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Sammanfattning 
De tekniska framstegen inom elektriska maskiner representerar behovet av att förstå smörjmedlets 

beteende i den elektriska miljön. Eftersom axelspänningar är oundvikliga i elektriska maskiner 

krävs utveckling av nya fettformuleringar och studier av deras prestanda mot elektriska 

belastningar. 

Avhandlingen syftar till att designa, utveckla, installera och validera en ny testmaskin för att 

studera fettprestanda under påverkan av elektriska strömmar. Systemet syftar till att leverera 

skadliga elektriska strömmar genom lagret, men det var inte möjligt att åstadkomma på grund av 

felberäkningar. Testmaskinen är designad för att utföra experiment med vinkelkontaktlager. 

Experimenten utfördes med fyra fetter, litiumkomplex- och polypropenbaserade, med hög 

respektive låg basoljeviskositet. Studien jämför friktionsmomenten och självinducerade 

temperaturer i lagren med och utan påverkan av elektriska strömmar. Tillsammans med 

mätningarna av friktionsmomentet uppskattades smörjmedelsfilmtjockleken med hjälp av 

metoden "elektrisk kapacitans" för att övervaka statusen för smörjmedlet inuti lagret i realtid. 

Testmaskinen är begränsad till hastigheter upp till 3600 rpm, och projektet lägger en grund för 

forskning inom filmtjockleksuppskattning i rullager. Som en del av avhandlingen specificerades 

nya släpringar för att underlätta för testmaskinen att utföra studier vid högre hastigheter upp till 

(17000rpm). 
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Abstract 
The technological advancement in electrical machinery represents the need to understand the 

lubricant behaviour in the electrical environment. As shaft voltages are unavoidable in electrical 

machinery, developing new grease formulations and studying their performance against electric 

loads is required. 

The thesis aims to design, develop, install and validate a novel test machine to study grease 

performance under the influence of electric currents. The system aims to supply damaging electric 

currents through the bearing, but that was not possible to accomplish due to miscalculations. The 

test machine is designed to carry out experiments using angular contact bearings. The experiments 

were performed with four greases, Lithium-complex and polypropylene-based, of high and low 

base-oil viscosity, respectively. The study compares the frictional moments and self-induced 

temperatures in the bearings with and without the influence of electric currents. Along with the 

frictional moment measurements, the lubricant film thickness was estimated using the “electrical-

capacitance” method to monitor the status of the lubricant inside the bearing in real-time. 

The test machine is limited to speeds up to 3600 rpm, and the project lays out a foundation for 

research in film thickness estimation in rolling element bearings. As a part of the thesis, new slip 

rings were specified to facilitate the test machine to perform studies at higher speeds up to 

(17000rpm). 
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NOMENCLATURE 

Notations 

Symbol Description 

ε Absolute Permittivity (A.s/V.m), 8.854 x 10-12 A.s/V.m 

E1 Young’s modulus for body 1 (GPa) – 213 GPa (Bearing steel) 

ν1 Poisson’s ratio for body 1 – 0.29 (Bearing steel) 

E2 Young’s modulus for body 2 (GPa) – 213 GPa (Bearing steel) 

ν2 Poisson’s ratio for body 2 – 0.29 (Bearing steel) 

dp Pitch diameter of the bearing (m) – 0.061 m 

α Contact angle (°) - 40° for SKF 7208 angular contact bearing 

C Capacitance (F) 

AHertz Hertzian contact area (m2) 

dgap Gap between the terminals of a capacitor (m) 

hc Central film thickness (m) 

Ctotal Total capacitance of the EHD contact (F) 

hc,i Film thickness at inner raceway (m) 

τ Timing constant (s) 

RL Charging resistor of RC circuit (Ohm, Ω) 

RP Ohmic resistance of the lubricant (Ohm, Ω) 

U0 Supplied Voltage (V) 

Umax Maximum Voltage across the bearing (V) 

U1 voltage at the selected lowest voltage data point (V) 

U2 voltage at the selected highest voltage data point (V) 

Δt Time interval between the selected voltage data points (s) 

E’ Effective modulus of elasticity (N/m2) 

r1,x Radius of body 1 in X-direction (m) 

r2,x Radius of body 2 in X-direction (m) 

Rx’ Effective radius in X-direction (m) 

r1,y Radius of body 1 in Y-direction (m) 

r2,y Radius of body 2 in Y-direction (m) 

Ry’ Effective radius in Y-direction (m) 

R’ Effective radius (m) 

F Normal load on the rolling element (N) 

Fa Total Axial load (N) 



  

a,b length of semi-axes (m) 

η Dynamic viscosity (Pa.s) 

αP Pressure-viscosity coefficient (Pa-1) 

μ Kinematic Viscosity (cSt) 

ρ Density (kg/m3) 

η0 Dynamic viscosity at reference temperature (Pa.s) 

T0 Reference temperature for dynamic viscosity calculation (°C) 

β Temperature-viscosity coefficient (1/°C) 

Tmax Maximum reference temperature (°C) 

Tmin Minimum reference temperature (°C) 

ηTmax  Dynamic viscosity at maximum reference temperature (Pa.s) 

ηTmin Dynamic viscosity at minimum reference temperature (Pa.s) 

v Entrainment speed (m/s) 

vi Entrainment speed at the inner raceway (m/s) 

ni Rotational speed of Inner raceway (rpm) 

nc Rotational speed of cage (rpm) 

nr Rotational speed of rolling element (rpm) 

dr Diameter of the rolling element (m) 

εr Relative permittivity or Dielectric constant 

Z Number of rolling elements 

kc  Ratio of the total capacitance of the contact to the capacitance of the Hertzian 

contact area with uniform film thickness hc. 

ke Ellipticity factor 

kh  ratio of the film thickness at the inner and outer raceway. 

U Dimensionless speed parameter 

G Dimesionless material parameter 

W Dimensionless load parameter 

 

 

 

 

  



  

Abbreviations 

ACB-HSBT Angular Contact Bearing - High-Speed Bearing Test 

HSBT High-Speed Bearing Test 

CAD Computer-Aided Design 

PP Polypropylene 

LiX Lithium complex 

EDM Electrical Discharge Machining 

RC Resistor-Capacitor circuit 

EHD Elastohydrodynamic 
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1. INTRODUCTION 

The main aspect of this master’s thesis is to study the influence of electric currents on grease 

performance in angular contact bearings. Detailed research on previous studies was conducted 

for current research in the field. Concepts were developed to design a system for the predesigned 

ACB-HSBT (Angular Contact Bearing - High-Speed Bearing Test) test rig. A prototype was 

developed to validate the design. The outcomes of the experiments are discussed in the following 

chapters. 

1.1. Background 

With the world shifting towards electrification, the demand for technological advancements in 

electrical systems is increasing daily. The progress in key aspects like batteries, electric motors, 

control systems etc., made electrification a reality. A motor drive unit must be more reliable and 

robust as they will be subjected to harsh environments, which demands research in lubricants to 

avoid maintenance and premature failures. Bearings are an essential component in any system 

involving rotary motion. As the shaft voltages are unavoidable, the technological advancements 

amplified the intensity of the shaft voltages and thus need to be researched to understand the 

methods to control the effects. 

Many reasons lead to motor drive unit failures, one of which is bearing failures. The bearing 

failures may happen for many reasons like the working environment, loading conditions etc. 

Reports state that around nine per cent of bearing failures are due to shaft voltages & bearing 

currents[1] and forty per cent of motor failures are due to bearing damage from bearing currents[2]. 

This number increases with the increasing popularity of electrification. Expensive hybrid ceramic 

bearings replace traditional steel bearings to avoid bearing failures due to bearing currents, which 

are limited by size and cost, as obtaining the desired mechanical properties is difficult for large-

sized rolling elements.  

The current mechanical transmission industry demands better lubricants to withstand electric 

currents to reduce costs. This thesis is aimed to design and develop a novel test machine to 

understand the effects of electric currents in bearings. 

1.2. Problem 

As the mechanical and automotive industries are inclining towards electrification, the need for 

understanding the lubrication characteristics inside the bearing is rising significantly. This thesis 

is aimed to address the following research questions by experimenting with grease-lubricated 

angular contact bearings. 

• What methodology should be used for estimating film thickness and testing lubricant 

response to electric currents? 

• How is the grease performance influenced by bearing currents? 

1.3. Purpose 

The increase in popularity of the field of tribotronics[3] demands advancements in research in 

bearings against electrical loads. This thesis is aimed to deliver the means to perform research in 

tribotronics.  
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The primary purpose of this thesis is described below. 

• To design a test machine which can be used to perform research on bearings against electric 

loads. 

• To execute an experimental evaluation of greases PP-06, PP-50, LiX-06 & LiX-50 under 

the influence of electric currents and estimate the film thickness. 

1.4. Goals 

This thesis aims to modify the previously designed test rig to accommodate a new system to study 

the influence of electric currents on angular contact bearings and validate it through grease tests 

to establish a procedure for experimentation. The system should be able to fulfil the following 

requirements: 

• Induce and monitor the electric electrical current through the bearings. 

• Have a data acquisition system compatible with the current machine system, which uses 

National Instruments control modules. 

• Be able to estimate film thickness (contact separation estimation) to have an idea of the 

bearing lubrication status in real-time. 

• Isolate other test rig sensors (load cells, friction measurement system and machine table). 

• Specify slip rings to promote tests at higher speeds (up to 17000 rpm). 

1.5. Deliverables 

The thesis is aimed to hand over the following deliverables. 

• Perform a literature review on the influence of electric current in bearings and similar 

systems and research within the field. 

• Deliver the electric system for film thickness estimation and study electric loads’ influence 

on lubricant performance. 

• Install the system on the test rig. 

• Experimental analysis with test greases to validate the design. 

1.6. Research Methodology 

The scope of the thesis is categorized into four parts which are as follows. 

• System design 

• System control 

• Prototype development 

• Experiment execution 

• Post-processing 

1.6.1. System design 

The concepts for test setup design are proposed along with corresponding electrical circuit 

diagrams to understand the current flow and validate the design. The system design scope involves 

selecting appropriate components and corresponding mounting designs based on the concepts. 
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1.6.2. System control 

The scope of system control is to select appropriate National Instruments modules and develop a 

control code in LABVIEW software to control and acquire data from the test rig. 

1.6.3. Prototype development 

The prototype was developed to validate the design both electrically and mechanically. The design 

of the test machine was used as a baseline for developing the setup for higher speeds. Preliminary 

tests were performed to test for design validity and to understand the behaviour of test greases 

against electric currents. Based on the results from the initial tests, an experiment plan was 

developed and executed. 

1.6.4. Experiment execution 

Controlled experiments were carried out based on the experiment plan. The frictional moments are 

recorded to understand the influence of electric currents, and charging curves are recorded for film 

thickness estimations. 

1.6.5. Post Processing 

The data collected from the experiments were post-processed using MATLAB to estimate film 

thickness and grease performance. 

1.7. Delimitations 

As the thesis involves experiments on the ACB-HSBT test rig, which relies on control and data 

from other systems like friction measurement systems, loading systems etc., the thesis is confined 

to only electrification of bearing assembly and components concerning the test setup for film 

thickness estimation. 

1.8. Structure of thesis 

The thesis is structured as follows: 

Chapter 1 presents a brief introduction of the thesis, scope, research questions to be addressed, 

goals and deliverables. 

Chapter 2 reviews relevant background information about bearing currents & shaft voltages. The 

discussion focuses on potential failure modes due to electric currents and existing research in the 

field. 

Chapter 3 presents the methodology opted for design, development, installation and validate the 

test machine. This chapter also discusses the experiment plan, the cleaning procedure, and the 

mounting & dismounting process of the test head for experimentation. 

Chapter 4 presents results from the design validation phase and experimentation with test greases. 

Chapter 5 discusses the results and conclusions drawn from the results addressing the research 

questions. 

Chapter 6 presents the recommendations for the improvement of the test machine and the scope of 

future work. 
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2. FRAME OF REFERENCE 
 

This chapter portrays the background study on sources, the bearing failure modes and previous 

research on bearing currents and shaft voltages. 

2.1. Source for electrical currents across bearings 

The shaft voltages and bearing currents were reported for over a century[2] in both AC and DC 

machines. Despite many technological advancements in the electrical propulsion system, the main 

components remain the same, the energy source, the inverter, variable frequency drive and the 

electric motor. The stray currents generated from these components get induced into shafts and 

bearings, leading to the generation of shaft voltages & bearing currents and causing premature 

failures. The origin of shaft voltages and the generation of bearing currents are discussed in this 

section. 

2.1.1. Origin of Shaft Voltages 

In electric machines, bearing failures are mainly due to electromagnetic and electrostatic effects, 

which are unavoidable. The origin of shaft voltages is described by categorizing them based on 

their generation into magnetic asymmetry, electrostatic effects, inverter-induced voltages and 

permanent magnetization of components. 

2.1.1.1. Magnetic asymmetry 

Magnetic asymmetry is a phenomenon that arises due to deviations in the arrangement of magnetic 

poles on the shaft or rotor of the motor, which can be caused during design, manufacture, or 

assembly. The reasons may be faulty design, like eccentricity, casting defects, or design trade-offs. 

These sources lead to dissymmetry in magnetic fields, and the flux variations caused cut the 

conducting material and generate an alternating potential at the ends of shafts. These voltages are 

sinusoidal and have a low frequency. 

2.1.1.2. Electrostatic effects 

External factors often cause this phenomenon. Usage of dissimilar materials is becoming popular 

daily with the design evolution, mainly to improve performance, reduce weight, etc., some of 

which are composite materials and reinforced plastics. The electrostatic phenomenon is caused not 

only by design upgrades but also by the external loads on the drive end like the belts, pulleys, 

interaction between fluid and blades in turbines, windmill blades etc. Due to the electrostatic effect, 

these components tend to charge when subjected to motion. The materials are not conductive and 

hence act as dielectric and break down when the accumulated charge reaches the threshold voltage 

creating discharge. 

2.1.1.3. Invertor induced voltages 

One of the technological advancements in electric propulsion systems is the usage of variable 

frequency drive, which assists in variable speed control. The drive uses a high-frequency switching 

rate which induces a common-mode voltage into the shaft. If the voltage output from the inverter 

is symmetrical, the common-mode voltage is zero. High switching rates are preferred for better 

control over speed, leading to high amplitude shaft voltages, which is harmful as they can pass 

through components even if insulated. 
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2.1.1.4. Permanent magnetization 

All the electric propulsion system’s major components are conductive materials. Due to 

technological advancements, magnetic asymmetries, inverter-induced voltages and under certain 

operating conditions, the metallic components can be magnetized permanently and generates large 

shaft voltages and bearing currents. 

2.1.2. Generation of bearing currents 

As the shaft voltages, the generation of bearing currents is categorized based on the sources into 

non-circulating and circulating currents which are discussed in this section. 

2.1.2.1. Non -circulating currents 

The non-circulating currents are the currents which pass through the bearing unidirectionally from 

rotor to stator. These currents include dv/dt currents and electrical discharge currents (EDM). 

These currents tend to be conductive at low speeds and become capacitive with speeds. The non-

circulating currents are further classified based on their intensity into capacitive and EDM currents. 

• Capacitive currents  

Capacitive currents are small-intensity currents. These are the currents generated when the 

accumulated voltage is less than the threshold voltage. The currents generated are cyclic, 

which charges and discharges the lubricant. These charge-discharge cycles do not cause 

heavy damage, but prolonged exposure leads to lubricant decomposition and promotes 

corrosion of metal components. 

• EDM currents 

Due to shaft voltages, the bearings act as a capacitor, and the voltages accumulate across 

the bearing. When the accumulated voltage exceeds the breakdown voltage, an electric 

discharge occurs between the raceways and the balls. The intensity of the discharge 

depends on the operation speed and loading characteristics of the bearing. These electrical 

discharges lead to pitting phenomena in bearings. 

2.1.2.2. Circulating currents 

Unlike the non-circulating currents, the circulating currents are more complicated. These currents 

are generated due to magnetic flux asymmetry and high-frequency switch rates during operations. 

Similar to non-circulating, the circulating currents are categorized into circulating mode current 

and rotor grounding current. 

• Circulating mode bearing currents 

Due to design abnormalities and high-frequency switching rates, an axial flux is generated 

across the motor. This axial flux induces a voltage leading to a circulating current’s 

generation. This current flows in the circulating path, hence given the name. The route goes 

from shaft to bearing, from bearing to the motor frame, from the motor frame to the bearing 

on the other end and finally to the shaft. The circulating currents are not intensive for 

motors with a power rating of less than 20 kW[4]. 
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• Rotor grounding current. 

These circulating currents are due to faulty ground connections at the motor frame. The 

rotor grounding currents are generated if the impedance of the grounding circuit is more 

significant than that of the shaft-loading system. Then, the current flows back from the 

motor frame to the shaft through the bearings and the load. 

2.2. Bearing failure modes 

This section describes the potential bearing failure modes due to shaft voltages and bearing 

currents. These damages to the bearings often lead to noise generation and vibrations, leading to 

premature bearing failures. The failure modes due to shaft voltages and bearing currents can be 

listed as: 

• Frosting 

• Pitting 

• Fluting 

• Welding 

2.2.1.  Frosting 

Frosting occurs due to less intense, highly dense electric discharges, which melt and softens the 

surface. The frosted surface can be distinguished by a discoloured surface, as shown in Figure 1. 

One can observe small craters through a microscope. 

 

Figure 1: Frosting on bearing raceway[2]. 

2.2.2. Pitting 

When the discharges are more intense than frosting, the craters formed are significant, and the 

phenomenon is known as pitting. The amplitude of the discharge current is high and lasts longer 

than the frosting discharges. These discharges remove material from raceways & balls, as shown 

in Figure 2, which gets mixed with lubricant and causes premature bearing failure. 

 

Figure 2: Pits on bearing raceway[5]. 

2.2.3. Fluting 

Fluting is damage caused due to the presence of periodic currents. The voltages across the bearings 

are not large enough to cause a breakdown. The cyclic currents charge and discharge the lubricant 
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leading to grease decomposition and causing burn marks & corrugations on the raceways. These 

flute-burn marks have a periodic pattern of stripes observed through a microscope, as shown in 

Figure 3. 

 

Figure 3: Fluting damage on bearing raceway[2]. 

2.2.4. Welding 

The welding phenomenon is generally observed in split housings, bearing seals and pads. The 

welding inside the bearing occurs when a large current flows through the bearing. Unlike EDM, 

welding occurs when a metal-to-metal contact and a high current flow through it, like spot welding. 

2.3. Bearing behaviour with electric currents 

With design anomalies and high-frequency switching rates, the generation of shaft voltages takes 

place, as discussed in earlier sections. A potential difference between the shaft voltages and the 

grounded housings exists across the bearing, leading to the generation of bearing currents. The 

rolling element bearing is generally steel with a meagre electrical resistance, leading to high 

currents, as shown in Figure 4. 

 

Figure 4: Schematic view of the origin of bearing currents. 

A bearing in the presence of bearing currents acts as a typical capacitor system with the metal 

components, the raceways and the balls acting as terminals of the capacitor with the lubricant 

acting as the dielectric. The resulting failure mode in the bearing is based on the shaft voltage and 

the threshold voltage at that instant. A charging and EDM discharge sequence is pictorially shown 

in Figure 5. 
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Figure 5: Voltage build-up and discharge due to shaft voltage [1]. 

2.4. Electric behaviour of the bearing with the operation speed 

The capacitance of the bearing depends on the operation speed, film thickness, and loading 

characteristics. The bearings will be in a boundary lubrication regime at low speeds, and the metal-

to-metal contact is predominant. Hence the bearing will be in the resistive state and conducts the 

electric currents. As the speed increases, the lubrication transitions from boundary lubrication to a 

mixed lubrication regime. Similarly, the bearing transforms from resistive to resistive-capacitive. 

The voltage build-up in the mixed lubrication regime is small, and the discharge intensity is also 

minimal. At high speeds, the lubrication will be in a hydrodynamic lubrication regime, and the 

bearing will be in a purely capacitive state with a higher threshold voltage. At this state, the voltage 

accumulation is high, and the intensity of the discharges is high and destructive. 

2.5. Film thickness estimation 

As discussed earlier, the bearing acts as a capacitor with lubricant as a dielectric. The film 

thickness is a governing property deciding the outcome of bearing currents. The film thickness 

estimation of the lubricant inside a rolling element bearing provides a better knowledge of the 

lubricant behaviour against the bearing current and loading conditions. The capacitive nature of 

the lubricant can be used to estimate the film thickness by considering the bearing system as an 

RC (resistor-capacitor) circuit. From the charging curve of the capacitor, as shown in Figure 6, the 

time constant can be calculated to estimate the capacitance and, in turn, the central film thickness.  

 

Figure 6: Charging curve of a capacitor. 

The capacitance can be determined using the equation (1). 

 .
gap

A
C

d
=  (1) 
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Where the absolute permittivity is given as ε = ε0*εr, where ε0 is the permittivity of vacuum, which 

is 8.854*10-12 A.s/V.m, and εr is the relative permittivity or dielectric constant of the lubricant, A 

is the contact area which can be estimated using Hertzian equations and dgap is the gap between 

the terminals which is the central film thickness in case of a capacitive bearing. The equation (1) 

can be rewritten as, 

 0 . . hertz
Hertz r

c

A
C

h
=   (2) 

The actual shape of the EHL (Elasto-Hydrodynamic Lubrication) film influences the contact’s 

capacitance, as shown in Figure 7. 

 

Figure 7: Schematic of an EHD rolling contact [6]. 

A factor kc was introduced, which is the ratio of the total capacitance of the contact to the 

capacitance of the Hertzian contact area with uniform film thickness hc to include the regions 

outside the Hertzian contact region in analytical calculations. The equation (3) gives the total 

capacitance of one lubricated contact. 

 0 . . . Hertz
total r c

c

A
C k

h
=   (3) 

The total capacitance estimated is measured over the inner and outer raceways, which can be 

considered as two capacitors, one between the inner raceway and the rolling element and the other 

between the rolling element and the outer raceway connected in series. The equation (4) gives the 

total capacitance with two capacitors connected in series. 

 
1 2

1 2

.C C
C

C C
=

+
 (4) 

A bearing with Z rolling elements is considered as ’Z’ capacitors in parallel. The total capacitance 

is the sum of individual capacitances. The total capacitance of the lubricated bearing is given by 

the equation (5)[7], assuming the lubricant properties are the same at both inner and outer 

raceways. 

 

, ,

, ,

0

, ,

, ,

.

. . . .

Hertz i Hertz o

c i c o

total r c

Hertz i Hertz o

c i c o

A A

h h
C z k

A A

h h

   
      
   =  
   

+      
   

 (5) 

With the different geometries of both inner and outer raceways, a factor kh was introduced, 

describing the film thickness ratio at the inner and outer raceway [7](6).  
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k

h
=  (6) 

The film thickness at the inner raceway can be estimated as, 
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A C
A

k

 
 
 =  
 

+  
 

 (7) 

The equation (8) can estimate the film thickness at the outer raceway. 

 , ,.c o h c ih k h=  (8) 

With a voltage U0 applied across the bearing, the bearing can be considered an RC circuit, as 

shown in Figure 8, with a charging resistance RL and a resistance Rp, representing the ohmic 

resistance of the lubricant. Due to the ohmic resistance, the voltage across the bearing (Umax) does 

not reach the supplied Voltage (Uo). The charging resistance RL is the governing factor which 

decides the rate at which the capacitor charges. The timing constant and the total capacitance of 

the capacitive bearing can be estimated using the equations below.  

 

 
1 1

.total

L P

C
R R


 

= + 
 

 (9) 

 

1 2

max max

ln 1 ln 1

t

U U

U U




=
   
− − −   

   

 (10) 

 max

0 max

.P L

U
R R

U U

 
=  

− 
 (11) 

 

Figure 8: Electrical analogy of bearing charging circuit [7]. 

The contact area at the inner raceway can be estimated using Hertzian equations for elliptic 

contacts[8]. The effective modulus of elasticity E’ can be calculated per the equation (12). 

 
2 2

1 2

1 2

1 11

2 2E E E

 − −
= +


 (12) 

The effective radius R’ is given by the equations below. 

 
1 1 1

x yR R R
= +
  

 (13) 
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1, 2,

1 1 1

x x xR r r
= +


 (14) 

 
1, 2,

1 1 1

y y yR r r
= +


 (15) 

The equation (16) gives the normal load F on a single rolling element. 

 
.sin

aF
F

z 
=  (16) 

Where Fa is the total axial load on the bearing and α is the contact angle. 

 

 The lengths of semi-axes a & b can be calculated using the equations below. 

 

1
33

.
FR

a a
E

 
=   

 (17) 

 

1
33

.
FR

b b
E

 
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 (18) 
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a

b



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2




 

  
  
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 
 
 

 (21) 

 Where λ is the smallest value of the quotients of the ratio of the effective radii  
𝑅𝑦

′

𝑅𝑥
′⁄  or  

𝑅𝑥
′

𝑅𝑦
′⁄   

The equation (22) gives the Hertzian contact area for the elliptic contact. 

 HertzA ab=  (22) 

The proportionality constant kc for the equation (7) can be approximated using an empirical 

formula (23) using dimensionless parameters U, G, W & ke. 

 
0.2675 0.2768 0.2599 0.10336.9116. . . .c ek U W G k−=  (23) 

The dimensionless parameters are given by the equations below. 

 
x

v
U

E R


=


 (24) 

 PG E =  (25) 

 2

x

F
W

E R
=


 (26) 
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y

e

x

R
k

R

 
=  

 

 (27) 

The dynamic viscosity η can be calculated using the equations[8] below. 

 .  =  (28) 
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 −
=  

 −  

 (30) 

The entrainment speed of the lubricant v at the inner raceway can be calculated using the 

equations[9] below. 

 ( ) ( )( ). . 1 cos . cos
120

i p i c rv d n n n


   
 

= − − − 
 

 (31) 
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p

d
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 =  (32) 
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 (33) 
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i
r

n
n
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+
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 (34) 

The proportionality constant kh for the equation (6) can be approximated using the formula (35)

[7]. 

 

0.050250.50884

,,

, ,

.
y ix i

h

x o y o

RR
k

R R

−
  

=      
   

 (35) 

2.6. Previous research on bearing currents and shaft voltages 

Many pieces of research were conducted on bearing currents and shaft voltages, which were 

portrayed as a foundation for this thesis. These studies can be summarized as follows, 

• The experiments were done by monitoring the bearing currents developed by the motor. 

• The current measurements were done using a shunt resistor coupled to a Digital 

oscilloscope.   

• The shaft voltages are in the order of 15-60V, depending on the motor used. 

• The bearing current density greater than 0.8A/mm2 [10] is considered harmful. 

• EDM discharges are in the order of a few μs. 

Despite having ample studies on shaft voltages and bearing currents, the research was conducted 

from a motor point of view, for example, how motor configuration, inverter switching frequencies, 

and motor behaviour influence the bearing current generation. Only a few studies were conducted 

from a bearing or lubricant point of view, out of which few studies are discussed in this section. 
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Investigation    of  damaged   rolling-element     bearings   and deterioration     of  lubricants    

under   the   influence   of  electric   fields - Prashad, Har[11] 

The research article includes experiments conducted on roller bearing to study fluting damage. 

The bearings are loaded both axially and radially using pistons. The cyclic currents supplied were 

high up to 50 A at 1.12 – 2.3 V. since the voltage is not high enough to cause arcing, it charges 

and discharges the lubricant, promoting grease decomposition and fluting damage. The current 

was supplied through a silver-coated slip ring coupled to an oscilloscope to monitor the readings. 

The data was recorded after 41, 101, 151 & 250 hours of operation. Later the bearings were 

examined microscopically to observe fluting. 

 

Capacitances and lubricant film thickness of motor bearings under different operating 

conditions - E. Wittek, M. Kriese, H. Tischmacher, S. Gattermann, B. Ponick, G. Poll[6] 

The research article estimates capacitances and lubricant film thickness using bearing currents. 

The estimations were based on data from experiments involving charging the bearings and 

recording the voltage across the capacitors (bearings). This data was used to calculate the time 

constant, which was then used to calculate the capacitance of the bearings. The capacitance 

calculated is used to estimate film thickness using Hertzian area and lubricant properties. The film 

thickness is estimated assuming the thickness is the same at the outer and inner raceway. The 

experiments were conducted under different operating conditions with a small load of 100N 

axially. 

 

Method for in situ film thickness measurement of ball bearings under using capacitance 

measurements - Schneider V, Bader N, Liu H, Poll G[7] 

The research article describes a straightforward method to estimate the lubricant film thickness in 

a rolling element bearing. The analytical formulae were discussed in detail, which was used to 

estimate the film thickness using the data obtained from the capacitance method. The experiments 

were conducted on a 6208 deep groove ball bearing subjected to both radial and axial loads, a 

0.8MΩ of charging resistance with a 0.5V supplied voltage, and corresponding film thickness was 

estimated. 

Film thickness in a grease-lubricated ball bearing - Cen H, Lugt P[12] 

The research article discusses the concept of “Starvation” in detail. Film thickness is estimated 

from the data obtained from a test rig developed at the University of Twente based on a 

“Lubcheck” method. The film thickness estimated is normalized with film thickness calculated 

using Hamrock and Dowson’s equations.[13]. The tests performed were executed on a 6209-2Z/C3 

deep groove ball bearing at a fixed load of 513N at different speeds of 1000, 1500, 2000, 2500 & 

4000rpm and found a dip in the normalized film thickness after a certain period, which is believed 

to be an end of the churning phase. 
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3. IMPLEMENTATION 

A novel test machine was developed to study the influence of electric currents on lubricant 

performance and its impact on the bearing surfaces. The design and the methods employed for 

data acquisition for estimating the film thickness were discussed in this chapter. 

3.1. Current test machine 

The design of the current test machine, machine control and data acquisition used for the test 

machine are described in this section. 

3.1.1. Test machine design 

A novel test machine (ACB-HSBT) was previously designed to study the lubricant performance 

at high speeds capable of running up to 17000rpm using angular contact bearings. The mounting 

of the test machine was a part of the thesis and is slightly modified to accommodate the new design 

created in the thesis to transmit electric currents across the bearings. The CAD design of the ACB-

HSBT is shown in Figure 9. 

 

Figure 9: CAD model of ACB-HSBT. 

The electric motor was mounted on a wedge-type mount under the table to adjust the belt tension. 

The motion is transmitted to the intermediate drive shaft on the table by a timing belt with a drive 

ratio of 2.8. Two lubricated deep groove ball bearings were mounted on the intermediate shaft. 

The shaft was mounted on the split housings on the table.  

Two test heads were mounted on either side of the intermediate shaft using jaw coupling, which 

assists in easy assembly and disassembly of the test heads. The test head comprises a shaft onto 

which two angular contact bearings (test bearings) and two deep groove ball bearings (support 

bearings) are mounted. A loading system was used to load the bearings by pulling the outer houses 
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together. The loading system comprises three M8 blots upon which Donut load cells were 

sandwiched between the sensor protection plate and one outer housing to measure the axial load 

applied to the bearings. Double-nuts and spring washers were used to maintain a controlled axial 

load on the test bearings. The sensor protection plate serves two functions. The first is to distribute 

the load and protect the load cells. The initial design of the loading system was a hydraulic system 

which included an accumulator used to maintain the hydraulic pressure in the system. The 

accumulator also acts as an arm to measure the frictional moment from the system. The design 

was modified to screws instead of hydraulic cylinders with the load stabilization issue. 

Nevertheless, the accumulator is used even in the modified design to measure the frictional 

moment. The outer housings are also equipped with two thermocouple holders each to measure 

the temperature of the bearings. 

The friction measurement system employed is similar to the one used in the HSBT machine[14]. 

The test head is mounted on the table over the split housings on the support bearings. The shafts’ 

concentricity was obtained using shims under the housings and a dial indicator, as shown in Figure 

10. 

 

Figure 10: Shims under the support-bearing housings. 

3.1.2. Machine Control & Data Acquisition system 

The machine is controlled using National Instruments control equipment. The LabVIEW software 

is used to generate the control code. A total of twenty-two sensors were used to acquire data from 

the system described in Table 1. 

Table 1: Summary of sensors utilized 

S.No Measurement  Sensor used Location Qty 

1 Temperature  Thermocouple[15] 
2 per Test bearing (7208) 

1 per support bearing (6204) 
14 

2 Axial load  Do-nut load cell[16] 3 per test head (on the bolts) 6 

3 Frictional Moment 
S-Beam tension-

compression load cell[17] 

1 per test head (under the 

table) 
2 

 

The National Instrument modules used for motor control, temperature acquisition and load data 

acquisition are similar to the ones used for the HSBT machine[14]. 
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3.2. Electric System 

The design of the electrical system for film thickness estimation and to study the influence of 

electric currents is described in this section. The system is primarily designed for lower speeds 

ranging up to 3600 rpm.  

3.2.1. Circuit design 

As discussed in chapter 2, when subjected to a potential difference across the raceways, a 

lubricated bearing can be considered a capacitor with metal components as terminals of a capacitor 

and lubricant being the dielectric. A simple RC circuit was designed using a known large charging 

resistance(10MΩ) to slow the charging rate of the capacitor to acquire more data points of the 

charging curve for estimating the capacitance of the capacitive bearing for film thickness 

estimation.  

The electric current can be transmitted in either of the following ways through the lubricated 

bearings: 

• From shaft to housing as a traditional electric path in conventional electric motors, which 

treats both the bearings as a single entity, provides less data and control over the electric 

discharges. 

• From housing to the shaft, with electrically isolated housings and a common negative 

terminal, i.e., the shaft, the bearings will be electrically isolated from each other and 

provide more data and control over the electric discharge. 

A voltage acquisition module with a range of ±10V from National Instruments was used to record 

the charging curves of the capacitive bearing. A voltage output module from National Instruments 

with a range of ±10V is used to transmit a desired voltage signal across the bearing. The electrical 

circuit designed for the capacitive bearing system is as per Figure 11. The schematic layout of the 

electrical circuit is shown in Figure 12. 

 

Figure 11: Electric circuit design for the capacitive bearing system. 
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Figure 12: Schematic layout of electric circuit design. 

3.2.2. Electric Isolation 

The electrical isolation of the test bearings plays a vital role in constraining the electric current to 

follow the designated path. The electric isolation was a bit complicated as the test machine was 

not designed for performing tests under electrical loads. Some additional measures were taken to 

electrically isolate the test bearings, which are discussed system-wise in this section. 

• Isolation of test head 

The only potential electric path away from the test head is through the support bearing to 

the table, which might cause undesired electric fluctuations as the support bearings also act 

as capacitors when lubricated, which were avoided by using hybrid bearings as support 

bearings. 

• Isolation of friction measurement system 

The hydraulic system is mounted on one of the outer housing (serving as a means to 

measure frictional moments). The hydraulic system needs to be electrically isolated as the 

accumulator of the hydraulic system acts as an arm for measuring frictional moment, which 

might shorten the circuit or affect the load cell measurement. The potential electric paths 

and the corresponding isolation methods are: 

o Through the contact area between the outer housing and the aluminium hose 

support. The contact is separated using 3D-printed plastic strips, as shown in Figure 

13. 
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Figure 13: Potential electrical path and isolation method at housing. 

o Through the screw threads and the bearing surface of the screw to the aluminium 

hose support. The contact is separated using 3D-printed plastic washers, as shown 

in Figure 14. 

 

Figure 14: Potential electrical path and isolation method at screws. 

o Teflon tape was wrapped over the threads to ensure the electric currents do not pass 

from screws to the hose support through threads despite larger holes. 

 

• Isolation of test bearings 

The test bearings mounted on the shaft must be isolated against each other. This process 

can be done by isolating the potential electric current path possible. The housings are 

connected through the M8 bolts of the loading system. The bolts were screwed to one 

housing where the electric isolation could not be done. On the other hand, the bolts pass 

holes were free holes. With the holes concentric to the bearing pocket, there will be no 

contact between the bolts and the housing. But to ensure that, a layer of Teflon tape was 

wound around the screw threads. Another pathway through which the electric current 

passes is through the washers and loadcell. The isolation method employed was spray-

painted washers on either side of the load cell, and a layer of Teflon tape was wound around 

the screw threads, as shown in Figure 15. 
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Figure 15: Isolation method employed at the load cell. 

3.2.3. Grounding of Test Machine 

The grounding of the test machine played a vital role in the design of the electric system. The 

electromagnetic interference from the frequency drive induced a voltage in the metal components 

of the test machine like the table and the support bearing housings which led to undesired voltage 

spikes in the measurement. This issue was resolved largely by grounding the table and one of the 

support-bearing housings. Despite the grounding of the table, there were undesired low-magnitude 

spikes from voltage measurement, which were eliminated by using a smoothening-signal filter 

available in LabVIEW software. Furthermore, shielded cables were used for electrical 

transmissions.  

3.2.4. System control and data acquisition system 

A LabVIEW control code was developed using National Instruments modules to apply and acquire 

the voltage across the bearing. The code was generated to record the data when it triggers the 

desired interval time. During the record time, the existing charge in the bearing, if any, will fall to 

0. After 0.5 seconds, the desired set voltage will be supplied across the bearing to record the 

charging curve of the bearing for the remaining 1 second of the record time. After the recording is 

completed, the voltage across the bearing is restored to the initial value. The front panel of the 

control code is shown in Figure 16. 
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Figure 16: The front panel display of the LabVIEW control code used to acquire charging 

curves. 

3.2.5. Electrical connections 

The methods employed for electrical connections were based on the ease of assembly & 

disassembly and on maintaining robust electrical connections. Bullet connectors were used to 

sever the connections easily during disassembly. As discussed earlier, the electric currents are 

supplied through the bearing housings, and the wires are connected to the housing through 

thermocouple holders. An M8 washer was soldered to a fork-type wire terminal, and a 3D-printed 

plastic washer was used to apply force and ensure the electric contact, as shown in Figure 17. 

 

Figure 17: Electrical connectors employed. 

3.2.6. Slip rings for High-speed Experimentation 

The main trade-off of the current system is the operation speed, which is restricted to operations 

up to 3600 rpm due to slip ring limitations. As part of the thesis, new slip rings were specified to 

perform the experiments at high speeds. A slip ring is a device that transmits a signal between 

rotating and stationary structures. There are many types of slip rings based on their construction 

and application. The slip rings are either brush type, limited life due to wear, or brushless type. 

Only a few high-speed brushless slip rings are available, of which the slip rings from TDS 

Instruments shown in Figure 18 were proposed. The properties of the slip rings are tabulated in 

Table 2. 



21 

 

Table 2: Specifications of high-speed slip rings [18] 

Parameter Value 

Speed range 0-42000rpm 

Type Brushless 

Number of channels 4,8 or 12 

Load voltage 

75V DC or 50V AC between 

two cells or between cell and 

transmitter housing 

Load current 
Maximum 0.3A per cell (more 

on request) 

 

 

Figure 18: High-speed slip rings from TDS Instruments [18]. 

  



22 

 

3.3. Test greases 

The test greases are selected based on the grease nature and viscosity, either lithium complex-

based or polypropylene-based, one with low base oil viscosity and the other with high base oil 

viscosity, to compare the estimated lubricant film thickness against viscosity. The greases used for 

experimentation are tabulated in Table 3, and their base oil properties are tabulated in Table 4. 

Table 3: Test greases selected for experimentation. 

  Base oil viscosity    Thickener
 

Lithium complex based Polypropylene based 

Low LiX-06 PP-06 

High LiX-50 PP-50 

Table 4: Base oil properties test greases. 

Grease LiX-06 PP-06 LiX-50 PP-50 

Density (kg/m3) 827 827 850 850 

Kinematic viscosity @ 40°C (cSt) 31.0  31.0  349.9  351.6  

Kinematic viscosity @ 100°C (cSt) 5.8  5.8  43.0  44.3  

Relative Permittivity 2.11 2.11 2.15 2.15 

3.4. Design Validation 

This section describes the method used to validate the design of the electrical system. The design 

validation helps verify the electrical isolation of bearings and determine the voltage to be applied 

across the bearing for film thickness estimation and potential surface damage on the raceways. 

 

The design validation was done using a programmable power source rather than the National 

Instruments power module because the programmable power source operates on two modes 

constant current and constant voltage. The voltage domain was determined for the film thickness 

estimation and potential surface damage by regulating the electric current and the applied voltage. 

The electrical circuit used for the design validation is as per Figure 19. 

 

Figure 19: Schematic of electric circuit used for design validation. 
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3.5. Bearing dimensions 

The bearing dimensions are required for calculating the contact area, as discussed in section 2.5. 

The angular contact bearings 7208BEP manufactured by SKF are used for experimentation. The 

SKF catalogue only provides exterior dimensions, but the interior dimensions, like the ball radius 

and radii of the raceways, are to be measured using special measurement techniques to get more 

accurate dimensions. An angular contact bearing was disassembled for the measurements. A 3D-

laser microscope was used to scan the profile of the ball and raceways, as shown in Figure 20. 

 

Figure 20: Measurements of the ball using a 3D-laser microscope. 

The scanned profiles obtained are shown in Figure 21, Figure 22 & Figure 23. 

 

Figure 21: Scanned profile of outer raceway. 

 

Figure 22: Scanned profile of inner raceway. 

 

Figure 23: Scanned profile of the ball. 

 

The scanned profiles were analyzed, and dimensions were measured and tabulated in Table 5. 
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Table 5: Measurements from the scanned profiles 

Ball radius 6.285mm 
Outer raceway radius 6.675mm 
Inner raceway radius 6.520mm 

3.6. Experiment Plan 

A plan for experimentation is developed involving a running-in period and experiment period. The 

running-in period is required to overcome churning losses and helps the creation of oil reservoirs 

for lubrication. The experiment period involves two cycles of experimentation, each 48hrs. The 

first cycle is without the influence of external electric currents, during which the frictional 

moments and film thickness are estimated. The second cycle is similar to the first cycle but with 

the effect of high currents. The experiment plan is shown in Figure 24. 

 

Figure 24: Schematic view of experiment plan. 

 

The whole experimentation is executed at four speeds, 50000 nDm, 100000 nDm, 150000 nDm, 

and 200000 nDm, with a step size of 6hrs and a total experiment duration of 108hrs. The bearings 

are axially loaded with 840-850N with approximately 100N of normal load on each ball with a 

mean contact pressure of 0.58GPa. 

3.7. Experiment execution 

The experiment is carried out in a series of steps discussed in this section. The process is 

categorized into the following. 

• Cleaning process 

• Sample preparation 

• Test machine assembly 

• Test machine disassembly 

3.7.1. Cleaning process 

The cleaning process is the first step in executing the experiment. The angular contact bearings are 

oil-covered when acquired. The oil is wiped off, and the bearings are ultrasonicated in Naphtha 

for 20mins. The bearings are then rinsed with ammonia propan-2-ol solvent, a mixture of 10% 

3.2M ammonia solution (25% ammonia-25 and 75% distilled water), and 90% propan-2-ol. The 

rinsed bearings are dried in an oven at 100°C for 1.5 hours. The shafts are rinsed with propan-2-
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ol & ethanol and dried in an oven at 100°C for 1.5 hours. The housings are rinsed with propan-2-

ol & ethanol and wiped off with precision wipes. 

3.7.2. Sample Preparation 

The grease samples were filled into plastic syringes, as shown in Figure 25, with an approximate 

grease weight of 5.2 grams per bearing. The weight corresponds to 30±2% of the bearing 

space[19]. 

 

Figure 25: Syringes with a controlled amount of grease samples. 

3.7.3. Test machine assembly 

The assembly of the test machine is sequenced in the following steps. 

• Slip ring receptacle assembly 

The slip ring receptacle assembly is a one-time job inserted at the shaft’s non-drive end 

using a hydraulic press, as shown in Figure 26. The slip ring receptacle helps engage and 

disengage the slip ring when needed. 

 

Figure 26: Slip ring mount assembly using a hydraulic press. 

• Bearing assembly 

The angular contact bearings are mounted on the shaft by preheating with a portable 

induction heater from SKF to a temperature of 110°C, as shown in Figure 27. The 
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preheated bearings are mounted over the shaft, and a load of approximately 2 tonnes is 

applied to the bearings until the bearings cool down, as shown in Figure 28. Similarly, the 

support bearings are also mounted on the shafts. 

 

 

Figure 27: Bearing heating before mounting onto the shaft. 

 

Figure 28: Holding the bearing during cool-down. 

• Bearing lubrication 

The test bearings are now lubricated with the test grease. The syringes are used to direct 

the grease and distribute the grease evenly in the bearings. 

• Jaw-coupling assembly 

The jaw coupling hub is mounted at the drive end of the shaft. 

• Housing assembly 

The outer housings are now mounted over the respective bearings, first, the test bearing 

housings over the test bearings and the sensor protection plate, and then split housings over 

the support bearings. 
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• Loading system 

The loadcells were mounted between outer housing-2 (see Error! Reference source not f

ound.), and the sensor protection plate, double nuts & spring washers were used to lock 

the loading system. 

• Friction measurement system assembly 

The friction measurement system is now mounted. The system is preloaded up to 

approximately 35N to establish a baseline. 

• Electrical connections 

The connections discussed in section 3.2 are connected using the bullet connectors and the 

slip ring inserted into the slip ring receptacle. 

• Thermocouple insertion. 

The thermocouples are inserted into the respective thermocouple holders on the housings, 

and the holders are tightened to ensure contact between the bearing’s outer raceway and 

the thermocouple. 

The test machine’s assembly is completed, and the experiment is executed using the LabVIEW 

control code. 

3.7.4. Test machine disassembly 

After completion of the experiment, the test machine is allowed to cool down. After cooling down, 

the machine is disassembled in a series of sequential steps, which are as follows, 

• Thermocouples are dis-mounted by loosening the thermocouple holders. 

• Detaching of electrical connections. 

• The friction measurement system is detached. 

• Unloading the test bearings and the loadcells are dismounted. 

• The split housings over support bearings are disassembled, and then disassembling the 

outer housings over the test bearings. 

• Disassembly of the clamping hub of the jaw coupling mounted on the shaft. 

• The test and support bearings are dismounted using a hydraulic press, as shown in Figure 

29. 

 

Figure 29: Dismounting of bearings. 

After the bearings are dismounted, the shafts and the housing are subjected to cleaning, as 

discussed in section 3.6.1. 
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4. RESULTS  

The results obtained from experimentation are presented in this chapter. In this chapter, the results 

from the design validation phase are presented, followed by the results from the experimentation 

with test greases, with the experiment plan proposed in section 3.5. 

4.1. Design validation 

As discussed in section 3.3, the design was validated by executing quick experiments to determine 

system robustness and the voltage domain for estimating film thickness. The programmable 

voltage source was used as an input source. An input voltage of 8V and current regulated to 0.01A 

is applied across the bearings. A total load of 550N is applied axially on the bearings. The test 

machine recorded the voltages across the bearings for each grease at different speeds. The results 

obtained are plotted and discussed in this section. 

 

Figure 30: Voltage plot with LiX-06 grease during the design validation phase at 1600rpm. 

Figure 30 shows the electric behaviour of the bearing with LiX-06 test grease when a voltage of 

8V is applied across it at 1600rpm. The voltage across the bearing was zero up to 15sec. At 15sec, 

a voltage of 8V is applied through the programmable power source. A closer inspection of the 

voltage data shows that the voltage across the bearing increased rapidly when the voltage was 

applied but reached only 1V before triggering the current limit. After 20 sec, the supply voltage 

was turned off, and the voltage across the bearing dropped parabolically, indicating a capacitive 

behaviour. 
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a) 

 
b) 

 
c) 

Figure 31: Voltage plots with LiX-50 grease during the design validation phase 

a) at 1600rpm, b) at 1800 rpm, c) at 2000 rpm. 

Figure 31 shows the electric behaviour of the bearing with LiX-50 test grease when a voltage 

of 8V is applied across it. Figure 31a shows the voltage recorded across the bearing at 

1600rpm. The voltage across the bearing increased rapidly to the applied supply voltage. The 

voltage remained constant and dropped parabolically when the supply voltage was turned off. 

Figure 31b shows the voltage recorded across the bearing at 1800rpm. The voltage across the 

bearing increased rapidly when the supply voltage was applied. The voltage remained constant 

for 5 seconds, after which fluctuations were recorded and dropped parabolically when the 

supply voltage was turned off. Figure 31c shows the voltage recorded across the bearing at 

2000rpm. The voltage across the bearing increased rapidly when the supply voltage was 

applied. The voltage reached the supply voltage and remained for a minimal duration, and 

fluctuations were recorded and dropped parabolically when the supply voltage was turned off. 
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a) 

 
b) 

 
c) 

Figure 32: Voltage plots with PP-50 grease during the design validation phase 

a) at 1800rpm, b) at 2000 rpm, c) at 2500 rpm. 

Figure 32 shows the electric behaviour of the bearing with PP-50 test grease when a voltage 

of 8V is applied across it. Figure 32a shows the voltage recorded across the bearing at 

1800rpm. The voltage across the bearing increased rapidly to the applied supply voltage. The 

voltage remained constant and dropped parabolically when the supply voltage was turned off. 

Figure 32b shows the voltage recorded across the bearing at 2000rpm. The voltage across the 

bearing increased rapidly when the supply voltage was applied. The voltage remained constant 

for less than 2 seconds, after which fluctuations were recorded and dropped parabolically when 

the supply voltage was turned off. Figure 32c shows the voltage recorded across the bearing at 

2500rpm. The voltage across the bearing increased rapidly when the supply voltage was 

applied. The voltage did not reach the supply voltage; fluctuations were recorded and dropped 

parabolically when the supply voltage was turned off. 
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4.2. Experiment results 

This section discusses the results obtained from experimentation with test greases executed per the 

experiment plan discussed in section 3.5. The charging curves from the experiments are expected, 

as shown in Figure 33. During running-in and cycle 1, when the control code is triggered, the 

voltage signal for estimating film thickness is applied across the bearing after 0.5 seconds. The 

charging curve is expected, as shown in Figure 33(a). During cycle 2, high voltage is applied across 

the bearing before triggering the control code. As soon as the control code is activated, the source 

voltage is dropped to zero. With the bearing acting as a capacitor, the voltage across the bearing 

does not fall to zero instantly and instead follows a discharging trend, as shown in Figure 33(b). 

After 0.5 seconds, the voltage across the bearing is expected to drop to zero, the voltage signal for 

estimating film thickness is applied across the bearing, and the corresponding charging curves are 

recorded. 

 

 

Figure 33: Expected charging curves during a) Running-in & cycle 1 b) cycle 2. 

 

  



32 

 

4.2.1. Film thickness estimations 

The charging curves were acquired every twenty minutes using the equations discussed in section 

2.5; the film thickness was estimated & plotted against time and discussed below. 

 

Figure 34: Speed profile, estimated film thickness & bearing temperatures with LiX-50 test 

grease during the Running-in period. 

Figure 34 shows the results from film thickness estimations and the corresponding bearing 

temperatures during the running-in period with the LiX-50 test grease. Closer inspection of the 

estimated film thickness data shows that the film thickness increased with speed till step 2 in 

bearings 1,2 & 4. The film thickness remained almost similar in steps 3&4 at bearings 1&2, 

depicting that no additional lubricant is entering the contact zone with the increase in speed. 

Whereas in bearing 3&4, the film thickness increased with speed in step 3 and dropped at step 4, 

the bearings’ temperature reached around 80°C, which contrasts with bearings 1&2. Given the low 

viscosity at higher temperatures, the lubricant is believed to be flowed out from the contact zone 

and dropped the film thickness values at higher speeds. 
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Figure 35: Speed profile, estimated film thickness & bearing temperatures with LiX-50 test 

grease during cycle 1. 

Figure 35 shows the results from film thickness estimations and the corresponding bearing 

temperatures during cycle 1 with the LiX-50 test grease. The trends of lubricant film estimates 

after 200000 nDm follows as expected in correlation with speed, with no significant difference 

after 54hrs, irrespective of temperature drops with speed, indicating a stabilized film. A closer 

inspection of the estimated film thickness data at bearings 3&4 shows fluctuations in values at 

speeds of 200000 nDm and 150000 nDm.  
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Figure 36: Speed profile, estimated film thickness & bearing temperatures with LiX-50 test 

grease during cycle 2. 

Figure 36 shows the results from film thickness estimations and the corresponding bearing 

temperatures during cycle 2 with the LiX-50 test grease. From the plots of the estimated film 

thickness data, the film thickness appeared to be the same at 100000 nDm and 150000 nDm and 

reached its highest at 200000 nDm. In the second half of the cycle, the film thickness values have 

a downward trend, as expected with the decrease in the speed. The film thickness estimates at 

bearings 3&4 are comparatively less than that in bearing 1&2, given the higher bearing 

temperatures at bearings 3&4. 
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Figure 37: Speed profile, estimated film thickness & bearing temperatures with PP-50 test 

grease during the Running-in period. 

Figure 37 shows the results from film thickness estimations and the corresponding bearing 

temperatures during the running-in period with the PP-50 test grease. Closer inspection of the 

estimated film thickness data shows that the film thickness increase with speed and stabilizes to 

similar values at all the bearings at 150000 nDm. At 200000 nDm, i.e., after 21hrs, the bearings 

are believed to be in the mixed lubrication regime and acted capacitive-resistive instead of 

capacitive nature, preventing the machine from recording the charging curves. Lubricant starvation 

is believed to be one of the significant factors for this phenomenon. 
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Figure 38: Speed profile, estimated film thickness & bearing temperatures with PP-50 test 

grease during cycle 1. 

Figure 38 shows the results from film thickness estimations and the corresponding bearing 

temperatures during cycle 1 with the PP-50 test grease. At the start of cycle 1, the film thickness 

at all the bearings was the same. The film thickness remained the same at bearings 3&4, given the 

high bearing temperatures. The film thickness values have a downward trend after 36 hrs, i.e., 

speeds beyond 100000 nDm. The lubricant film thickness followed a gradual downward trend at 

bearings 1&2. In contrast, at bearings 3&4, there was a sudden drop in film thickness, stabilizing 

to a similar value in all the bearings, and was restored after 54 hrs, i.e., at the speed of 100000 

nDm.  
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Figure 39: Speed profile, estimated film thickness & bearing temperatures with PP-50 test 

grease during cycle 2. 

Figure 39 shows the results from film thickness estimations and the corresponding bearing 

temperatures during cycle 2 with the PP-50 test grease. We can see from the estimated film 

thickness data that the film thickness values have stabilized up to 100000 nDm at all bearings. At 

150000 nDm, the film thickness slightly increased and stabilized at bearings 1&2. In contrast, the 

film thickness dropped and stabilized, given the higher bearing temperatures at bearings 3&4. 

After 92 hrs, i.e., at the speed of 150000 nDm, the film thickness values dropped in all bearings. 

In contrast, bearings 3&4 acted as capacitive-resistive instead of capacitive by entering the mixed 

lubrication regime and restored to the full-film lubrication regime after 96 hrs, i.e., at the speed of 

100000 nDm. 
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Figure 40: Speed profile, estimated film thickness & bearing temperatures with LiX-06 test 

grease during the Running-in period. 

Figure 40 shows the results from film thickness estimations and the corresponding bearing 

temperatures during the running-in period with the LiX-06 test grease. Closer inspection of the 

estimated film thickness data at all the bearings shows that the film thickness increases slightly 

with speed and drops at 200000 nDm after 21hrs.  
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Figure 41: Speed profile, estimated film thickness & bearing temperatures with LiX-06 test 

grease during cycle-1. 

Figure 41 shows the results from film thickness estimations and the corresponding bearing 

temperatures during cycle 1 with the LiX-06 test grease. From the estimated film thickness data, 

we can see that the film thickness values have fluctuations from speeds beyond 100000 nDm and 

reduced at 50000 nDm at the end. 

Film thickness was not estimated for cycle 2, as no charging curves were recorded for numerous 

instances. The allotted discharge time of 0.5 seconds was not enough to dissipate the existing 

charge.  
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Figure 42: Speed profile, estimated film thickness & bearing temperatures with PP-06 test 

grease during the Running-in period. 

Figure 42 shows the results from film thickness estimations and the corresponding bearing 

temperatures during the running-in with the PP-06 test grease. Closer inspection of the estimated 

film thickness data shows that the film thickness values stabilized beyond speeds of 100000 nDm 

at bearings 1,2&4, with a slight ramp at bearing 3. The film thickness reaches a similar value in 

all the bearings at 200000 nDm. 
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Figure 43: Speed profile, estimated film thickness & bearing temperatures with PP-06 test 

grease during cycle 1. 

Figure 43 shows the results from film thickness estimations and the corresponding bearing 

temperatures during cycle 1 with the PP-06 test grease. We can see from the estimated film 

thickness data that the film thickness values have increased with speed up to 150000 nDm. After 

44 hrs, at bearing 1, charging curves were not recorded and had fluctuations at bearing 2 with the 

bearings acting as capacitive-resistive instead of capacitive by entering the mixed lubrication 

regime. The changes were comparatively small at bearings 3&4, given the lower bearing 

temperatures. The bearings 1&2 entered the full-film lubrication regime after 54 hrs, i.e., at a speed 

of 100000 nDm, restoring the film thickness values. 
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Figure 44: Speed profile, estimated film thickness & bearing temperatures with PP-06 test 

grease during cycle 2. 

Figure 44 shows the results from film thickness estimations and the corresponding bearing 

temperatures during cycle 2 with the PP-06 test grease. From the estimated film thickness data, we 

can see that the film thickness values have fluctuations beyond speeds of 100000 nDm, and no 

charging curves were recorded with the bearings acting as capacitive-resistive instead of capacitive 

by entering the mixed lubrication regime. 
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Figure 45: Pooled mean and standard deviation of film thickness estimates with test greases 

during the running-in period. 

The calculated pooled mean and standard deviation of film thickness values at all the bearings for 

the running-in period with different test greases are plotted against time, as shown in Figure 45. A 

closer inspection of the plot shows that the film thickness values were higher for LiX-50 grease, 

given the high viscosity. The PP-50 also followed a similar trend with lower estimates compared 

to LiX-50. The film thickness values of both LiX-50, PP-50 and LiX-06 greases show a drop at 

200000 nDm, which is believed to be due to lubricant starvation. The film thickness estimates 

increase with speed for PP-06 greases. 



44 

 

 

Figure 46: Pooled mean and standard deviation of film thickness estimates with test greases 

during cycle 1. 

The calculated pooled mean and standard deviation of film thickness values at all the bearings for 

cycle 1 with different test greases are plotted against time, as shown in Figure 46. Similar to the 

running-in period, the film thickness estimates were higher for LiX-50 but lower for PP-50 grease. 

The film thickness estimates dropped after 100000 nDm for PP-50 grease, followed a decreasing 

trend, and were restored after 100000 nDm in the second cycle. The film thickness estimates for 

LiX-06 grease were almost stabilized after 100000 nDm with a slight drop at 200000 nDm. The 

film thickness estimates for PP-06 grease followed an increasing trend up to 150000 nDm and then 

followed a decreasing trend up to 150000 nDm in the second cycle and restored to similar values 

as the first half at 100000 nDm & 50000 nDm. 
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Figure 47: pooled mean and standard deviation of film thickness estimates with test greases 

during cycle 2. 

The calculated pooled mean and standard deviation of film thickness values at all the bearings for 

cycle 2 with different test greases are plotted against time, as shown in Figure 47. A closer 

inspection of the plot indicates that stabilized film thickness values were estimated with LiX-50 

up to 150000 nDm with a sudden ramp at 200000 nDm and followed a decreasing trend in the 

second half. The film thickness values with PP-50 grease appear to be stabilized except for a drop 

at 150000 nDm in the second half, which is believed to be due to the fluctuations recorded. PP-06 

greases show an increasing trend with speed, but at the end, no charging curves were recorded at 

bearings 1&4. 
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4.2.2. Uncertainty analysis 

The sources of errors may be external or internal while experimenting, out of which a few are 

listed below. 

• Electromagnetic interference (EMI) noise. 

• Vibration. 

• The experiment environment conditions are not controlled. 

• Resistor noise. 

These uncertainties can be overcome to a certain extent by including a standard error in the 

calculated mean value. The standard error or uncertainty is calculated from statistical results and 

expanded using the coverage factor k = 2.58 with a confidence level of 99% and presented in Table 

6 and Table 7. 

Table 6: Uncertainty in film thickness estimates with LiX-50 and PP-50 with a confidence level 

of 99%. 

Speed
    Grease  

LiX-50 PP-50 

Running-In Cycle-1 Cycle-2 Running-In Cycle-1 Cycle-2 

50000 nDm 0.125 μm 0.063 μm 0.141 μm 0.070 μm 0.130 μm 0.146 μm 

100000 nDm 0.332 μm 0.257 μm 0.314 μm 0.074 μm 0.168 μm 0.295 μm 

150000 nDm 0.371 μm 0.329 μm 0.766 μm 0.103 μm 0.210 μm 0.225 μm 

200000 nDm 0.422 μm 0.332 μm 1.121 μm 0.245 μm 0.289 μm 0.153 μm 

Table 7: Uncertainty in film thickness estimates with LiX-06 and PP-06 with a confidence level 

of 99%. 

Speed
    Grease  

LiX-06 PP-06 

Running-In Cycle-1 Cycle-2 Running-In Cycle-1 Cycle-2 

50000 nDm 0.095 μm 0.071 μm 0 0.055 μm 0.031 μm 0.107 μm 

100000 nDm 0.137 μm 0.189 μm 0 0.095 μm 0.062 μm 0.159 μm 

150000 nDm 0.149 μm 0.316 μm 0 0.090 μm 0.207 μm 0.196 μm 

200000 nDm 0.171 μm 0.243 μm 0 0.115 μm 0.143 μm 0.212 μm 
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4.2.3. Charging curves 

The charging curves from all the experiments followed a similar trend against speed. The charging 

curves acquired at different speeds during running-in and cycle-1 are shown in Figure 48. 

 

 

Figure 48: Charging curve trends observed at different speeds during the running-in period and 

cycle 1. 

With speed, the maximum voltage across the bearing while recording the charging curves for film 

thickness estimation is expected to be 1V. Instead, the maximum voltage followed a downward 

trend. As discussed in section 4.2, fluctuations in charging curves were observed at speeds beyond 

1800 rpm. As the design validation phase experiments were quick, the fluctuations never dropped 

below 1V. From the Stribeck curve, the film thickness also increases with an increase in 

entrainment velocity, which does not consider influential factors like lubricant starvation. These 

influential factors changed the lubrication regime from full-film to mixed lubrication and the 

electric behaviour of the bearing from capacitive to resistive-capacitive behaviour and following 

the trends shown in Figure 48. 
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The charging curves shown in Figure 49 were recorded at a few instances during cycle 2 with LiX-

06 and PP-06 test greases. 

 

Figure 49: Charging curve recorded at a few instances during cycle 2 with LiX-06 and PP-06 

test greases. 

The allotted 0.5 seconds for the discharge was insufficient for the bearing to discharge to zero and 

start charging to record charging curves for film thickness estimation. 
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4.2.4. Frictional Moment results 

The frictional moments from one bearing, assuming both bearings have equal friction, were 

calculated using the force data obtained from the load cell, plotted against time, and discussed in 

this section. 

 

 
a) 
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b) 

Figure 50:  Speed profile, frictional moments, and bearing temperatures with LiX-50 grease  

a) at test head-1 b) at test head-2. 

The frictional moments and the bearing temperatures from both test heads with LiX-50 test grease 

are plotted against time, as shown in Figure 50. The frictional moments from both the test heads 

appear to be chaotic and very high during the running-in period and have stabilized and lower 

values during cycles 1&2. The frictional moments in test head 2 appear to be higher than that of 

test head 1, given the higher bearing temperatures with high fluctuations at 200000 nDm in both 

cycles. 
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a) 
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b) 

Figure 51: Speed profile, frictional moments, and bearing temperatures with PP-50 grease  

a) at test head-1 b) at test head-2. 

The frictional moments and the bearing temperatures from both test heads with PP-50 test grease 

are plotted against time, as shown in Figure 51. The frictional moments from both the test heads 

appear to be chaotic and very high during the running-in period and have stabilized values during 

cycles 1&2. Similar to the results from LiX-50 test grease, the frictional moments in test head 2 

appear to be higher than that of test head 1, given the higher bearing temperatures with high 

fluctuations at 150000 nDm & 200000 nDm in both cycles. 
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a) 
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b) 

Figure 52: Speed profile, frictional moments, and normalized bearing temperatures with LiX-06 

grease a) at test head-1 b) at test head-2. 

The frictional moments and the normalized bearing temperatures from both test heads with LiX-

06 test grease are plotted against time, as shown in Figure 52. The frictional moments from both 

the test heads appear to be chaotic and very high during the running-in period and have stabilized 

values during cycles 1&2. The bearing temperatures are normalized by subtracting the room 

temperature. The normalized temperatures were available for experiments with LiX-06 and PP-06 

greases. 
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Figure 53: Speed profile, frictional moments, and normalized bearing temperatures with PP-06 

grease at test head-1. 

The frictional moments and the normalized bearing temperatures from test head-1 with PP-06 test 

grease are plotted against time, as shown in Figure 53. The frictional moments appear chaotic and 

very high during the running-in period and have stabilized values during cycles 1&2. The frictional 

data from test head 2 was not correctly registered due to mounting errors. 
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4.2.5. Bearing raceways 

After the experiment, the bearings were disassembled, and the outer raceway was cut to inspect 

the rolling surface. The snapshots of the bearings’ outer raceway from each experiment are shown 

in Figure 54. 

 

Figure 54: Wear scars after experimentation. 
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5. DISCUSSION AND CONCLUSIONS 

5.1. Discussion 

The analysis and justification of the results presented in the previous chapter will be discussed in 

this section. 

5.1.1. Design validation phase 

Quick experiments were executed with a voltage of 8V, and the current regulated to 0.01A using 

a programmable power source is applied across the bearings with test greases to validate the design 

and determine the voltage domain to estimate the film thickness. With LiX-06 grease, the bearing 

acted as a resistive-capacitive instead of purely capacitive. Despite the applied voltage being 8V, 

the voltage did not go beyond 1V, as the current limit was triggered. Though the bearing acted as 

a resistive-capacitive, the voltage across the bearing reached 1V before triggering the current limit, 

depicting that there exists full-film lubrication inside the bearing behaving as a combination of a 

capacitor and resistor connected in parallel with the voltage across the capacitor to be 1V. 

With LiX-50 grease, the bearing behaved purely capacitive at lower speeds, given the high base 

oil viscosity. From speeds 50000nDm and beyond, fluctuations were recorded in the voltage 

measurements across the bearing. Lubricant starvation is a significant factor for these fluctuations, 

as the capacitive bearing wants to get charged, but the charge drops due to a lack of lubricant. 

Similar behaviour was observed with PP-50 grease, but the fluctuations were recorded from speeds 

150000nDm and beyond. Despite the fluctuations, the voltage never dropped below 1V at bearings 

with LiX-50 and PP-50 greases, depicting enough lubricant at the contact to store the charge 

corresponding to 1V. Based on the results, an input voltage of 1V was applied across the bearing 

to estimate the film thickness. In cycle 2 of the experiment plan discussed in section 3.5, an input 

voltage of 8V is applied across the bearing to study the influence of electric currents on grease 

performance. 

5.1.2. Analysis of Film thickness estimations  

The lubricant film thickness was estimated using the “electrical-capacitance” method proposed by 

Schneider V et al.[7], by considering the lubricated bearing as a capacitor. With LiX-50 grease, 

the variations in film thickness estimates were higher compared to other test greases. In cycles 

1&2, the fluctuations were very high at 200000 nDm, resulting in a very high error bar. The error 

bars with LiX-50 grease increased with speed, and during running-in, the film thickness estimates 

increased with speed as expected and dropped at 200000 nDm. One of the significant factors for 

the phenomenon is believed to be lubricant starvation. 

The variations in film thickness estimates were smaller with PP-50 grease compared to LiX-50. 

During running-in and cycle 1, the error bars were the highest at 200000 nDm due to fluctuations 

in the film thickness estimates. During running-in, with the speed change from 150000 nDm to 

200000 nDm, there is a sudden drop in film thickness estimate. At the end of the speed step, the 

bearings transitioned from a full-film lubrication regime to a mixed lubrication regime, resulting 

in a resistive-capacitive behaviour instead of purely capacitive, which is believed to be due to 

higher bearing temperatures. The bearings follow the resistive-capacitive behaviour for a certain 

time at 150000 nDm in the second half of cycle-1 and are restored to purely capacitive. In cycle 2, 

the film thickness estimates appear to be stabilized except for a drop at 150000 nDm. The bearings 

3&4 transitioned from a full-film lubrication regime to a mixed lubrication regime and are restored 

to full-film lubrication at 100000 nDm. Higher bearing temperatures are believed to be the 

significant factors leading to lubricant starvation, as reported by E.Wittek et al.[6]. 
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Unlike LiX-50 & PP-50, the variations in film thickness estimates were very high at speeds beyond 

50000 nDm with LiX-06 grease. Given the lower viscosity, the bearings act as capacitive-resistive 

instead of capacitive by entering the mixed lubrication regime believed to be the cause of the 

fluctuations, reduced when operating at 50000 nDm. During the running-in period, the film 

thickness increased with speed and dropped at a speed of 200000 nDm. One of the significant 

factors for this phenomenon is believed to be lubricant starvation. The film thickness in cycle 1 

increased with the speed change from 50000 nDm to 100000 nDm and appeared to be stabilized 

with a slight drop and dropped at 50000 nDm in the end. At several instances during cycle 2, no 

charging curves were recorded as the allotted discharge time of 0.5 seconds was not enough for 

the bearing to get completely discharged. 

Similar to LiX-06, the variations in film thickness estimates with PP-06 grease were high at speeds 

of 150000 nDm and 200000 nDm. The error bars are observed to be small with PP-06 grease 

compared to other greases. Unlike other greases, the film thickness estimates increase with speed 

during the running-in period; during cycle 1, the film thickness dropped at 200000 nDm and was 

restored at 150000 nDm. In cycle 2, the high fluctuations were recorded at 150000 nDm and 

200000 nDm than in cycle 1. This phenomenon is believed to be due to resistive-capacitive 

behaviour during cycle 2.  

The results depict that lubricant starvation is the dominant phenomenon in a grease-lubricated 

roller element bearing, similar to those reported by H.Cen et al.[12]. The film thickness estimate 

during the running-in period does not follow the trends, i.e., higher estimates than cycles 1&2,  

reported by H.Cen et al.[12], as unsealed angular contact bearings were used for the experiments 

and are believed to be the major reason. The self-induced bearing temperatures also played a 

dominant role in lubricant starvation, as presented by E.Wittek et al.[6]. An uncertainty analysis 

was conducted for the film thickness estimates, which can be lowered by decreasing the interval 

time between the film thickness estimates, increasing the accuracy. 

5.1.3. Analysis of Friction moment results 

The frictional moments were estimated from the data acquired from the friction measurement 

system at each test head. The friction is assumed to be the same in both the bearings in each test 

head. The frictional moments were estimated to understand the lubricant’s performance with and 

without the presence of electric currents. The frictional moments appeared chaotic during the 

running-in period with all the greases. Given the high base oil viscosity, frictional moments from 

LiX-50 & PP-50 are higher than that of LiX-06 & PP-06. The bearing temperatures appeared to 

be higher at test head 2 with both LiX-50 and PP-50, but with LiX-06 and PP-06 greases, the 

bearing temperatures were similar at both test heads. Given the higher bearing temperatures, the 

frictional moments from test head 2 with LiX-50 and PP-50 greases are comparatively very high 

than test head 1. The results of friction moments follow similar trends to those reported by G. 

Calderon Salmeron et al.[19]. 

No significant difference was observed in frictional moments during cycles 1 & 2 with LiX-50 

and PP-50 greases as currents applied during cycle 2 were minimal in the order of microamperes. 

Though the electric currents applied during cycle 2 were very small, there is a significant 

difference in the frictional moments with LiX-06 and PP-06. This variation is observed to be 

reduced with the rise in bearing temperatures.  
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5.2. Conclusions 

With the advancements in electrical machinery, the need to understand the lubricant behaviour 

inside the bearings is much more critical than ever. A test machine was designed and developed 

to understand the lubricant behaviour in a real bearing by estimating the lubricant film thickness 

using the “electrical-capacitance” method at different speeds. The test machine records the 

charging curves when a controlled electric voltage is applied across the bearing. The total 

capacitance calculated from the charging curves is used to estimate the lubricant film thickness by 

considering the bearing as a part of an RC circuit. The system developed is an initial attempt to 

estimate the film thickness and has been tested by experimentation using four test greases. An 

undesired noise signal was observed in charging curves believed to originate from the resistor. 

The trends of film thickness estimates were consistent with the expected. At speeds beyond 100000 

nDm, the bearings from all the experiments run at starved lubrication and give either stabilized 

film thickness estimates or fluctuated values by entering into a mixed lubrication regime, which 

transforms the bearing from purely capacitive to a resistive-capacitive. A decrease in film 

thickness values was observed with a rise in bearing temperatures. 

Under the influence of electrical currents, all the lubricants exhibit similar behaviour. The 

frictional moment was recorded to be higher in cycle 2 than in cycle 1, indicating that electrical 

currents increase the energy losses and lower the grease performance. The difference was not very 

high because the electric currents applied are minimal in the order of microamperes, given the very 

high charging resistor (10 MΩ) was used to record the charging curves for film thickness 

estimations. 

Upon observing the wear scars at the outer raceway, a slight surface discolouration can be seen, 

which is believed to be due to frosting. With LiX-50 and PP-50, the wear scar appears dull, which 

may be the worn path of the roller, but with LiX-06 and PP-06, the wear scar is intense and has a 

slight brownish shade with PP-06 grease. However, the damage was not intense because of the 

application of small currents. 

The experiments show the practicality of understanding lubricant behaviour inside the bearing. 

This study lays the groundwork for future research in assessing lubricant behaviour, but there is 

still room for improvement in construction and operation. The study should be repeated first with 

the same test greases but taking the ideas and learning outcomes from this thesis, for instance, 

working with damaging currents, later against different operating loading conditions, and other 

greases to correlate the results. 
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6. RECOMMENDATIONS AND FUTURE WORK 

6.1. Recommendations 

The following recommendations were made based on the conclusions from the current study: 

• Even with extensive care, the electromagnetic noise was not eliminated. A Faraday cage 

over the test machine can be used to address the grounding issues. 

• An undesired noise signal was generated from the charging resistor; resistors with better 

noise characteristics like a thin film, metal foil or wire wound resistors are recommended. 

• During the dismounting of the test head, the friction system is uncoupled. For every 

experiment, ensure to couple the friction system firmly to avoid errors in friction 

measurements. 

• Execute microscopic surface analysis to inspect for variation in surface roughness. 

• The measurement uncertainty can be lowered by increasing the frequency of data 

acquisition. 

• Appling high current densities in the range of 0.5 to 1A/mm2 [10] are recommended to 

study the influence of electric loads.  

• Make sure the distribute the grease evenly inside the bearing by adding the grease evenly 

and also rotate the outer raceway for a few rotations. For LiX-50 and PP-50 greases, the 

resistance at the start was too high for the motor to rotate, which was overcome by manually 

turning the shaft a few rotations. 

6.2. Future work 

Similar to any research, there is always room for continuing the study. This section discusses some 

ideas which can be implemented in the future to obtain a clear picture of lubricant behaviour 

against electric loads. 

• Incorporate recommendations and perform the same experiments. 

• Perform experiments with different greases. 

• Modify the test plan to test greases at different electric currents. 

• Upgrade the test machine to 600000 nDm and perform experiments at high speeds. 

• Incorporate a vibration measuring system and correlate the film thickness estimates with 

vibration data. 
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APPENDIX A: FILM THICKNESS PLOTS AT 

INDIVIDUAL BEARINGS 

 

 



63 

 

 

 



64 

 

 
 

 



65 

 

  

 



66 

 

 



67 

 

 

 
 



68 

 

 

 



69 

 



70 

 

 



71 

 



72 

 

 


