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Automotive industries made a paradigm shift in selection of viscometrics of engine lubricant, from higher to lower viscosity grade,
for improving fuel economy of vehicles. Engine fuel consumption is influenced by friction between the various engine components.
Engine friction power (FP) of a direct injection diesel engine is calculated from the measured value of in-cylinder pressure signals
at various operating conditions. For predicting FP, as a function of speed, load, and lubricant viscosity, a full factorial design
of experiments (DOE) was formulated and an empirical correlation was developed. Response surface methodology (RSM) was
used for analyzing the dominant parameters and their interactions, which influence engine friction power significantly. Predicted
results of engine FP are in good agreement with measured values at all operating points. ANOVA and RSM analysis revealed that
the significant parameters influencing engine FP are speed, load, viscosity, speed-load, and speed-viscosity. The effect of engine
lubricant viscosity on friction power of a diesel engine was insignificant at low speed, whereas, at high speed, it played a vital role.
The empirical relation developed for predicting FP is very useful in estimating engine friction power for various combinations of
engine speeds, loads, and lubricant viscosity without running the engine.

1. Introduction
Engine friction study has been a topic of research for many
years. Some of the conventional methods like Morse test,
PV diagram, Willans Line method, and motoring test for
measuring friction of an engine are described in the literature
[1]. It is widely accepted that PV diagram method yields more
accurate results about engine friction. Total engine mechanical friction losses for a diesel engine were studied by Taylor
[2] and Comfort [3]. It was highlighted that the majority
of mechanical friction losses inside the engine emanated by
piston ring assembly and bearings, which amounts to approximately 65% to 70% of the total mechanical friction losses.
To achieve the better fuel efficiency, one must concentrate on
reduction of these friction losses.
Researchers have extensively studied the friction of critical engine components, such as piston ring assembly, bearings, valve train system, and engine powered auxiliaries (such

as the water pump, oil pump, fuel pump, etc.), theoretically as
well as experimentally. Gligorijevic et al. [4] studied the effect
of lubricant’s viscosity on the fully warmed up diesel engine
friction power loss (𝑊)—which includes piston ring assembly (𝑃), valve train (𝑉), and bearing (𝐵). It was reported that
the total friction power losses for the lower viscosity grade oil
(SAE 10W-30) were 8% lower than the high viscosity grade oil
(SAE 20W-50). The friction power loss of piston ring assembly reduces from 52%, for SAE 20W-50, to 36% for SAE 10W30 lubricants. Similar trend was also observed in case of bearing. Taylor et al. [5] and Furuhama and Sasaki [6] reported
the friction power losses in the piston assembly vary with
viscosity as √𝜂𝜔, where 𝜂 was the lubricant dynamic viscosity
(mPa⋅s) and 𝜔 is the angular speed (rad/s) of the engine.
Taylor [7] studied the sensitivity of a 2.0 litre gasoline engine
and its component’s friction; it was stated that lower viscosity
grade lubricant helps in reducing friction of bearings and
piston assembly. For a heavily loaded bearing, it was reported
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that the friction power loss would vary with viscosity as
𝜂0.75 . Effects of engine oil viscosity on fuel consumption were
studied by Taylor and others; it has been reported that low
viscosity oil results in low fuel consumption [8, 9].
Some of the recent works of Mufti et al. [10–12] on
investigating the influence of engine operating conditions
and engine lubricant rheology on the distribution of power
loss at engine component levels are remarkable. He also predicted piston ring assembly friction loss under realistic fired
conditions of a single cylinder gasoline engine using the indicated mean effective pressure (IMEP) method and validated
the model through experimental study. Friction modeling
of tribofilm performance was studied by Roshan et al. [13]
using statistical approach and response surface methodology
(RMS). The developed model is based on a bench tribometer
and is only pertinent to boundary and mixed lubrication.
Dagostino et al. [14] have done an in-depth theoretical
analysis of the friction interaction between the upper compression ring and the cylinder wall taking into account the
mixed lubrication (ML) regime and considering different
engine operating conditions, lubricant viscosity, and surface
roughness. Through simulation, it was inferred that under
high speed and low load conditions, the friction is in the
hydrodynamic lubrication regime and the viscosity of the
lubricant plays a major role in this region. The oil with low
viscosity exhibits lower friction force for high speed and low
radial load, while the high viscosity has better effect on the
mechanical efficiency on the opposite side.
From the literature review, it emerged that piston ring
assembly and bearings are predominantly operating in the
hydrodynamic lubrication regime under high speed and low
load conditions and engine oil viscosity plays a vital role in
reducing friction, emanated during hydrodynamic lubrication regime. Principal factors which influence engine friction
power are speed, load, oil film thickness, oil viscosity, oil temperature, surface topography of engine components, and type
of friction modifiers used. The main objective of this paper is
to develop a model to predict the engine friction power of a
fired diesel engine based on significant factors (speed, load,
and engine oil viscosity) and its interaction, using response
surface methodology (RSM).

2. Materials and Methods
Experiments were conducted on a four stroke, four-cylinder,
direct injection, heavy duty diesel engine coupled with the
AC dynamometer and instrumented with fuel flow meter,
pressure sensor, angle encoder, speed sensor, temperature
indicators, data acquisition system, and so forth. For acquiring in-cylinder combustion pressure signals a piezoelectric
pressure transducer, Kistler type 6125A, was used to calculate
indicated mean effective pressure (IMEP), indicated power,
and brake power (BP) for determining friction power. The
pressure sensor was mounted in the combustion chamber
of cylinder number one. The pressure sensor, polystable
quartz elements, does not require additional cooling as it
has been specially designed to work in high temperatures
and for precision measurement of pressure of internal combustion engines. Engine oil temperature and coolant outlet
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Table 1: Engine specifications.
1

Engine type

2
3
4
5
6
7

Displacement
Compression ratio
Number of cylinders
Number of valves
Fuel injection
Maximum power output

Off-highway, DI diesel
engine turbocharged
4399 cc
18.3 : 1
4
16
Direct injection
74.2 kW @ 2200 rpm

Table 2: Physical characteristics of both engine lubricants.
Properties
Viscosity @ 40∘ C cst
Viscosity @ 100∘ C cst
Viscosity Index

Oil SAE 10W-30
72
11.0
143

Oil SAE 15W-40
110
14.5
137

temperatures were controlled within 90 ± 5∘ C and 85–90∘ C,
respectively, throughout the experiments. A brief specification of the test engine, used for the study, is given in Table 1
and schematic of engine test bench is shown in Figure 1.
2.1. Engine Lubricants. Engine lubricants used in this experimental study are as follows:
Reference oil

SAE 15W-40

Candidate oil

SAE 10W-30

Both engine lubricants are commercially available and complied to API CG-4 performance category level. Typical physical characteristics of both engine lubricants are shown in
Table 2. Engine lubricants were chosen in such a way that both
lubricants were comprising the same additive package but are
of different viscosity grade.
2.2. Methodology and Design of Experiments. Indicated mean
effective pressure (IMEP) in bar was computed after measuring in-cylinder combustion pressure signals for each operating point by using a matlab programme. Indicated power
(IP) in kW was calculated from measured IMEP and brake
power (BP) in kW was measured from engine dynamometer.
Friction powers (FP) in kW for operating points were then
calculated by subtracting brake power (BP) from indicated
power (IP), under steady state conditions for both engine
lubricants. Variation of oil viscosity with temperature may be
neglected since all experiments were conducted in a controlled temperature of oil and coolant.
For predicting engine friction power of a diesel engine, as
a function of speed, load, and engine oil viscosity, a full factorial design of experiments (DOE) was formulated. Statistical
design of experiment (DOE) is an efficient tool for optimizing
the variables in such a way that response variables yield
the desired results. Description of factors and its levels are
given in Table 3 and number of replicates was chosen as two;
hence a total of 24 experiments were performed. Based on
analysis of variance (ANOVA) results, significant factors were
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Figure 1: Schematic Engine test bench setup.

Table 3: Factors with its levels of experiment.
Factors
Speed, rpm (𝐴)
Load, Nm (𝐵)
Oil viscosity, cSt @ 100∘ C (𝐶)

Levels
1000, 2000
50, 200, 350
11.0, 14.5

identified and an empirical correlation was developed using a
general regression equation for predicting the friction power
of a diesel engine as a function of speed, load, and oil viscosity.
Response surface methodology (RSM) was used for identifying the dominant parameters and their interactions influencing engine friction power significantly within 95% confidence level.

3. Result and Discussions
Before discussing the test results, it is important to understand the relationship of friction power with speed, load,
film thickness, oil viscosity, and cylinder pressure. Present
research work is focused on the investigation of friction
power as a function of engine speed, load, and oil viscosity,
and engine components operating predominantly in hydrodynamic regime (piston ring assembly and bearings) are considered as major contributors towards engine friction power
loss.
It is assumed that piston rings-liner pair is operating
in hydrodynamic lubrication regime at high engine speed.
Hence the governing equation for piston ring/liner could be
Reynolds equation. A schematic of hydrodynamic oil film
between liner and piston ring assembly is shown in Figure 2.
Stachowiak and Batchelor [15] described the full Reynolds
equation in three dimensional Euclidian spaces for any
bearing as
𝜕 ℎ3 𝜕𝑃
𝜕 ℎ3 𝜕𝑃
(
)+
(
)
𝜕𝑥
𝜕𝑥
𝜕𝑦
𝜕𝑦
𝑑ℎ
𝑈𝑑ℎ 𝑉𝑑ℎ
+
) + 12𝜂 .
= 6𝜂 (
𝑑𝑥
𝑑𝑦
𝑑𝑡

(1)

Table 4: Full factorial design of experiments comprising variables
speed, load, oil viscosity, and response variable friction power (FP)
in kW.
Run order Speed (rpm) Load (Nm) Viscosity (cSt) FP (kW)
1
2000
200
14.5
10.95
2
2000
50
11
10.04
3
1000
350
11
2.58
4
2000
350
14.5
2.67
5
1000
200
14.5
2.28
6
1000
50
14.5
1.77
7
2000
200
11
7.02
8
1000
50
11
2.1
9
2000
350
11
1.33
10
1000
50
11
2.52
11
1000
350
14.5
2.22
12
2000
50
14.5
12.17
13
2000
50
14.5
12.78
14
2000
350
14.5
4.84
15
1000
200
11
1.91
16
1000
200
11
2.03
17
1000
200
14.5
2.53
18
2000
200
14.5
10.12
19
1000
50
14.5
1.92
20
2000
350
11
2.83
21
1000
350
14.5
2.85
22
2000
50
11
9.95
23
1000
350
11
2.58
24
2000
200
11
9.78

Simplifying this equation for piston ring, by assuming an
infinitely long bearing, very small width as compared to the
circumferential length, pressure gradient in circumferential
direction can be neglected; that is, 𝜕𝑃/𝜕𝑦 = 0. And also
velocity in 𝑦 direction is assumed to be zero; that is, 𝑉 = 0 and
𝑈 is piston velocity, “ℎ” is film thickness, and “𝜂” is dynamic
viscosity of lubricant; assuming there is no vertical flow
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Figure 2: Schematic of hydrodynamic oil film between liner and piston.

across the film thickness by ignoring the squeeze film effect,
which normally occurs at TDC and BDC, that is, steady
film thickness approximation yields, 𝑑ℎ/𝑑𝑡 = 0, Reynolds
equation would reduce to
𝑈𝑑ℎ
𝜕 ℎ3 𝜕𝑃
(
) = 6𝜂 (
).
𝜕𝑥
𝜕𝑥
𝑑𝑥

(2)

For hydrodynamic lubrication regime, piston ring assembly
minimum oil film thickness and friction power loss are given
by Furuhama and Sasaki [6] as follows:
ℎmin 𝛼 (

𝜂𝑈 1/2
) ,
𝑊
3

1/2

FP𝛼 (𝜂𝑈 𝑊)

(3)

,

“𝑈” is piston velocity, “ℎmin ” is film thickness, “𝜂” is dynamic
viscosity of lubricant, and “𝑊” is load on back of piston
ring. It may be observed from the above relation that friction
power loss is more influenced by piston speed as compared to
oil viscosity.
Petroff equation [7, 15] for journal bearings, under light
loaded conditions, is given in the following:
ℎmin ≈ 𝑐,
FP =

2𝜋𝜂𝜔2 𝐿𝑅3
,
𝑐

(4)

where FP is the friction power loss (watts), 𝜂 is the lubricant
dynamic viscosity (mPa⋅s) appropriate to the bearing, 𝜔 is the

engine’s angular speed (rad/s), 𝐿 is the bearing width (m), 𝑅
is the bearing radius (m), and 𝑐 is the bearing radial clearance
(m). It may be observed from the Petroff equation that
friction power loss varies linearly with lubricant viscosity and
square of angular speed. Friction power loss in hydrodynamic
lubrication conditions (piston ring assembly and bearings) is
actually a combined effect of load, piston speed, oil film thickness, and oil viscosity.
The test matrix comprised of the factors such as speed,
load, oil viscosity, response parameter, and friction power
(FP) is shown in Table 4 for the steady state conditions. The
test results revealed that friction power response is influenced
by the variables such as engine speed, load, and engine lubricant type (viscosity). Since the experiments were conducted
in controlled conditions for both engine lubricants, the
effect of engine lubricant temperature may be neglected as
both lubricants were tested under identical conditions.
Analysing the factorial design for the dominant factor
with 95% confidence level, a factorial fit was used which
includes main effects, first order interactions and second
order interactions whose ANOVA table thus produced is
given in Table 5. In order to determine the significant factors
among the main effects, two-way effects and three-way effect,
the 𝑃 value was used for screening these parameters. It is
noteworthy to state that all main effects, speed, load, oil
viscosity, and 2 two-way interactions, speed-load and speedviscosity, are significant parameters which affect engine friction power with 95% confidence level, as 𝑃 value is less than
0.05 for all these five cases.
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SAE 15W-40

Table 5: General factorial regression: FP versus speed, load, and
viscosity.

Factor
Speed
Load
Viscosity

Levels
2
3
2

Values
1000, 2000
50, 200, 350
11.0, 14.5

Friction power (kW)

(a) Factor information

14

(b) Analysis of variance

Total

Adj SS
356.141
262.786
188.104
68.244
6.438
92.847
85.872
6.752
0.223
0.509
0.509
8.159

𝐹 value
47.62
96.62
276.65
50.18
9.47
27.31
63.15
9.93
0.16
0.37
0.37

𝑃 value
0.000
0.000
0.000
0.000
0.010
0.000
0.000
0.008
0.850
0.696
0.696

23 364.301
(c) Model summary

𝑆
0.824578

𝑅-sq
97.76%

𝑅-sq (adj)
95.71%

10
8
6
4
2
0

Adj MS
32.376
65.696
188.104
34.122
6.438
18.569
42.936
6.752
0.112
0.254
0.254
0.680

𝑅-sq (pred)
91.04%

0

50

100

150

FP
7.020
9.780

Fit
8.400
8.400

Resid
−1.380
1.380

Std Resid
−2.37
2.37

𝑅
𝑅

𝑅 : large residual.

3.1. Friction Power Prediction. An empirical relation for predicting friction power (FP) of the engine based on the
significant factors is shown below in what follows:
FP = − 1.69 + 0.37352𝐴 + 0.30925𝐵 − 0.61333𝐶
− 0.029325𝐴𝐵 + 0.060619𝐴𝐶.

(5)

(It is important to note that in the above empirical equation,
the input values for speed in rpm are to be divided by 100; e.g.,
1000 rpm is to be put as 10 and input values of load are to be
divided by 10; e.g., 50 Nm is to be put as 5.)
Figures 3 and 4 compare the experimental friction power
(FP-Exp) with predicted friction power (FP-Pred) for both
engine lubricants, that is, SAE 15W-40 and SAE 10W-30. It is
noteworthy to state that predicted friction power values for
both engine lubricants are very close to the experimental
values.

250

FP-Exp, 1000 rpm
FP-Pred, 1000 rpm

300

350

400

FP-Exp, 2000 rpm
FP-Pred, 2000 rpm

Figure 3: Experimental Friction Power (FP-Exp) and Predicted
Friction Power (FP-Pred) in kW for Engine lubricant SAE 15W-40.

SAE 10W-30

12
10
8
6
4
2
0
0

50

100

(d) Fits and diagnostics for unusual observations

Obs
7
24

200

Torque (Nm)

Friction power (kW)

Source
DF
Model
11
Linear
4
Speed
1
Load
2
Viscosity
1
2-way interactions
5
Speed∗load
2
Speed∗viscosity
1
Load∗viscosity
2
3-way interactions
2
Speed∗load∗viscosity 2
Error
12

12

FP-Exp, 1000 rpm
FP-Pred, 1000 rpm

150
200
250
Torque (Nm)

300

350

400

FP-Exp, 2000 rpm
FP-Pred, 2000 rpm

Figure 4: Experimental friction power (FP-Exp) and predicted
friction power (FP-Pred) in kW for engine lubricant SAE 10W-30.

3.2. Response Surface Methodology (RSM) Analysis
3.2.1. Effect of Speed on Friction Power. It may be observed
from the data given in Table 4 that the friction power (FP) of
an engine running on lubricant SAE10W-30 increased by 4
to 5 times, with the increase in engine speed from 1000 rpm
to 2000 rpm although load was kept constant at 50 Nm (run
order 8, 10 & 2, 22). Similar trend was observed for the engine
running on engine lubricant SAE15W-40; in this case friction
power (FP) rose up to 6 folds (refer run order 6, 19 & 12,
13). Hence it may be deciphered from the above results that
at high speed and low load, simulating the hydrodynamic
lubrication conditions, engine friction power is significantly
influenced by the speed of an engine.
These facts may also be illustrated by contour plots and
response surfaces. Points on a contour plot, that have the
same response, are connected to produce contour lines of
constant responses. In the contour plots, the darkest area
indicates the region where the response (friction power) is
highest. As the colours get lighter, the response decreases.
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11.0
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12
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cos

ity

11.5

12.0

12.5
13.0
Viscosity

13.5

14.0

14.5

13
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1500
d
Spee

Hold values load 50
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<4
4–6
6–8
8–10

10–12
>12
Hold values load 50
(a)

(b)

Figure 5: (a) Contour plot of FP versus viscosity and speed at a load of 50 Nm. (b) Response surface plot of FP versus viscosity and speed at
a load of 50 Nm.

3.2.2. Effect of Load on Friction Power. Engine load also
plays a vital role in engine friction. At higher engine speed,
that is, 2000 rpm, reduction in friction power was observed
with increasing load from 50 Nm to 350 Nm for both engine
lubricants, SAE 10W-30 and SAE 15W-40 (refer run order 2
& 22, 9 & 20, 12 & 13, 4 & 14). This may be explained with the
help of the well-known fact that the contribution of friction
as a percentage of indicated power output reduces as load
increases. At lower speed, 1000 rpm and for all three load

14
Friction power (kW)

Acute or sudden changes in colour correspond to sudden or
steep change in friction power. The response surface plot, on
the other hand, is a three-dimensional surface graph that represents the functional relationship between the response and
the experimental factors. As both these plots can show only
two factors at a time, while holding any other factors at
a constant level, they are only valid under ceteris paribus
conditions. If there is a change in holding levels, the response
surface and contour plot change as well, sometimes drastically. Figures 5(a) and 5(b) illustrates the variation of FP as a
function of speed and viscosity at the load of 50 Nm. The plots
represent a rising ridge (increasing friction power) towards
higher speed. Effect of viscosity is only prominently seen at
high speed, indicated by inclined ridges in contour plot of
Figure 5(a), whereas at low speed these ridges are almost
straight indicating very less effect of viscosity on friction
power.

12
10
8
6
4
2
0
50

SAE 15 W40
SAE 10 W30
SAE 15 W40
SAE 10 W30

200
Torque (Nm)

350

1000 rpm
1000 rpm
2000 rpm
2000 rpm

Figure 6: Comparison of friction power at different load and
viscosity.

levels 50, 200, and 350 Nm, there is marginal change in engine
friction power (run orders 8, 15, 23 and 6, 17, 21) for both
engine oils.
It is illustrated in Figure 6 that, with increase in load
from 50 Nm to 350 Nm, change in FP value for speed of
2000 rpm has been reduced to a level comparable to the speed
of 1000 rpm for both engine oils. In the contour and response
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Figure 7: (a) Contour plot of FP versus viscosity and load at a speed of 2000 rpm. (b) Response surface plot of FP versus viscosity and load
at a speed of 2000 rpm.

surface plots at hold value of 2000 rpm, shown in Figures 7(a)
and 7(b), ridges are more inclined at low load, viscosity plays a
major role in affecting FP, but got less inclined at high load of
350 Nm, representing the less effect of viscosity and increasing effect of load on FP. It was revealed that at a hold value of
speed 2000 rpm the low viscosity affecting FP is more prominent at low load but as load increases FP is influenced by the
combined effect of load and viscosity. This may be explained
by the fact that shearing of the oil film’s sublayers would be
easier for low viscosity oil at high speed. As load increases,
the interaction effect of load and viscosity greatly influences
friction power.
3.2.3. Effect of Viscosity on Friction Power. At low speeds, the
effects of viscosity on friction power were inconclusive and
assumed that engine may be operating under boundary condition. As speed increases, the role of oil viscosity becomes
more prominent in influencing friction power for all load
points (refer run order 2 & 12, 7 & 18, 4 & 9). Through the
contour and RSM plots shown in Figures 8(a), 8(b), 9(a), and
9(b), it is clear that they represent a rising ridge (increasing
engine friction) surface towards low load and high speed.
During comparison between the two hold values of 11 cSt and
14.5 cSt, the plots illustrate that the slope of the rising ridge in
15w40 oil type is steeper, as the range in contours is greater.
This throws light on the fact that, although at lower speeds,
the engine friction shows little to no variation due to change

in viscosity grade of the oil; at high speeds, lower viscosity oil
(10w30) produces lower friction power as compared to the
higher viscosity oil (15w40). At the speed of 1400 rpm, it may
be seen from Figures 8(a) and 9(a) that with the decrease in
viscosity from 14.5 cSt. to 11 cSt. friction power reduces from
6–8 kW to 4–6 kW.

4. Conclusions
This experimental study investigates some of the important
facts about friction power affected by the engine operating
variables and engine lubricant viscosity. Friction power of
an engine was computed at different steady state operating
points for two engine lubricants (SAE 15W-40 and SAE10W30). An empirical relation based on the significant main factors and their interactions was developed to predict friction
power which helps in estimating and selecting the appropriate viscosity, speed, and load without running the engine.
The following points may be concluded from this experimental study.
(i) ANOVA results revealed that all three main effects,
speed, load, oil viscosity, and its interactions, speedload and speed-viscosity, are significant parameters
which affect engine friction with 95% confidence
level.
(ii) Based on significant parameters, an empirical correlation was developed to predict the friction power of
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Figure 8: (a) Contour plot of FP versus load and speed at a viscosity of 11 cSt. (b) Response surface plot of FP versus load and speed at a
viscosity of 11 cSt.
350

300

Load

250
12

200

9
6
300

3

200
1000

50
1000

1200

1400

1600
Speed

1800

2000

ad

100

100

1500
Speed

Lo

FP

150

2000

Hold values viscosity 14.5

FP
<4
4–6
6–8
8–10

10–12
>12
Hold values viscosity 14.5
(a)

(b)

Figure 9: (a) Contour plot of FP versus load and speed at a viscosity of 14.5 cSt. (b) Response surface plot of FP versus load and speed at a
viscosity of 14.5 cSt.
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a fired engine. Predicted results of friction power are
in good agreement with measured values of steady
state operating points.
(iii) Contour plots and RSM illustrates that the engine
friction power increases approximately four to six
times when engine speed increases from 1000 rpm to
2000 rpm at constant load of 50 Nm. Hence, speed
plays a dominant role in influencing engine friction
power.
(iv) Engine friction power, with increase in load from
50 Nm to 350 Nm at 2000 rpm reduces by a factor of 3
to 4 for both engine lubricants portraying its importance in influencing friction power. It may be concluded that at higher speeds, the interaction effect of
load and viscosity affects friction power substantially.
(v) At higher speeds, engine lubricant viscosity plays a
vital role in influencing engine friction power loss
(assuming hydrodynamic conditions) whereas at low
speeds the effect of engine lubricant viscosity on
engine friction power is insignificant.
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𝐵:
𝐶:
𝜕𝑃/𝜕𝑥:
𝜕𝑃/𝜕𝑦:

Width of the ring
Bearing radial clearance
Pressure gradient along the width of piston ring
Pressure gradient in circumferential direction of
a piston ring
𝜕𝑃/𝜕𝑧:
Pressure gradient through film thickness
𝑑ℎ/𝑑𝑥:
Film thickness gradient along the ring width
ℎ:
Film thickness
Film thickness at the entrance
ℎ1 :
Film thickness at the start of cavitation region
ℎ2 :
Film thickness corresponding to the maximum
ℎmin :
pressure
𝑃1 and 𝑃2 : Pressure at entrance and exit of ring face
𝑈:
Velocity of piston
𝑉:
Velocity of a ring in circumferential direction
𝑊:
Load on back of piston ring
𝜂:
Dynamic viscosity of the lubricant
𝜔:
Angular speed (rad/s).
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