments 
and rotating speed can be changed in step 3, 4, 8, 9 and 10. Table 7 shows the input variables 
values for all experiments of load independent bearing friction torque. Since the experiments of 
load dependent friction torque also contains no load condition, part of experimental value from 
them can be used in load independent friction torque analysis. 

Table 7. Input variables of load independent bearing friction torque experiments (Duration of 10 min only 
performed at 103 mm oil level using PAO std oil for three different temperatures). 

Oil type Oil level 
[mm] 

Oil temperature 
[°C] 

Duration of 
experiments [min] 

Rotating speed 
[r/min] 

PAO std 
PAO LV 

VG100+4% Ang 

73.5 
88.25 
103 

40 
60 
90 

5 
(10) 

87 
174 
348 
550 
1444 
1740 
2609 
3479 

After experiments, all of the experimental data which contain rotating speed, temperature, torque 
value were saved in separate mat files for different combination of input variables. For each 
experimental data file, the torque value and temperature were post-processed to calculate the tare 
value, cut out data when speeds are not stable, calculate mean and standard deviation of data, and 
finally calculate dynamic viscosity based on the measured temperature by using Vogel model. 
All parameters were saved into a single post-processed file. 
3.2.3 Compare experimental data with existing models 
By using the reorganized data from the experiments, load independent bearing friction torque at 
different conditions can be compared between each other. According to the results of 
comparisons, a suitable model can be selected. 
3.2.4 Modification of existing model 
According to the comparisons, Harris model was selected. In order to make it fit the 
experimental data better, the f0 parameter was modified. 

3.3 Load dependent friction torque analysis 
Except changing some of input variables, the process of load dependent bearing friction torque 
analysis is similar to the process of load independent bearing friction torque analysis. The 
symbol of load dependent friction torque calculated in this project is set as Mdependent. 



22 

3.3.1 Analysis of existing models 
Using the equations in frame of reference on load dependent friction torque of the three existing 
models, MATLAB functions were built for each of existing models. By using the three functions, 
the relation between rotating speed, load of each bearing and load dependent friction torque on 
each bearing at the same condition as used in load independent friction torque existing models 
analysis can be compared. 
Then, the two parts of load dependent friction torque defined by SKF model were analyzed and 
the relation between rotating speed, load of each bearing and the two parts of load dependent 
friction torque on each bearing can be compared. 
3.3.2 Experiments 
The steps of experiments are similar to the previous experiments but have different input 
variables in Table 8. 

Table 8. Experiment steps of load dependent bearing friction torque. 
Step number Step detail 

1 Open the lid of SGB to check oil condition inside the gearbox 
2 Open valve to discharge the oil inside SGB and close valve 

3 (if need to 
change oil type) 

Clean the SGB by flush oil twice (start the motor for 1 min at 
1000 r/min each time) 

4 Pour in new oil to required oil level 
5 Close SGB, set and start heating oil to required temperature 

(90 °C) 
6 Put on required load to the bearings by the traverse crane 
7 Select required rotating speed 
8 Start the test rig and recording MATLAB code at the same 

time for 5 min 
9 Repeat step 7 and 8 for all required rotating speeds 
10 Repeat step 6 to change required load and then repeat step 9 
11 Close the test rig, save experimental data from MATLAB 

From Table 8, input variables such as oil type, oil level, rotating speed and load on each bearing 
can be changed in step 3, 4, 9 and 10. Table 9 shows the input variables values for all 
experiments of load dependent bearing friction torque. 
Since the experiments of load dependent friction torque also contains no load condition, a no 
load test was always done before to measure load independent friction torque. Load dependent 
friction torque can be calculated by subtracting the load independent friction torque from total 
friction torque. 
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Table 9. Input variables of load dependent bearing friction torque experiments. 

Oil type Oil level [mm] Rotating speed 
[r/min] Load on each bearing [N] 

PAO std 
PAO LV 

VG100+4% Ang 

73.5 
88.25 
103 

87 
174 
348 
550 
1444 
1740 
2609 
3479 

0 
527 
908 
1405 
2738 
3573 

The same procedure of data classification as for load independent bearing friction torque 
experiments was performed for load dependent bearing friction torque experiments. 
3.3.3 Comparing experimental data with existing models 
By using post-processed data from the experiments, load dependent bearing friction torque at 
different conditions can be compared to the calculated values of the existing models. According 
to the results of the comparisons, a suitable model can be selected. If none of the existing models 
fit the experimental data, a new model of load dependent bearing friction torque should be 
developed. 

3.4 Precision analysis of experiments 
During the analysis of friction torque of NJ 406 cylindrical roller bearing, numerous experiments 
were performed. Many factors affect the precision of the experiments. Factors that have a large 
influence on the precision of the experiments were analyzed, in order to get a better repeatability 
and precision. 
Different factors in the experiments were analyzed to increase the precision, such as experiment 
duration, sensors' performances, loading system stability, speed testing order and experiment 
repeatability. The distribution of experimental data was also analyzed. 
A series of experiments were done and the results were analyzed to check which factors have the 
largest influence on the precision of friction torque. If the precision of the friction results is 
adequate in terms of repeatability, the difference between the repetitions should not larger than 
two times of the standard deviation. 
3.4.1 Torque sensor analysis 
Two no load case experiments 1.4 and 1.6 shown in APPENDIX A: Experiment table, were done 
and analyzed to find if the torque sensor on the bearing test rig has a high enough sensitivity to 
measure the low friction torque from the bearings. 
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3.4.2 Force sensor calibration 
The force sensor was added into a full bridge circuit and a voltmeter was connected to show the 
voltage changing according to the resistance changing of the sensor. The force sensor was pulled 
increasingly and decreasingly ten times by using known weights and the relation between 
voltage output and mass of weights were analyzed. 
3.4.3 Loading system 
Three different ways of loading, which are pulling by crane and arm, pulling directly from the 
top part of sleeve and putting weights on the end of the arm, were used in experiment 3.2, 3.3, 
3.4, 3.5 and 3.6 shown in APPENDIX A: Experiment table repeatedly, in order to check if the 
loading system works well. If the three methods gave the same result, the loading system works 
as intended and does not affect the precision of the bearing losses. 
3.4.4 Distribution of data points 
A string of data points after post-processing were randomly picked out from experiment 5.2, 
shown in APPENDIX A: Experiment table, to find the distribution of the data. If the data is 
normally distributed, the mean value and standard deviation of the experiment data can be used 
in the analysis. 
3.4.5 Experiment duration 
During no load condition, the experiment 1.1 and 1.3, shown in APPENDIX A: Experiment table, 
whose durations were chosen as 5 min and 10 min to find if the duration time affect the results. 
3.4.6 Repeatability of load dependent friction torque 
During the experiment 4.2, 4.3 and 4.4, shown in APPENDIX A: Experiment table, three 
different oil levels were tested at 73.5 mm, 88.25 mm and 103 mm. When testing the relation of 
oil level and load dependent loss of bearings, the loading cases were tested three times at 1405 N 
for each bearing (load stage 5) and two repetitions were done at high speeds (2609 r/min and 
3479 r/min) to find if the experimental results are repeatable. Since the results are total losses of 
each bearing, no load case experiment was also done at each oil level before loading case in 
order to get load dependent loss by subtracting load independent friction torque from total 
friction torque. 
3.4.7 Speed order 
Because all of experiments were done from low speed to high speed, the influence of order of 
speeds on the load dependent loss results was unknown. A reverse speed order test was done in 
experiment 5.2, shown in APPENDIX A: Experiment table, at 1405 N in order to find the 
relation between the order of speeds and the repeatability. 

3.5 Modeling 
After the analysis of existing bearing friction models, Harris’ load independent friction torque 
model proved to have the best fit but none of the three models fit the load dependent friction 
torque of the experimental data. Therefore, a new model of load dependent bearing friction 
torque need to be developed based on experimental data. 
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According to the requirements from Sosa and Andersson, the model used under PAO std oil, 
PAO LV oil and VG100+4% Ang at 90 °C was built. Therefore, the input variables of the new 
model are rotating speeds, lubricant methods, lubricant types and load on each bearing. But only 
dip lubricant was used when testing PAO LV and VG100+4% Ang. 
Three types of models were done for different requirements which are model of interpolation and 
table, Model of spline model and Mathematical model. 
3.5.1 Model of interpolation and table 
Based on the experimental data, two tables were made according to different lubricant methods 
when using PAO std oil. Users can find any load dependent friction torque of NJ406 cylindrical 
roller bearing between 87 to 3479 r/min rotating speed and 527 N to 1405 N radial load by using 
interpolation. 
3.5.2 Spline model 
By inserting the experimental data into MATLAB, a smoothing spline model can be found by 
using curve fit tool. A function was made and parameters of all conditions from experiment were 
saved in a mat file. Any load dependent loss can be found by using the function in MATLAB 
within the conditions mentioned in operating conditions section. 
3.5.3 Mathematical model 
According to the experimental data, a mathematical model was built. By using non-linear least 
square method, the parameters in the mathematical model were calculated for different 
conditions. 
Then, in order to know the certainty of the values of parameters, confidence bounds for each 
parameter were calculated. By using a method from MATLAB website (MathWorks 2016), 
upper and lower limit for each of parameter at different load, oil type and lubricant method were 
calculated and 95% of confidence was reached. 
Finally, by using Monte Carlo simulation in MATLAB for each condition, the robustness of the 
mathematical model and the bounds for each parameter was verified. The distribution is set to be 
normal. The mean is the value of parameters calculated by using non-linear least square method 
and the standard deviation is the confidence bounds value. 
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4 RESULTS  
The results that are obtained with the process described in the process chapter are compiled, and 
analysed and compared with the existing knowledge and theory presented in the frame of 
reference chapter.  

4.1 Results of precision analysis of experiments 
After the process of precision analysis, sensitivity of the torque sensor, linearity of the force 
sensor and stability of the loading system were tested, the distribution of measured experimental 
data before classified were verified, the duration of experiments were verified, repeatability of 
experiments was checked and the effect of speeds order was checked. 
4.1.1 Results of torque sensor analysis 
Combining the results from experiment 1.4 and experiment 1.6 shown in APPENDIX A: 
Experiment table, the output value of the torque sensor used on the bearing test rig can be plotted. 
Figure 11 shows the direct output data from the torque sensor. From Figure 11, the mean value 
of blank test keeps a stable value, which is 0.05 Nm, and there is a significant difference between 
blank test data and the data from the load independent friction force experiment. 

 
Figure 11. Measured torque of blank test and an example of load independent friction torque test, dashed lines 

represent two times standard deviation of the experimental results. 
4.1.2 Results of force sensor analysis 
After connecting the force sensor into a full bridge circuit, the force sensor was loaded by 
calibrated weights increasingly and decreasingly ten times. A polynomial curve fitting was used 
to get the relation between the weights and the output voltage from the force sensor. Figure 12 
shows a linear relation between the calibrated weights and the output voltage. 
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Figure 12. Force sensor polynomial fitting. 

4.1.3 Results of loading system analysis 
Two ways of loading were used in experiment 3.2, shown in APPENDIX A: Experiment table, 
which are: pulling by crane and arm, and pulling directly from the top of the sleeve. Figure 13 
shows the load dependent bearing friction torque from each bearing. According to Figure 13, 
there is a significant difference between the two ways of loading especially at low speeds. 

 
Figure 13. Measured load dependent friction torque when using different ways of loading before modification (LS5, 

PAO std oil and 90°C), shaded areas represent two times standard deviation of experimental results. 
After careful analysis of the test setup, it was deduced that the hole on the cover of SGB need to 
be enlarged to allow the connector of the sleeve to have more play. Three different ways of 
loading were tested in experiment 3.3, 3.4, 3.5, 3.6 and 3.7, shown in APPENDIX A: 
Experiment table, the load dependent bearing loss is shown in Figure 14. From Figure 14, the 
results of three ways of loading overlap and all of them have a same curve shape. 



 

 29

 
Figure 14. Measured load dependent friction torque when using different ways of loading after modification (LS5, 

PAO std oil and 90°C), shaded areas represent two times standard deviation of experimental results. 
4.1.4 Results of distribution of data points analysis 
A specific test was chosen as an example from the experiment 5.2, shown in APPENDIX A: 
Experiment table. From Figure 15, the subplot on the left side shows the post-processed data and 
the other shows the frequency of the data and it can be noted that the distribution resembles a 
normal distribution. 

 
Figure 15. Data distribution histogram plot, left figure is the data signal from test rig, right figure is the histogram of 

it. 
4.1.5 Results of experiments duration analysis 
According to experiment 1.1 and experiment 1.3, shown in APPENDIX A: Experiment table, 
which have the same condition but different time duration shown in Figure 16. From Figure 16, 
according to the mean value, the experiment which has longer duration has a lower load 
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independent friction torque compared to the shorter experiment's results. But the two standard 
deviation regions overlap. 

 
Figure 16. Measured load independent friction torques when having different duration of experiments, the solid line 

represent mean value and the dashed line represent two times of standard deviation of the data. 
4.1.6 Results of repeatability of experiments analysis 
In order to check the repeatability of the experiments, load dependent friction torque at different 
oil levels were chosen for analysis. The results of experiment 4.2, 4.3 and 4.4, shown in 
APPENDIX A: Experiment table are shown in Figure 17. From all three sub-figures, the mean 
values and standard deviations overlap for each oil level. From the third sub-figure, the extra 
tests at high speeds are not significantly apart. 
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Figure 17. Load dependent loss when 1403N loaded (top left is at 103 mm oil level, 3 repetitions, top right is at 

88.25 mm oil level, 3 repetitions and bottom left is at 73.5 mm oil level, 3 repetitions. 
4.1.7 Results of speeds order analysis 
A reverse speed order test was performed in experiment 5.2 shown in APPENDIX A: 
Experiment table. Figure 18 shows the load dependent loss for each bearing at 1405N loading 
case with speeds increasing and decreasing. The difference between two orders of speed tests is 
small. 

 
Figure 18. Load dependent loss when 1403N loaded at 73.5 mm oil level for two kinds of speeds order. 
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4.2 Results of load independent friction torque analysis 
After the process mentioned above, the results of load independent friction torque of NJ 406 
cylindrical roller bearing analysis were got and the comparisons among the three existing models 
and experimental data were done. 
4.2.1 Results of existing models analysis 
By using measured data of dynamic viscosity and density of three types of lubricant oil, the three 
parameters in Vogel model in equation (2) can be found for each type of oil. The value of 
parameters for each type of oil is listed in Table 10. Then, the measured oil density at room 
temperature (20°C) for each oil types is shown in Table 11. By using the value of parameters and 
equation (2), the dynamic viscosity or kinematic viscosity of any type of oil can be calculated 
and used in the function of existing models. 

Table 10. Parameters of Vogel model for each type of oil. 
  

 PAO std PAO LV VG100+4% Ang 

K 0.06 0.09 0.05 
b 1344.20 976.80 1080.00 
c 153.75 121.20 107.00 
Table 11. Density of different types of oil at 20°C. 

 Density value [g/ml] 
PAO std 0.8455 
PAO LV 0.8315 

VG100+4% Ang 0.8783 
By using Vogel model, relation between dynamic viscosity and temperature of the three types of 
oil are plotted in Figure 19 and Figure 20. 



 

 33

 
Figure 19. Vogel model fittings, the oil types from top to down are PAO std, PAO LV and VG100+4% Ang. 
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Figure 20. Comparison among the three types of oil used in this project beginning at 30 ºC. 

The standard condition was used when analyzing existing models which are using PAO std oil at 
90 °C and 103 mm oil level. The relation between load independent friction torque and rotating 
speed is shown in Figure 21. 

 
Figure 21. Analysis of load independent friction torque of existing models (PAO std oil, 90 °C and 103 mm oil 

level), the dashed lines represent the limited value of load independent friction torque when choosing upper limit 
value and lower limit value of f0 and the solid lines represent the output when choosing mean value of f0. 

From Figure 21, the Harris model has largest independent bearing friction torque and SKF model 
has the lowest for all chosen speeds. 
4.2.2 Comparison of experimental data and the output of existing model 
After performing experiments of load independent bearing friction torque, all experimental data 
were classified and stored according to the different values of input variables. Comparisons were 
done based on experimental data. 
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 Results of load independent friction torque under different oil temperatures 
All of experimental data of load independent friction torque using PAO std oil under 103 mm oil 
level at 40 °C, 60 °C and 90 °C were pooled. The included experiments are experiment 1.2 and 
experiment 1.3, which are shown in APPENDIX A: Experiment table. The results are shown in 
Figure 22. From Figure 22, the friction torques at different temperatures overlap. 

 
Figure 22. Experimental data of load independent friction torque at different oil temperature (PAO std oil and 103 

mm oil level), dashed lines represent two times standard deviations of the data and solid lines represent mean value 
of experimental data. 

The outputs of the three existing models are presented and compared with experimental data in 
Figure 23. In Figure 23, the mean values of f0 in Palmgren and Harris model were chosen. From 
Figure 23, Harris model has the largest load independent friction torque value at all temperatures 
and speeds and all experimental data are within the Harris model region. In addition, the SKF 
model is less sensitive to changes in temperature. 
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Figure 23. Load independent friction torque from the experimental data and the outputs of existing models at 

different oil temperature (PAO std oil and 103 mm oil level). 
 Results of load independent friction torque under different oil levels 
All of experimental data of load independent friction torque using PAO std oil under 73.5 mm, 
88.25 mm and 103 mm oil level at 90 °C were compared. The included experiments are 
experiment 1.4, 3.7, 4.2, 4.3, 4.4, 5.1, 5.2, 5.3, 5.4, 5.5, 5.6, 5.7, and 5.8, which are shown in 
APPENDIX A: Experiment table. The result is shown in Figure 24. From Figure 24, the friction 
torques at different oil levels overlap. 

 
Figure 24. Experimental data of load independent friction torque at different oil levels (PAO std oil and 90 °C), 

dashed lines represent two times standard deviations of the data and solid lines represent mean value of 
experimental data. 

According to the values of input variables, the outputs of the three existing models can be 
calculated and shown in Figure 25. In Figure 25, the mean values of f0 in Palmgren and Harris 
model were chosen. From Figure 25, Harris model has the largest load independent friction 
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torque value at all temperatures and speeds and has the closest value with experimental data for 
all oil levels when compared to the outputs from other models. In addition, the outputs of Harris 
and Palmgren models do not change when oil level changes, but the load independent friction 
torque form SKF model increases when oil level increases. 

 
Figure 25. Load independent friction torque from experimental data compared to the outputs of existing models at 

different oil levels (PAO std oil and 90 °C). 
 Results of load independent friction torque under different oil types 
All of the experimental data of load independent friction torque using PAO std oil, PAO LV oil 
and VG100+4% Ang oil under 103 mm oil level at 90 °C were compared, in order to find the 
effect of oil type on load independent bearing friction torque. The result is shown in Figure 26. 
The included experiments are experiment 1.4, 3.7, 4.3, 5.1, 5.6, 5.7, 5.8, 6.1, 6.2, 6.3 and 6.4, 
which are shown in APPENDIX A: Experiment table. From Figure 26, the friction torques at 
different oil types overlap. 
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Figure 26. Experimental data of load independent friction torque at different oil types (103 mm oil level and 90 °C), 

dashed lines represent two times standard deviations of the data and solid lines represent mean value of 
experimental data. 

The outputs of the three existing models using experimental data are shown in Figure 27. In 
Figure 27, the mean values of f0 in Palmgren and Harris model were chosen. From Figure 27, 
Harris model has largest load independent friction torque value. When using PAO std and 
VG100+4% Ang the torque value of Harris model have the closest value with experimental data 
for all types of oil. In addition, when using PAO std oil the outputs of all models have larger 
values than using other two types of oil and when using PAO LV oil the outputs of all models 
have lower values. 
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Figure 27. Load independent friction torque from experimental data and outputs of existing models at different oil 

types (103 mm oil level and 90 °C). 
4.2.3 Results of modification of existing model 
According to the results of comparing experimental data with output of existing models, Harris 
model has the best fit with experimental data among the three existing models. In order to 
improve Harris model, the value of f0 was modified based on the experimental data when using 
PAO std oil, PAO LV oil and VG100+4% Ang oil at 90 °C under different speeds. The included 
experiments are experiment 1.4, 3.7, 4.3, 5.1, 5.6, 5.7, 5.8, 6.1, 6.2, 6.3 and 6.4, which are shown 
in APPENDIX A: Experiment table. The result is shown in Figure 28. Solid lines represent value 
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of f0 when using different types of oils under different speeds. From Figure 28, the values of f0 when using different oil types overlap. In addition, before the bearing reaches 500 r/min, the 
value of f0 decreases significantly, but when rotating speed larger than 500 r/min, the value of f0 becomes stable. 

 
Figure 28. Modification of Harris model by tuning f0 at different oil types (103 mm oil level and 90 °C). 

4.3 Results of load dependent friction torque analysis 
After the process mentioned above, the results of load dependent friction torque of NJ 406 
cylindrical roller bearing analysis were found. The comparisons among the three existing models 
and experimental data were performed. 
4.3.1 Results of existing models analysis 
The same standard condition was used as when analysis existing models of load independent 
friction torque, PAO std oil at 90 °C and 103 mm oil level. The relations between rotating speed, 
load on each bearing and load dependent friction torque for the three existing models are shown 
in Figure 29. From Figure 29, the load dependent friction torques from Palmgren model and 
Harris model are independent of rotating speed and the relation between load dependent friction 
torque and load on each bearing is linear for both models. But both bearing load and rotating 
speed affect load dependent friction torque in SKF model. Load dependent friction torque 
increases if bearing load and rotating speed increase but the relations are nonlinear. 
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Figure 29. Relation between rotating speed, load and load dependent friction torque from existing models (103 mm 

oil level, PAO std oil and 90 °C), top left is Palmgren model, top right is Harris model and bottom left is SKF model. 
Then, since load dependent friction torque is divided into rolling friction torque Mrr and sliding 
friction torque Msl in SKF model, the percentages of Mrr and Msl in load dependent friction 
torque have been calculated and plotted in Figure 30. From Figure 30, Msl only dominates at very 
high load and low speed region. In most of conditions, Mrr is the dominating torque in load 
dependent bearing friction torque which is always larger than 90% in the load dependent loss 
according to the SKF model. 
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Figure 30. Percentage of Mrr/Mdependent (top figures) and Msl/Mdependent (bottom figures) at different rotating speeds 

and bearing load from SKF model (103 mm oil level, PAO std oil and 90 °C). 
4.3.2 Comparison of experimental data and the output of existing model 
 Results of load dependent friction torque under different oil levels 
All of experimental data of load dependent friction torque using PAO std oil under 73.5 mm, 
88.25 mm and 103 mm oil level at 90 °C under 1405N (load stage 5) load on each bearing were 
collected together to compare and find the effect of oil level on load dependent bearing friction 
torque. The included experiments are experiment 3.7, 4.2, 4.3, 4.4, 5.1, 5.2, 5.3, 5.4, 5.5, 5.6, 5.7, 
and 5.8, which are shown in APPENDIX A: Experiment table. The results are shown in Figure 
31. From Figure 31, both the mean of load dependent friction torques and two times standard 
deviation regions at different oil levels overlap. 
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Figure 31. Experimental data of load dependent friction torque at different oil levels (PAO std oil, LS5 and 90 °C), 

shaded areas represent two standard deviation regions of the experimental results, solid lines represent the mean 
values of experimental data. 

The load dependent friction torque from the three existing models were calculated and the 
comparison between experimental data and values from models are shown in Figure 32. From 
Figure 32, the three existing models do not change with different oil level. Also from Figure 32, 
none of existing models fit the experimental data furthermore the shape of curves are different. 
SKF model has the largest value of load dependent friction torque. Palmgren and Harris model 
have close value with experimental data at low-speed region but have large difference at high-
speed region. 
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Figure 32. Load dependent friction torque from experimental data and outputs of existing models at different oil 
levels (PAO std oil, LS5 and 90 °C), shaded areas for Palmgren and Harris models represent the load dependent 
friction torque when choosing different value of f1. Solid lines for Palmgren and Harris models represent the load 
dependent friction torque when choosing mean value of f1. The rest shaded areas represent two standard deviation 

regions of experimental results. 
 Results of load dependent friction torque under different oil types 
All of experimental data of load dependent friction torque using PAO std oil, PAO LV oil and 
VG100+4% Ang oil under 1405N on each bearing and 103 mm oil level at 90 °C were compared 
to determine the effect of oil type on load dependent bearing friction torque. The included 
experiments are experiment 3.7, 4.3, 5.1, 5.6, 5.7, 5.8, 6.1, 6.2, 6.3 and 6.4, which are shown in 
APPENDIX A: Experiment table. The result is shown in Figure 33. From Figure 33, the friction 
torques of different oil types overlap, except at around 2600 r/min region, VG100+4% Ang oil 
has larger load dependent friction torque than the torque when using other two types of oil.  
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Figure 33. Experimental data of load dependent friction torque using different oil types (103 mm oil level, LS5 and 

90 °C), shaded areas represent two standard deviations of the data and solid lines represent mean value of 
experimental data. 

The load dependent friction torques of three existing models and experimental data are shown in 
Figure 34. From Figure 34, the load dependent friction torque of Harris and Palmgren models do 
not change with different oil types, but the load dependent friction torque from SKF model 
changes with different types of oil and the load dependent friction torque from SKF model is 
always larger than the outputs of the other two models. When using PAO std, the load dependent 
friction torque from SKF model have larger values than the load dependent friction torque from 
SKF model using other two types of oil. When using PAO std oil, the outputs of SKF models 
have lower values. Also from Figure 34, none of existing models fit the experimental data. SKF 
model has the largest value of load dependent friction torque. Palmgren and Harris model have a 
close value with experimental data at low-speed region but have significant difference at high-
speed region. 
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Figure 34. Load dependent friction torque from experimental data and outputs of existing models at different oil 

types (103 mm oil level, LS5 and 90 °C), shaded areas for Palmgren and Harris models represent the load dependent 
friction torque when choosing different value of f1. The rest shaded areas represent two standard deviation regions of 

experimental results. 
 Results of load dependent friction torque under different loads 
All of experimental data of load dependent friction torque using PAO std oil, under 527N (load 
stage 3), 908N (load stage 4), 1405N (load stage 5), 2738N (load stage 7) and 3573N (load stage 
8) load on each bearing and 103 mm oil level at 90 °C were collected to compare and find the 
effect of value of load on load dependent bearing friction torque. The included experiments are 
experiment 3.7, 4.3, 5.1, 5.6, 5.7 and 5.8, which are shown in APPENDIX A: Experiment table. 
The result is shown in Figure 35. From Figure 35, the friction torques at different load do not 
have significant difference. The two times standard deviation regions overlap, but the differences 
of mean values show that the larger load, the larger load dependent friction torque. 
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Figure 35. Experimental data of load dependent friction torque at different load (103 mm oil level, PAO std oil and 

90 °C), shaded areas represent two standard deviations of the data and solid lines represent mean value of 
experimental data. 

The experimental data and load dependent friction torque from exisiting models are shown in 
Figure 36. In Figure 36, the solid lines of Palmgren and Harris model represent the load 
dependent friction toruqe when mean values of f1 in Palmgren and Harris model were chosen. 
From Figure 36, the load dependent friction torque value of Harris and Palmgren model do not 
change with speed but when load on each bearing increases, the load dependent friction torque 
increases. The load dependent friction torque from SKF model changes with different speeds and 
loads. The larger rotating speed and bearing load, the larger load dependent friction torque can 
be. In addition, all outputs from SKF model are larger than the outputs of the other two models 
and none of existing models fit the experimental data. 
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Figure 36. Load dependent friction torque from experimental data and outputs of existing models at different load 

(103 mm oil level, PAO std oil and 90 °C) 

4.4 Results of Modeling 
Harris model fits well with the load independent friction torque of experimental data; however, 
none of the three models fit the load dependent friction torque of experimental data. Therefore, 
three types of models of load dependent bearing friction torque were developed based on 
experimental data. 
4.4.1 Model of interpolation and table 
Based on the experimental data, two tables were made according to different lubricant methods 
using PAO std oil. Users can find the mean value and standard deviation of load dependent loss 
from NJ 406 bearing between 87 to 3479 r/min rotating speed and 527 N to 2738 N radial load 
for spray lubrication or 527 N to 3573 N for dip lubrication by using interpolation. Table 19 in 
APPENDIX B: Model of interpolation and table shows the load dependent friction torque value 
when using dip lubrication; Table 20 in APPENDIX B: Model of interpolation and table shows 
the load dependent friction torque value when using spray lubrication. Any load dependent loss 
between these conditions can be predicted by using interpolation. 
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4.4.2 Spline model 
By inserting the experimental data into MATLAB, a smoothing spline model can be found by 
using curve fit tool. Figure 42 in APPENDIX C: Spline model shows one of the results of spline 
model. 
A function called bearingsplinef was made and parameters of all conditions from experiments 
were saved in a mat file called f_spline. Any load dependent loss can be found by using 
bearingsplinef in MATLAB. The meaning of each name in f_spline file are listed in Table 21 in 
APPENDIX C: Spline model. 
4.4.3 Mathematical model 
A mathematical function was found which fits the experimental data in the entire speed and load 
spectrum, shown in equation (50). 
    dependent

bM a n cn   (50) 

In equation (50), a, b and c are parameters which were calculated by using nonlinear least square 
method. The Jacobian matrix of equation (50) is shown in equation (51). Each of ni represents a 
speed from experiments and m represents the number of mean values used in calculating the 
regression model. 
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By iterating the parameter values of Δβ to a convergence of 10-8, the final values of parameters in 
this case were found, the results are shown in Table 12, Table 13 and Table 14. 

Table 12. Values of parameters for each condition when using PAO std oil. 
Name of parameters a b c 
Spray at 527 N (LS3) 1.590·10-5 1.821·100 -5.1·10-3 
Spray at 908 N (LS4) 1.958·10-5 3.303·100 -6.5·10-3 
Spray at 1405 N (LS5) 2.225·10-5 3.354·100 -4.1·10-3 
Spray at 2738 N (LS7) 2.522·10-5 6.892·100 -6.0·10-3 

Dip at 527N (LS3) 1.452·10-5 4.760·10-1 -1.7·10-3 
Dip at 908 N (LS4) 2.189·10-5 1.259·100 -5.8·10-3 
Dip at 1405N (LS5) 2.668·10-5 3.409·100 -1.0·10-2 
Dip at 2738 N (LS7) 2.776·10-5 6.510·100 -5.4·10-3 
Dip at 3573 N (LS8) 3.240·10-5 8.420·100 -1.3·10-2 
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Table 13. Values of parameters for each condition when using PAO LV oil. 
Name of parameters a b c 
Dip at 527N (LS3) 1.136·10-5 -1.446·10-1 2.5·10-3 
Dip at 908 N (LS4) 2.086·10-5 2.781·100 -7.9·10-3 
Dip at 1405N (LS5) 2.425·10-5 4.069·100 -1.0·10-2 
Dip at 2738 N (LS7) 2.656·10-5 6.758·100 -7.4·10-3 
Dip at 3573 N (LS8) 2.757·10-5 9.027·100 -6.7·10-3 

Table 14. Values of parameters for each condition when using VG100+4% Ang oil. 
Name of parameters a b c 
Dip at 527N (LS3) 6.134·10-6 -1.749·100 1.5·10-2 
Dip at 908 N (LS4) 2.453·10-5 1.008·100 -5.2·10-3 
Dip at 1405N (LS5) 2.551·10-5 1.571·100 -2.1·10-3 
Dip at 2738 N (LS7) 2.784·10-5 2.168·100 4.9·10-3 
Dip at 3573 N (LS8) 2.961·10-5 3.635·100 6.7·10-3 

Each bound for different load, speed and lubricant method was calculated by using equation (15) 
and (16). Therefore, by using the mathematical model and given values for each parameter 
within the bounds value for specific condition, there is 95% chance that the model predicts the 
load dependent loss of NJ406 cylindrical roller bearing accurately. By picking the maximum 
bounds among the bounds calculated for all speeds under each condition, overall bounds for each 
parameter were found and they are shown in Table 15, Table 16 and Table 17. 

Table 15. Bounds of parameters for each condition when using PAO std oil. 
Name of parameters a max a min b max b min c max c min 
Spray at 527 N (LS3) 1.943·10-5 1.237·10-5 3.134·100 5.078·10-1 1.0·10-3 -1.1·10-2 
Spray at 908 N (LS4) 2.353·10-5 1.562·10-5 4.772·100 1.834·100 4.0·10-4 -1.3·10-2 
Spray at 1405 N (LS5) 2.496·10-5 1.953·10-5 4.541·100 2.167·100 1.1·10-3 -9.4·10-3 
Spray at 2738 N (LS7) 3.286·10-5 1.785·10-5 9.732·100 4.052·100 7.3·10-3 -1.9·10-2 

Dip at 527N (LS3) 1.790·10-5 1.114·10-5 1.733·100 -7.810·10-1 4.2·10-3 -7.6·10-3 
Dip at 908 N (LS4) 2.574·10-5 1.804·10-5 2.689·100 -1.720·10-1 9.0·10-4 -1.3·10-2 
Dip at 1405N (LS5) 2.979·10-5 2.357·10-5 4.721·100 2.097·100 -4.2·10-3 -1.6·10-2 
Dip at 2738 N (LS7) 3.543·10-5 2.009·10-5 9.361·100 3.660·100 8.0·10-3 -1.9·10-2 
Dip at 3573 N (LS8) 4.041·10-5 2.438·10-5 1.140·101 5.441·100 1.1·10-3 -2.7·10-2 
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Table 16. Bounds of parameters for each condition when using PAO LV oil. 
Name of parameters a max a min b max b min c max c min 
Dip at 527N (LS3) 1.680·10-5 5.920·10-6 1.878·100 -2.167·100 1.2·10-2 -7.0·10-3

Dip at 908 N (LS4) 2.577·10-5 1.595·10-5 4.605·100 9.562·10-1 7.0·10-4 -1.6·10-2

Dip at 1405N (LS5) 3.012·10-5 1.839·10-5 6.248·100 1.891·100 -2.0·10-4 -2.1·10-2

Dip at 2738 N (LS7) 3.470·10-5 1.841·10-5 9.785·100 3.730·100 6.8·10-3 -2.2·10-2

Dip at 3573 N (LS8) 3.940·10-5 1.574·10-5 1.342·101 4.629·100 1.4·10-2 -2.7·10-2

Table 17. Bounds of parameters for each condition when using VG100+4% Ang oil. 
Name of parameters a max a min b max b min c max c min 
Dip at 527N (LS3) 1.118·10-5 1.090·10-6 1.267·10-1 -3.624·100 2.4·10-2 6.4·10-3

Dip at 908 N (LS4) 2.877·10-5 2.030·10-5 2.583·100 -5.665·10-1 2.2·10-3 -1.3·10-2

Dip at 1405N (LS5) 3.027·10-5 2.076·10-5 3.338·100 -1.959·10-1 6.1·10-3 -1.0·10-2

Dip at 2738 N (LS7) 3.436·10-5 2.132·10-5 4.591·100 -2.552·10-1 1.6·10-2 -6.5·10-3

Dip at 3573 N (LS8) 3.773·10-5 2.149·10-5 6.654·100 6.165·10-1 2.1·10-2 -7.4·10-3

By using Monte Carlo simulation for each condition, the robustness of the mathematical model 
and the bounds for each parameter can be checked. Figure 37 to Figure 40 show the results of 
Monte Carlo simulation for each condition. From Figure 37 to Figure 40, each green point 
represents one test in Monte Carlo simulation. The model has higher accuracy at high-speed 
region and most of the values from these tests are in two standard deviation of the experimental 
value. Also notice that the bounds are conservative with respect to the mean experimental data. 
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Figure 37. Monte Carlo simulation for spray lubrication using PAO std oil, top left is at load stage 3, top right is at 
load stage 4, bottom left is at load stage 5 and the last is at load stage 7, shaded areas represent two times standard 

deviation region of all related experiments. 
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Figure 38. Monte Carlo simulation for dip lubrication using PAO std oil, first row from left to right is at load stage 3 
and 4, second row is at load stage 5 and 7 and the last one is at load stage 8, shaded areas represent two times 

standard deviation region of all related experiments. 
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Figure 39. Monte Carlo simulation for dip lubrication using PAO LV oil, first row from left to right is at load stage 3 
and 4, second row is at load stage 5 and 7 and the last one is at load stage 8, shaded areas represent two times 

standard deviation region of all related experiments. 
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Figure 40. Monte Carlo simulation for dip lubrication using VG100+4% Ang oil, first row from left to right is at 
load stage 3 and 4, second row is at load stage 5 and 7 and the last one is at load stage 8, shaded areas represent two 

times standard deviation region of all related experiments. 
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5 DISCUSSION AND CONCLUSIONS 
A discussion of the results and the conclusions that the author have drawn during the Master of 
Science thesis are presented in this chapter. 

5.1 Discussion 
After experiments and data analysis, the results of load independent friction torque and load 
dependent friction torque of NJ 406 cylindrical roller bearing were found. 
5.1.1 Load independent bearing friction torque discussion 
From Figure 21, the three existing models have different load independent friction torque at 
standard condition. When the rotating speed is slow, the differences between each model are low, 
but the differences are much higher when the rotating speed increases. The Harris model has the 
highest value of load independent friction torque and SKF model has the lowest value. 
From Figure 22, Figure 24 and Figure 26, the difference of load independent friction torque 
when changing temperature, oil level or oil type are all limited and the data overlap. This implies 
that viscosity, temperature, oil level or oil type has limited influence on load independent bearing 
friction torque, in the tested region. 
From Figure 23, Figure 25 and Figure 27, the three existing models have different results for 
load independent friction torque. But Palmgren model and Harris model do not change with 
different oil levels which is different from SKF model. Therefore, under different temperature, 
oil level, oil type and no load from 87 to 3479 r/min, the results from the three existing models 
are divergent. At different temperature, oil level and oil type, the output of load independent 
friction torque from Harris model always fits the experimental data well, especially at high speed 
region. Therefore, Harris model should be chosen to predict load independent friction torque of 
NJ 406 cylindrical roller bearing. 
From Figure 28, the value of f0 changes great deal when the rotating speed is lower than 500 
r/min. Then, since f0 in Harris model should be a constant, but the behaviors of f0 when speed 
lower than 500 r/min and when speed larger than 500 r/min are different, mean values of f0 before the rotating speed reaches to 500 r/min and after 500 r/min were calculated and replaced 
the old value of f0 in Harris model. The new values of f0 in Harris model are listed in Table 18. 

Table 18. Values of f0 in Harris model at different speed regions. 
Value of f0 [-] 

When rotating speed 
less than 500 r/min 5.6545 

When rotating speed 
larger than 500 r/min 3.2646 

After tuned value of f0 in Harris model, it is able to predict load independent friction torque of NJ 
406 cylindrical roller bearing more accurately. 
5.1.2 Load dependent bearing friction torque discussion 
From Figure 29, the load dependent bearing loss models of Palmgren and Harris are similar and 
independent of rotating speed. The only difference between them is caused by choosing a 
different value of f1 for the two models. The relation between load and load dependent bearing 
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friction torque is linear for both models. Also from Figure 29, the load dependent bearing friction 
torque from the SKF model is different compared to Palmgren’s and Harris’. The load dependent 
friction torque has positive correlation between speed and load but is nonlinear. 
From Figure 31, Figure 33 and Figure 35, by changing oil level and oil type, the shaded areas of 
data overlap which means the relation between different oil levels, oil type and load dependent 
friction torque is not significant based on the results of experiments. Only at around 2600 r/min, 
VG100 + 4% Ang oil has larger load dependent friction torque when compared to the other oils. 
One possible explanation that there is another type of additive in VG 100+4% Ang compared to 
PAO std and PAO LV oil. However, different bearing loads do affect the load dependent friction 
torque of bearings. Although the two standard deviation regions overlap in Figure 35, the 
differences of mean values show that the larger the load, the larger the load dependent friction 
torque will be. 
From Figure 32, the value of oil level does not have an influence on load dependent friction 
torque in the Palmgren, Harris and SKF models.  
From Figure 34, the oil type does not have an influence on load dependent friction torque in the 
Palmgren and Harris models nor does the oil level. But changing oil type does affect the load 
dependent friction torque of the SKF model. When using PAO std oil, the SKF model has greater 
value than using other types of oil. When using PAO LV oil, the SKF models have lower values. 
From Figure 36, Palmgren model and Harris model are only affected by different load. The 
higher the load, the higher load dependent friction torque would be obtained from Palmgren 
model and Harris model. The output of SKF model also increases with load and speed. The SKF 
model has the largest value and Palmgren model has the lowest value for each load and speed. 
Also from Figure 32, Figure 34 and Figure 36, the experimental data cannot be fitted into any of 
the existing models under all conditions. When changing oil level, oil type or load, the SKF 
model always has the largest value for all speeds and the Palmgren model and Harris model is 
similar to the experimental data at low speed but differ at higher speeds. Therefore, load 
dependent friction torque of NJ 406 bearing is not affected by oil level and oil type. The 
experimental data cannot be fitted into any of the existing models. So, tuning the parameters in 
existing models by changing the constants is insufficient. A new expression of load dependent 
friction torque of NJ406 cylindrical roller bearings used in this project was defined. 
5.1.3 Precision of experiments discussion 
From Figure 11, the torque sensor output is a practically constant for the entire speed range 
which means the measured values are greater than the minimum value the sensor can measure. 
So, the sensitivity of the sensor is enough for bearing friction torque measurement. But the noise 
from the sensor is large and it is even greater than the standard deviation of the bearing losses. 
So, the noise from the torque sensor has the highest effect on standard deviations of the bearing 
losses. 
From Figure 12, the relation between weights added on the force sensor and the output voltage 
from the force sensor is clearly linear. The value of R2 for the fitting curve is 0.9967 that means 
the curve fits the data points well. Therefore, the linearity and the repeatability of the force 
sensor are good enough for the experiments of the project. 
From Figure 13 and Figure 14, the load dependent bearing losses have no difference when 
changing ways of loading after enlarging the hole on the cover of the bearing test rig. Therefore, 
the reason of this difference shown in Figure 13 is there is not enough clearance for the sleeve 
connector to move freely. After modifying the test rig, loading method does not affect the results 
and furthermore based on the results of five repetitions, the loading method does not affect the 
precision of the load dependent bearing loss. 
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From Figure 15, the subplot on the right shows the data is normally distributed. Therefore, the 
mean values of the results are representative and it is acceptable that if the difference between 
repeating tests is less than two times standard deviations of the results, the results can be seen as 
no significant difference. 
Form Figure 16, according to the standard set before, because the difference of the results is less 
than two times of standard deviation, there is no statistical difference between the experiments 
which durations are five minutes and ten minutes. However, because the mean value of the load 
independent friction torque for five minutes’ test is always larger than the mean value of the 
friction torque for ten minutes’ test at all speeds, there is a high probability than load 
independent friction torque for five minutes’ test has larger value than ten minutes one. 
In order to find the reason why there is probable difference between two different test durations, 
the temperature plot was done for these two cases and it is shown in Figure 41. 

Figure 41. Temperatures of 5 min test and 10 min test. 
From Figure 41, the temperatures of ten minutes test are more stable than the temperatures of 
five minutes test, so it is one possible reason that different test durations might change the 
results. But since the difference is so small that the difference of mean values of results is less 
than two times standard deviation as shown in Figure 16 and the experiments time is limited, 
five minutes duration was chosen as the rest of experiments’ duration. 
From Figure 17, the mean values and two times standard deviation regions of the three repeating 
tests for different oil levels have quite good repeatability and the extra tests at high speed are not 
significantly apart. Therefore, the precision of experiments meets the requirements. 
From Figure 18, the reverse speeds test does not have significant difference when compared to 
the normal speed order test. Therefore, the order of speeds when testing does not affect the 
precision of the results. 
5.1.4 Modeling discussion 
Three types of models on load dependent friction torque of NJ 406 cylindrical roller bearing 
were developed within specific operating conditions. The three models have their own 
advantages and disadvantages. Therefore, for different purpose, different type of model can be 
selected. 
From Table 19 and Table 20, the load dependent friction torque can be easily calculated by the 
table model and interpolation method for different lubricant methods within the operating 
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conditions mentioned before. But the relation between load on each bearing, rotating speed and 
load dependent friction torque is not clear.  
For spline model as shown in Figure 42, the relation between rotating speed and load dependent 
friction torque is simple to evaluate and it is the easiest way to calculate load dependent friction 
torque by a computer. But it does not have mathematical expression and it is impossible to use 
manually. 
The mathematical model which is shown in equation (50) is the most useful model among the 
three models above. Since it has mathematical expression, it can be used to predict the tendency 
of load dependent friction torque when having new operating conditions. Confidence bounds and 
Monte Carlo simulation can be calculated and used to guarantee the output is close enough to 
measured results. But when calculating parameters in the model, enough experimental data is 
needed. Otherwise, the error between calculated value and real value could be not neglected. By 
associating the load dependent friction torque of the SKF model and the function in equation 
(50), the first part if function is similar to Mrr in SKF model and the second part is similar to Msl in SKF model, since Mrr dominates at high speed region and Msl dominates at low speed region 
just the same as two parts in the mathematical model. 
5.1.5 Related work discussion 
As mentioned in frame of reference section, there have already been many investigations on 
bearing friction torque. But from the process to the results of this project, there are quiet a few 
differences compared to the previous works by others. 
From the results of this project, the friction coefficient of bearings is not a constant under 
different rotating speeds or loads, therefore, as in the work of Höhn (Höhn et al. 2002), using an 
average friction coefficient of bearings to calculate the friction torque of bearings could have 
significant error. 
Also, using an average friction coefficient of bearings to calculate load dependent friction torque 
of bearings can also cause error since both load independent friction torque and load dependent 
friction torque do not have a constant value of friction coefficient with respect of speed and load. 
Although Petry-Johnson, Kahraman, Anderson and Chase (Petry-Johnson et al. 2008) subtracted 
all load independent losses from total loss to avoid calculation error of load independent bearing 
friction loss, however, error still appears when they use an average friction coefficient of 
bearings to calculate the load dependent bearing friction torque. 
None of the three existing bearing loss models fit the experimental data of load dependent 
friction torque in this project. Therefore, directly using either of the three existing models as 
Björling, Miettinen, Marklund, Lehtovaara and Larsson (Björling et al. 2015), Fernandes, 
Martins and Seabra (Fernandes, Martins, and Seabra 2013) (Fernandes, Martins, and Seabra 
2014), Cousseau, Graca, Campos, Seabra (Cousseau et al. 2011) (Cousseau et al. 2012), Sopanen 
and Mikkola (Sopanen and Mikkola 2003), Leonhardt and Bader (Leonhardt and Bader 2016) 
and William Stilwell (Alex William Stilwell 2012) did in their work could have inevitable 
overestimations or underestimations in the calculation of load dependent bearing friction torque. 
Although this project is mainly focus on bearing radial load, from the work of Söndgen and 
Predki (Söndgen and Predki 2013), the curve shape between total friction torque caused by axial 
load and rotating speed is similar to the curve shape between total friction torque caused by 
radial load and rotating speed. Therefore, the effect of radial load and axial load on bearings 
could have a relation and it is worthy of further investigation, 
The load loss factor in the work of Michaelis, Höhn and Doleschel (Michaelis, Höhn, and 
Doleschel 2009) is affected by oil types and oil temperature. Although modifying SKF model by 
multiplying load loss factor can increase the accuracy for different temperature and oil types, the 
curve shape of SKF model is still different from the curve shape of the new model in this project. 
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According to the analysis of SKF model in this project, when rotational speed increases, rolling 
friction torque dominants. Therefore, tuning the value of μsl, as Fernandes, Marques, Martins and 
Seabra (Fernandes et al. 2015) did in their work, can only affect the load dependent friction 
torque in the low rotating speed region as shown in Figure 30. At the low speed region, the curve 
shape in Fernandes work between load dependent friction torque and rotational speed has a 
similar shape as in this project. But the upper limit of rotating speed in Fernandes work is 1500 
r/min and it is lower than the upper limit of the rotating speed in this project which is 3479 r/min. 
Therefore, the behavior of load dependent friction torque at high speed region was not 
investigated by Fernandes. The new load dependent friction torque model in this project could be 
more general. 
Classical theories of fluid mechanics were used by Liebrecht, Si, Sauer and Schwarze (Liebrecht 
et al. 2016). In this project, modified Harris model was chosen as load independent bearing 
friction torque model and it is close to the experimental data. But the value of f0 is not a constant 
at the low speed region. Therefore, classical theories of fluid mechanics can perhaps be used in 
the future for load independent friction torque analysis. 
Similar curve shape of the total bearing friction torque and rotational speed appeared in 
Houpert’s work (Houpert 2002), including different bearing friction model. Therefore, the curve 
shape obtained from this project is not caused by experiment equipment error. It is a general 
behavior of bearings not only for cylindrical roller bearings but also TRB (tapered roller bearings) 
and BB (ball bearing). 
The method used in this project has some similar characteristics to the articles presented in frame 
of reference section, for example, taking no load experimental data as load independent torque of 
bearings and taking loaded experimental data to subtract no load experimental data to get load 
dependent torque of bearings. 

5.2 Conclusions 
5.2.1 Conclusion of load independent friction torque of bearings 
 Oil temperature, oil level and oil type have small effect on the load independent friction 

torque of bearings. 
 Harris model with new values of f0 can be used to predict load independent friction torque 

of NJ 406 cylindrical roller bearings in this configuration. 
5.2.2 Conclusion of load dependent friction torque of bearings 
 Oil level and oil type have limited effect on the load dependent friction torque of bearings. 
 The higher the bearing is loaded, the larger the load dependent friction torque will be. 
 Since the experimental data cannot fit into any of the existing models, a new model of load 

dependent friction torque of NJ 406 cylindrical roller bearings is needed. 
5.2.3 Conclusion of precision analysis 
 All crucial parts used during experiments are linear and sensitive enough to measure the 

chosen parameters. 
 The difference in friction torque values between different experiment duration is negligible. 
 The results of the repetition experiments have good repeatability, which means the 

differences of mean value among experiments at same condition are less than two standard 
deviations, in other words, the differences are all less than 0.04 Nm. 

 The order of the speeds does not affect the precision of the results. 
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5.2.4 Conclusion of modeling 
 The mathematical model developed can be used to predict load dependent friction torque of 

NJ 406 cylindrical roller bearings. 
 By combining load independent friction torque from Harris model with new f0 and the new 

load dependent friction torque model, the friction torque of NJ 406 cylindrical roller bearing 
used in back-to-back gear test rig can be predicted accurately within the required operating 
conditions. 
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6 RECOMMENDATIONS AND FUTURE WORK 
In this chapter, recommendations on more detailed solutions and future work in this field are 
presented.  

6.1 Recommendations 
6.1.1 Recommendations of experiment 
There are five input variables during the experiments which are rotating speed, load on each 
bearing, oil temperature, oil level, oil type. Not all combinations of these variables were tested. 
So, it would be good to perform more experiments to cover all the combinations. 
Because the limitation of bearing test rig, the different choices of rotating speed and load on each 
bearing are limited. If larger range of speed and load can be performed, more general model of 
this type of bearing can be developed. 
6.1.2 Recommendation of load independent bearing friction torque model 
From Figure 28, the value of f0 is not stable when rotating speed is lower than 500 r/min. 
Averages of f0 at two speed regions were used for load independent friction torque prediction in 
this project. An expression of f0 at lower speeds could be found by performing more experiments 
and it will increase the accuracy of the load independent bearing friction torque model. 
6.1.3 Recommendations of load dependent bearing friction torque model 
If more operating conditions can be tested, the number of input variables in mathematical model 
can be increase and the value from new function may get closer to experimental data. 
The physical meanings of parameters in the mathematical model have not been found. Therefore, 
theoretical analysis of forces inside the bearings can be performed in order to find the connection 
between parameters and bearing theory. 

6.2 Future work 
 More experiments under different operating conditions can be performed. 
 Since the noise from torque sensor is high, more blank tests of torque sensor can be 

performed to find the minimum noise. Then the minimum noise can be subtracted from the 
standard deviation of other experiments to decrease the effect of torque sensor noise. 

 More variables and more changing of input variables can be tested such as to consider the 
effect of number of bearings and test more types of oil. 
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APPENDIX A: EXPERIMENT TABLE 
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APPENDIX B: MODEL OF INTERPOLATION AND 
TABLE 

The model of interpolation and table of bearing load dependent friction torque using dip and 
spray lubrication and PAO std oil were shown below. 

Table 19. Table model for load dependent friction torque by using dip lubrication and PAO std oil [Nm]. 
Speeds [r/min] 87 174 348 550 1444 1740 2609 3479 

Mean at 527N (LS3) 0.0057 0.0032 0.0021 0.0073 0.0180 0.0279 0.0391 0.0458 
Std at 527N (LS3) 0.0170 0.0124 0.0110 0.0096 0.0089 0.0075 0.0100 0.0119 

Mean at 908N (LS4) 0.0115 0.0035 0.0052 0.0082 0.0277 0.0346 0.0516 0.0699 
Std at 908N (LS4) 0.0193 0.0131 0.0108 0.0093 0.0095 0.0085 0.0098 0.0114 

Mean at 1405N (LS5) 0.0322 0.0158 0.0131 0.0137 0.0306 0.0380 0.0548 0.0782 
Std at 1405N (LS5) 0.0251 0.0175 0.0135 0.0117 0.0109 0.0089 0.0116 0.0114 

Mean at 2738N (LS7) 0.0645 0.0585 0.0121 0.0176 0.0370 0.0482 0.0716 0.0925 
Std at 2738N (LS7) 0.0333 0.0207 0.0106 0.0087 0.0085 0.0076 0.0114 0.0089 

Mean at 3573N (LS8) 0.0869 0.0436 0.0162 0.0203 0.0437 0.0511 0.0746 0.1003 
Std at 3573N (LS8) 0.0330 0.0348 0.0107 0.0088 0.0104 0.0081 0.0097 0.0092 

 
Table 20. Table model for load dependent friction torque by using spray lubrication and PAO std oil [Nm]. 
Speeds [r/min] 87 147 348 550 1444 1740 2609 3479 

Mean at 527N (LS3) 0.0194 0.0042 0.0029 0.0089 0.0190 0.0269 0.0405 0.0467 
Std at 527N (LS3) 0.0177 0.0130 0.0105 0.0087 0.0087 0.0085 0.0110 0.0116 

Mean at 908N (LS4) 0.0340 0.0152 0.0062 0.0123 0.0243 0.0319 0.0459 0.0612 
Std at 908N (LS4) 0.0198 0.0159 0.0109 0.0084 0.0081 0.0081 0.0102 0.0108 

Mean at 1405N (LS5) 0.0364 0.0206 0.0095 0.0139 0.0310 0.0370 0.0591 0.0712 
Std at 1405N (LS5) 0.0227 0.0179 0.0121 0.0100 0.0096 0.0101 0.0114 0.0121 

Mean at 2738N (LS7) 0.0714 0.0515 0.0124 0.0190 0.0359 0.0435 0.0641 0.0822 
Std at 2738N (LS7) 0.0332 0.0264 0.0090 0.0070 0.0051 0.0079 0.0100 0.0121 
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APPENDIX C: SPLINE MODEL 
The curve of spline model of bearing load dependent friction torque under 3573 N and dip 
lubrication (103 mm oil level) using PAO std oil was shown below. The meanings of names in 
f_spline file are shown in Table 21. 

 
Figure 42. Curve of spline model under 3573 N load and 103 mm oil level using PAO std oil. 

 
Table 21. Meaning of each name in f_spline file. 

Name in file Condition 

f. 

s. 
a 73.5 mm oil level under 527 N load (LS3) 
b 73.5 mm oil level under 908 N load (LS4) 
c 73.5 mm oil level under 1405 N load (LS5) 
d 73.5 mm oil level under 2738 N load (LS7) 

d. 

a 103 mm oil level under 527 N load (LS3) 
b 103 mm oil level under 908 N load (LS4) 
c 103 mm oil level under 1405 N load (LS5) 
d 103 mm oil level under 2738 N load (LS7) 
e 103 mm oil level under 3573 N load (LS8) 

 




