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Abstract
The friction properties of a range of viscosity modifier-containing oils in an engine bearing have been studied in the hydro-
dynamic regime using a combined experimental and modelling approach. The viscometric properties of these oils were pre-
viously measured and single equations derived to describe how their viscosities vary with temperature and shear rate (Marx 
et al. Tribol Lett 66:92, 2018). A journal bearing machine has been used to measure the friction properties of the test oils 
at various oil supply temperatures, while simultaneously measuring bearing temperature using an embedded thermocouple. 
This shows the importance of taking account of thermal response in journal bearings since the operating oil film temperature 
is often considerably higher than the oil supply temperature. For Newtonian oils, friction coefficient measurements made 
over a wide range of speeds, loads and oil supply temperatures collapse onto a single Stribeck curve when the viscosity used 
in determining the Stribeck number is based on an effective oil film temperature. Journal bearing machine measurements 
on VM-containing oils show that these give lower friction than a Newtonian reference oil. A thermo-hydrodynamic model 
incorporating shear thinning has been used to explore further the frictional properties of the VM-containing oils. These 
confirm the findings of the journal bearing experiments and show that two key factors determine the friction of the engine 
bearing; (i) the low shear rate viscosity of the oil at the effective bearing temperature and (ii) the extent to which the blend 
shear thins at the high shear rate present in the bearing.

Keywords Friction · Engine bearing · Viscosity modifier · Viscosity index improver · Shear thinning · Hydrodynamic 
lubrication

1 Introduction

In previous work, the temporary shear thinning behaviour 
of lubricant blends containing various commercial viscosity 
modifier additives (VMs) was measured over a wide shear 
rate range at several temperatures [1]. It was found that for 
all but one of the VMs, the viscosity of a given blend at 
all shear rates and temperatures could be described by a 
single equation based on time–temperature superposition. 
The resulting shear thinning equations were then used to 
explore the impact of the VMs on plain bearing friction 
using an isothermal, 3D hydrodynamic lubrication model 
[2]. This showed that VMs can reduce friction in two ways, 

by increasing viscosity index, leading to a low viscosity at 
low temperatures, and via shear thinning which reduces 
effective viscosity in high sliding speed, high shear rate 
lubricated contact conditions [2].

The current paper describes a combined experimental and 
modelling study of the impact of temporary shear thinning 
of VM blends on the friction of a plain journal bearing. 
A journal bearing machine (JBM) supplied by PCS Instru-
ments, Acton, UK, is used to measure the hydrodynamic 
friction of a steadily loaded engine bearing, lubricated by 
some of the same VM blends characterised previously [1]. 
Friction is measured over a range of applied speeds, loads 
and oil supply temperatures.

In practice, plain journal bearings experience substan-
tial thermal effects during operation so that their oil film 
temperature is usually considerably higher than the oil sup-
ply temperature, and it is essential to take this into account 
when interpreting bearing friction measurements. To 
address this, the temperature of the bearing is monitored 
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using thermocouples. Alongside this, a 3D, thermal, hydro-
dynamic lubrication model of the bearing is employed to 
explore aspects of the thermal behaviour of the bearing not 
amenable to direct measurement. This allows JBM friction 
measurements to be compared with predicted friction for 
the VM blends studied, and thus to confirm experimentally 
the contribution of VMs to reducing hydrodynamic friction.

2  Background

Up to the mid-1970s, the temporary shear thinning behav-
iour of VM-containing engine oils was generally considered 
undesirable since it led to reduced hydrodynamic film thick-
ness and thus the possibility of increased engine wear [3]. 
It was then noted that multigrade engine oils gave lower 
friction and thus better fuel economy than single grade oils 
of the same summer grade and that this arose at least in 
part from the shear thinning properties of VM polymer-
containing oils [4]. In recent years, the ability of VMs to 
confer temporary shear thinning response and thus reduce 
hydrodynamic friction has become an important tool in the 
formulation of fuel-efficient engine oils [5, 6].

Until quite recently, one limitation in the study of the 
impact of temporary shear thinning on friction was that it 
was not possible to measure viscosities at shear rates above 
about  106  s−1, whereas the shear rates present in actual 
engine components can considerably exceed this value [7]. 
As demonstrated in a recent paper by the authors, this issue 
has now been addressed with the development of the ultras-
hear viscometer (USV) that is able to reach  107  s−1 without 
significant shear heating, enabling the development of reli-
able, isothermal viscosity-shear rate flow curves [1]. Using 
the USV, Warren et al. measured the viscosities of various 
model and formulated VM-containing oils up to high shear 
rate and compared these with film thickness and friction 
measurements in two journal bearing machines [8]. In most 
cases, the presence of shear thinning led to a reduction in 
friction compared to a base oil of comparable viscosity.

In principle, it should be straightforward to determine the 
impact of lubricant shear thinning on the friction of lubri-
cated components such as plain bearings by solution of the 
relevant hydrodynamic lubrication equations in conjunction 
with a viscosity–shear rate relationship. However in practice, 
there are a number of problems. As well as the difficulty of 
measuring viscosity at very high shear rates, a major issue is 
that considerable energy dissipation due to fluid film shear 
occurs in plain journal bearings. This means that hydrody-
namic analysis should incorporate both shear thinning and 
thermal effects and this requires a mathematical description 
of the dependence of lubricant viscosity on both shear rate 
and temperature, as well as a thermal model of the whole 
bearing. Another problem is the possibility, especially with 

low viscosity lubricants, of components operating in mixed 
lubrication, with a significant friction contribution from 
asperity contact. Yet another issue, which will be discussed 
later in this paper, concerns the extent to which the lubricant 
fills the bearing gap in the inactive, ambient pressure zone.

A number of studies have attempted to address some of 
the above issues. Taylor has measured the shear thinning 
curves of two formulated engine oils and employed fitted 
Cross shear thinning equations to explore the impact of shear 
thinning on friction using an isoviscous, short bearing model 
[7]. Ferron et al. have modelled the full thermal behaviour 
of hydrodynamic bearings to explore the impact of shear 
heating and lubricant viscosity on bearing temperature and 
eccentricity [9]. In a series of papers, Allmaier et al. studied 
engine journal bearing lubrication by combining experimen-
tal measurements of friction and bearing temperature with 
hydrodynamic models [10–14]. Initial work employed VM-
free oils but recently work on a formulated shear thinning 
oil has been reported [15]. This showed that it was essential 
to incorporate shear thinning effects to reliably predict fric-
tion performance. Unfortunately, the shear thinning meas-
urements on which the study was based were obtained using 
a quartz crystal viscometer and it is questionable whether 
such measurements are comparable to viscosity measured 
in high shear systems.

This paper describes a study of the impact of lubricant 
shear thinning on bearing friction using a combined experi-
mental and modelling approach. It is based on VM-contain-
ing lubricants whose shear thinning properties were fully 
characterised in [1]. After describing the experimental and 
modelling methods, results are presented in two sections. 
The first measures the friction of the bearing lubricated with 
a Newtonian oil and compares this with predicted friction 
in order to validate the approach. Interpretation is informed 
using a full thermo-hydrodynamic model. Then a series 
of VM-containing oils are studied in order to measure the 
impact of shear thinning on friction.

3  Test Oils and Viscometrics

In previous work, the authors investigated the temporary 
shear thinning properties of a base oil and a series of VM 
blends, all having the same HTHS viscosity of 3.7 mPa s (at 
 106  s−1, 150 °C) [1]. In the current work, a subset of these 
oils is studied, as listed in Table 1. The original oil codes 
used in [1, 2] have been retained. Oils #1, #4, #5, #7, and 
#10 are simple solutions of different VMs in the same 6 
cSt KinVis Group II base oil. Oil #11 has the same base oil 
but contains both a VM and a detergent-inhibitor package. 
Oil #18 is a mixture of PAOs blended to have an HTHS of 
3.7 mPa s and thus serves as a Newtonian reference oil.
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Further information on these oils can be found in [1].
The dynamic viscosity of all the above oils was meas-

ured over a wide shear rate range up to  107  s−1 as described 
in [1], and it was found that their viscosity versus shear 
rate behaviour at a given temperature could be described 
by the Carreau–Yasuda equation [16]:

where η is the dynamic viscosity of the fluid at shear 
rate �̇� ; ηo is the first Newtonian viscosity; �∞ is the second 
Newtonian viscosity (approximated to the viscosity of the 
blend’s base oil) and A; n and a are constants of fit.

It was also found that for all except oil #10, the shear 
thinning curves at different temperatures could be col-
lapsed onto a single curve by using time temperature 
superposition in which the shear rate is multiplied by a 
shift factor aT, to give a reduced shear rate, �̇�r = aT�̇� . The 
shift factor aT is a shift from a reference temperature, TR, 
(60 °C in this study) at which aT is taken to be unity, and 
is defined by Eq. 2 [17].

This allows a single reduced Carreau–Yasuda equation 
to be developed to describe how viscosity varies with both 
shear rate and temperature for a given VM blend:

where the three constants Ar, nr and ar are now best fits 
to the measured viscosity values of the blend at all shear 
rates and temperatures [1].

The above means that viscosity of a VM blend can be 
calculated at any shear rate and temperature of interest 
so long as (i) the reduced Carreau Yasuda contacts Ar, nr 
and ar are known for the blend and (ii) the low shear rate 
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viscosities ηo and �∞ are known or can be calculated at the 
temperature of interest and at the reference temperature.

Table 2 lists the reduced Carreau Yasuda constants of the 
VM blends studied in this work. As discussed in [1], oil #10 
did not show satisfactory time temperature superposition 
collapse using the shift factor expression in Eq. 2. This was 
addressed by allowing aT for this oil to vary with tempera-
ture empirically, based on experimental measurements at 
different temperatures. For oil #10, viscosity can be thus 
predicted by using the Carreau–Yasuda constants in Table 2, 
but multiplying the value of aT calculated from Eq. 2 by the 
factor 1, 1.3, 3.2, 3.7, 3.7 at 60 °C, 80 °C, 100 °C, 120 °C 
and 150 °C, respectively, and allowing this factor to vary 
linearly with temperature between these bounding values at 
intermediate temperatures.

The required values of low shear rate viscosities ηo and �∞ 
at both the temperature of interest and the reference temper-
ature of 60 °C can be straightforwardly calculated from the 
Vogel viscosity-temperature equation, Eq. 4, using the Vogel 
fit constants for each fluid and its base fluid as listed in Table 3.

To illustrate the data on which this study is based, Fig. 1a 
shows the individual viscosity measurements for oil #5 
plotted against the reduced shear rate at four temperatures, 
together with the line fit by Eq. 3. The ordinate of this graph 
is the normalised viscosity or shear stability index (SSI) 
defined as

(4)�o = a0e
bo∕(T−co)

Table 1  VM-containing oils 
(#1–#17) and the reference oil 
(#18) studied

SIP hydrogenated styrene isoprene, OCP olefin copolymer, PMA polymethacrylate, SBR hydrogenated sty-
rene butadiene, D dispersant, A amorphous

Oil VM type VM wt% DI pack DI pack wt% KV100C (cSt) VI Base oil type HTHS (mPa s)

#1 SIP1 11.5 – – 16.19 162 G-II 3.73
#4 SIP2 25.0 – – 19.91 183 G-II 3.70
#5 A-OCP 11.5 – – 13.60 153 G-II 3.69
#7 D-PMA 9.0 – – 12.54 191 G-II 3.70
#10 PMA 13.5 – – 11.40 276 G-II 3.77
#11 SIP3 15.7 D1 11.9 13.73 178 G-II 3.73
#18 None – – – 12.48 148 G-IV 3.70

Table 2  Reduced Carreau–
Yasuda constants for VM blends 
(reference temperature TR = 
60 °C)

Test oil Ar (µs) nr ar

#1 21.88 0.36 1.00
#4 68.39 0.47 1.00
#5 18.41 0.66 1.52
#7 21.13 0.75 2.26
#10 1.70 0.69 1.60
#11 39.36 0.75 2.50
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Figure 1b shows low shear rate measurements and Vogel 
best fits for oil #5 and also the base oil used in the VM 
blends.

4  Method: Journal Bearing Machine (JBM)

Friction tests were carried out using a Journal Bearing 
Machine (JBM), PCS Instruments, Acton, UK. The rig con-
sists of a lined steel shaft that rotates inside a commercial 
engine bearing shell, made up of two half-shells housed in a 
modified connecting rod. It is shown in Fig. 2.

Load is applied to the bearing via a lever arm and can 
either be a steady load or a transient one in which an addi-
tional load is applied on top of a continuous one using a 
rotating cam, as shown in Fig. 3. In the current study, steady 

(5)SSI =

(

� − �∞
)

(

�o − �∞
) .

load conditions were used. The load is transferred via a cou-
pling from which both the load and friction can be measured 
with strain gauge load cells. In practice, this set-up provides 

Table 3  Low shear rate Vogel 
constants of VM blends and 
component base oils

Test oil Vogel constants of test oil (to determine ηo) Vogel constants of corresponding base oil (to 
determine �∞)

Vogel ao (mPa s) Vogel bo (°C) Vogel co (°C) Vogel ao (mPa s) Vogel bo (°C) Vogel co (°C)

#1 0.11158 989.308 − 107.84 0.06322 883.001 − 103.24
#4 0.12945 1028.18 − 113.64 ““ ““ ““
#5 0.0844 1024.21 − 110.63 ““ ““ ““
#7 0.161106 850.124 − 105.28 ““ ““ ““
#10 1.13028 310.73 − 50.628 ““ ““ ““
#11 0.19964 770.535 − 92.505 ““ ““ ““
#18 0.04839 1193.38 − 124.72 – – –

Fig. 1  a Measured SSI versus reduced strain rate and Carreau–Yasuda best fit for oil #5. b Measured low shear rate viscosity versus temperature 
and Vogel equation best fits for oil #5 and base oil used in the VM blends

Fig. 2  Photograph of JBM
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almost but not quite perfect isolation of the normal applied 
force (load) from the lateral force (torque and thus friction), 
so that a small proportion of the load appears in the fric-
tion measurement. Because the friction coefficient is only ca 
0.001–0.01, this load contribution is significant. In order to 
eliminate it, two measurements are averaged with the shaft 
rotating in opposite directions, which has the effect of can-
celling the load contribution from the friction measurement.

In the current study, commercial Chrysler plain bearings 
(3.6 L, V6 engine) were used, of length L = 17.8 mm with 
shaft diameter, D = 59.5 mm. The radial clearance was 29 
µm. Tests were carried out at eight rotational speeds rang-
ing from 1000 to 3500 rpm, three loads in the range 1–3 kN 
(corresponding to bearing pressures of 1–3 MPa) and oil 
supply temperatures of 60, 80, 100 and 120 °C. Oil was sup-
plied at 150 kPa pressure. A new pair of bearing half-shells 
from a single batch was used for each test oil. This was run 
in with the test oil over a series of decreasing loads, 10 kN, 
7 kN, 5 kN, 3 kN. At each run-in load stage, the shaft was 
rotated in both directions at each of the eight test speeds.

Although oil is supplied at a controlled temperature, it is 
important when analysing plain journal bearing performance 
to appreciate that the actual oil film temperature can be quite 
different from the oil supply temperature. At 3000 rpm and 3 
kN load, the power loss in the bearing was typically 100 W 
in this study and this resulted in a rapid rise in bearing tem-
perature. The final, steady-state oil film temperature depends 
on the heat transfer properties of the bearing and its holder 
as well as on the oil supply temperature.

In order to monitor temperature and explore the thermal 
properties of the bearing, thermocouples were used in the 
JBM as illustrated in Fig. 3. Thermocouple A (TC A) is 
mounted between the bearing shell and the connecting rod 
housing at 90° from the applied load position. When the 
shaft rotates in a clockwise direction, the minimum film 
thickness moves round the bearing so that thermocouple A 
is in the cavitating zone at a bearing angle of 270°−ψ, where 
ψ is the attitude angle, as shown in Fig. 19a in the Appen-
dix. Thermocouple B (TC B) is located between piston rod 
and the loading system. A third thermocouple is placed in 
the test chamber close to the connecting rod to monitor the 

ambient temperature experienced by the latter’s outer sur-
face. The fourth thermocouple measures the oil supply tem-
perature and uses this via a feedback loop to stabilise this 
at a set value.

The experimental test protocol was as follows:

 (i) The test rig was cleaned and flushed eight times with 
300 ml of test oil before being filled with 500 ml of 
test oil.

 (ii) Oil supply temperatures of 120 °C, 100 °C, 80 °C, 
60 °C were studied in succession.

 (iii) For each oil supply temperature, the oil was circu-
lated while running the bearing at 3000 rpm and 3 
kN load until both the set oil supply temperature and 
the bearing temperature (measured by thermocouple 
A) stabilised. This generally took about 10–20 min.

 (iv) Friction was then measured at a series of applied 
loads and speeds.

It should be noted that because two friction measurements 
were made, with the shaft rotating in opposite directions, 
thermocouple A switched positions from being in the cavi-
tation region (at about 230°) to the active converging zone 
(at about 50°) as the shaft changed direction. This provided 
two measurements of temperature around the bearing. In this 
paper, only the measurement made in the cavitation region 
is utilised.

5  Shear Thinning Thermohydrodynamic 
Bearing Model

A finite difference-based 3D thermal model was used to 
analyse the hydrodynamic and heat transfer behaviour of 
the lubricated bearing. This is based on iterative solution 
of (i) a 3D generalised Reynolds equation to determine 
flow and pressure in the oil film, (ii) the reduced Carreau 
Yasuda equation to determine viscosity at local shear rate 
and temperature, (iii) the energy equation to determine the 
temperature distribution in the oil film and (iv) the Laplace 
equation to determine the heat flux through the bearing shell 

Fig. 3  Schematic of loading 
system
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and connecting rod holder. Further details of this model are 
provided in “Appendix”.

It is important to note that this model was not intended 
to simulate precisely the bearing under study, which would 
have required inclusion of the complex geometry of the con-
necting rod, as well as accurate thermal properties of all of 
the materials and measurement of the heat transfer proper-
ties of the relevant surfaces. Such simulation is feasible but 
was not within the scope of the study. Instead the model 
was based on an idealised cylindrical bearing geometry with 
representative heat transfer constants and was intended pri-
marily to inform on the general distribution of temperature 
in the bearing system and, as outlined in Sect. 6 below, to 
justify the use of an isothermal model based on an effec-
tive oil film temperature. However, it also provided a way to 
compare directly the impact of different VMs in a thermo-
hydrodynamic bearing.

6  JBM Study Using Newtonian Oils

Initial work was carried out with the Newtonian base oil #18 
to develop a test methodology for taking account of bear-
ing temperature. Figure 4 shows how friction varied with 
shaft speed at three loads and a fixed oil supply temperature. 
As expected, friction increases with speed and load. Tests 
also showed that friction reduced with increasing oil supply 
temperature at a given load and speed and was relatively 
insensitive to variations of load at fixed speed and oil sup-
ply temperature.

Figure 5 shows all the friction measurements made (at 3 
loads and 8 speeds at 80 °C, 100 °C and 120 °C and one load 
and 8 speeds at 60 °C) in classical Stribeck form of friction 
coefficient versus usηsupply/W, where us is the shaft surface 
speed, W is the applied load and ηsupply is the viscosity at the 

oil supply temperature. The measurements fall on separate 
curves, with friction coefficient values obtained at higher 
oil supply temperatures being greater than those measured 
at lower temperatures.

Figure 6 shows the same friction coefficient data plotted 
against the Stribeck number usηeff/W where ηeff is now the 
viscosity of the oil at the temperature measured by thermo-
couple A, between the bearing shell and its holder in the 
cavitation zone. This has the effect of collapsing the data 
onto a single curve, as expected from isothermal journal 
bearing theory. It confirms the importance of taking account 
of thermal effects when interpreting and predicting friction 
in journal bearing lubrication.

The thermo-hydrodynamic model was used to determine 
the temperature distribution in the lubricated bearing. This 
is illustrated in Figs. 7 and 8 for a bearing operating with oil 
#18 at 3000 rpm, 2 kN and 80 °C oil supply temperature. 
Figure 7 shows how the predicted mid-oil film tempera-
ture varies round the bearing. The oil film heats up in the 
converging region and then stabilises over most of the high 

Fig. 4  Influence of sliding speed on friction for oil #18 at 3 loads and 
120°C

Fig. 5  Friction coefficient versus usηsupply/W for oil #18  at all loads 
and speeds

Fig. 6  Friction coefficient versus usηeff/W for oil #18 at all loads and 
speeds; ηeff is the viscosity at temperature measured by thermocouple 
A during each test
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pressure and cavitation zone at a value of between 95 and 
96 °C. It then falls sharply as fresh oil at 80 °C is supplied 
to fill the gap. Since the eccentricity ratio is ca. 0.75, only 
about 15% of the originally supplied oil passes through the 
minimum film thickness, so 85% is supplied as fresh oil 
at 80 °C. Of note is the fact that the bearing temperature 
is quite constant over most of the load supporting region. 
This is primarily because the shaft temperature is constant 
in the circumferential direction, which imposes a stabilising 
boundary condition on the oil film.

Figure 8 shows how the predicted temperature varies 
through the oil film at one location of the bearing (mid line 

in the axial direction, and 235° around the bearing and thus 
in the cavitation zone very close to thermocouple A). The 
temperature profiles through both an oil film streamer and 
the bearing/connecting rod are shown (the depth scales are 
of course quite different for the two). This plot shows that the 
thermocouple A located just below the shell will measure 
a temperature slightly lower that the oil/bearing interface 
temperature and that the temperature variation across the 
bearing is small, as expected since the oil film is thin.

Because most of the thin film region of the bearing, 
where the bulk of the friction originates, is at quite con-
stant temperature, it is possible to use an isothermal solu-
tion to determine bearing friction, based on a single “effec-
tive temperature” and thus an effective oil viscosity. Such 
an isothermal, effective viscosity approach has been quite 
widely applied in bearing design [18, 19] and Allmaier 
suggested a weighted average temperature from four ther-
mocouples distributed around a bearing to determine the 
effective bearing temperature [13]. To test the validity of the 
isothermal approximation for the current study, the thermo-
hydrodynamic model was used to determine the bearing 
temperature distribution and friction over a wide range of 
conditions (1000–3500 rpm, 1 to 4 kN and 60 to 120 °C sup-
ply temperature) for both the reference oil #18 and a shear 
thinning oil #1. The predicted friction was then compared 
with the friction calculated using an isothermal model based 
on individual temperatures determined at various locations 
in the bearing from the full thermo-hydrodynamic model. 
It was found that the bearing temperature at the location of 
thermocouple A (i.e. 1. 4 mm below the oil/sleeve interface 
at a bearing angle of 270°-ψ) employed in an isothermal 
solution gave a friction prediction within 0.5% of that from 

Fig. 7  Predicted variation of mid-oil film temperature around bearing 
lubricated by base oil #18 at 3000 rpm, 2 kN load and oil supply tem-
perature 80 °C

Fig. 8  Predicted variation of temperature through the oil film and the 
sleeve/connecting rod at bearing angle 235° and y = 0. Bearing lubri-
cated by base oil #18 and operating at 3000 rpm, 2 kN load and oil 
supply temperature 80  °C, ambient temperature 70  °C. Location of 
thermocouple A shown

Fig. 9  Plot of predicted versus measured friction for all measured 
data. Predicted friction is calculated assuming the bearing is isother-
mal at the temperature measured by thermocouple A
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the full thermo-hydrodynamic solution for all conditions and 
oils tested.

Figure 9 shows the predicted bearing friction from the 
isothermal hydrodynamic model using the temperatures 
measured with thermocouple A plotted against the meas-
ured friction for all the measured friction values for Oil 
#18. Two sets of predicted friction values are shown, one 
assuming a full set of cavitation streamers as discussed in 
the Appendix and the other assuming absence of cavitation 
streamers. There is good agreement between measured fric-
tion and friction predicted assuming the presence of cavita-
tion streamers. These both validate the JBM measurements 
and also provide supportive evidence for the occurrence 
(and importance to friction) of cavitation streamers. At high 
friction, which corresponds to high-speed conditions, the 
measured friction falls slightly below the predicted friction. 
This is probably due to the inlet meniscus moving slightly 
upstream and/or some break-up of the cavitation streamers.

The above work using a Newtonian reference oil shows 
that bearing friction can be measured accurately using the 
JBM and also predicted using an isothermal approach based 
on an effective oil film temperature. Similar measurements 
and analysis were made on the relatively low viscosity base 
oil used in the VM-containing oils #1–#11 and showed 
equally good agreement between measurement and predic-
tion. This indicates that there is negligible contribution from 
boundary friction, which is perhaps unsurprising since the 
predicted minimum film thickness formed by this base oil 
(at 750 rpm, 3 kN load and 120 °C) was 1.2 µm, while the 
bearing roughness was less than 600 nm Rq.

7  JBM Study Using VM‑Containing Oils

Friction and bearing temperature were measured for the 
VM-containing oils over the same range of conditions as the 
reference oil. However, direct quantification of the impact of 
VMs on journal bearing friction is not straightforward since 
friction and temperature are coupled and both vary from test 
to test. Nor was it possible to ensure that the bearing always 
reached full thermal equilibrium. Friction values measured 
at the same speed and load for different oils are thus not 
directly comparable.

One approach is to use the measured temperature at ther-
mocouple A as an effective oil film temperature, as outlined 
in the previous section, and use this to determine the effec-
tive low shear rate viscosity of the test oil at that tempera-
ture. Friction coefficient can then be plotted against usηeff/W 
where ηeff is the effective viscosity at the mean bearing tem-
perature. This is shown for oils #1 and #4 in Fig. 10a, b. The 
best fit line to data of friction versus usηeff/W for reference oil 
#18 (from Fig. 6) is shown as a dashed line. It is clear that 
the VM-containing oils give considerably lower friction than 

the VM-free oil in these Stribeck-type plots. However, unlike 
the reference oil, the data do not collapse on to a single line 
but vary systematically with bearing speed. This is because 
the oils’ effective viscosities reduce with increasing shear 
rate and thus sliding speed.

Figure 11 compares the bearing friction of all the test oils 
at usηeff/W = 0.0001 at 3000 rpm based on best fits through 
all of the measured data at this bearing speed. This shows 

Fig. 10  Plots of measured friction coefficient versus the Stribeck 
number usηeff/W where ηeff is the low shear rate viscosity of the oil at 
the effective bearing temperature for all tests on a oil #1 and b oil #4

Fig. 11  Friction coefficient at usηeff/W = 0.0001  m−1 based on meas-
ured data at a bearing speed of 3000 rpm
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clearly that all six of the VM-containing oils in a 6 cSt base 
oil show considerably lower friction than the reference oil.

More detailed comparison of the various VM blends 
could only be made using the full thermo-hydrodynamic 
model to compare bearing temperature and friction for 
different blends at the same load, speed and oil supply 
temperature.

Figures 12, 13, 14 show the predicted maximum tem-
perature reached in the oil film, the friction coefficient 
and the minimum film thickness respectively for all the 
oils at 3000 rpm, 2 kN load and an oil supply temperature 
of 80 °C.

It is evident that all the VM-containing oils show both 
lower friction and consequently lower oil film temperature 
than the Newtonian reference oil, despite the latter having 
a smaller low shear rate viscosity. The VM-containing oils 
operate typically 2 to 4 °C lower than the reference oil and 
show between 10 and 15% lower friction. Film thicknesses 
of the VM-containing oils are also about 10–15% lower 
than the reference oil. Oils #1, #4 and #10 show the lowest 
friction.

Figure 15 shows how predicted bearing friction var-
ies with oil supply temperature for all of the test oils at 
3000 rpm and 2 kN load. Friction drops rapidly with oil 
supply temperature (and thus bearing temperature) for all 
oils, with oils #1, #4 and #10 showing the lowest friction in 
accord with Fig. 13. It should be noted that the friction val-
ues are not produced by oil films at the supply temperature 
shown, but at the considerably higher temperatures reached 
within the bearing. These are typically 80 °C, 95 °C, 110 °C 
and 130 °C at 60 °C, 80 °C, 100 °C and 120 °C oil supply 
temperature, respectively.

8  Discussion

The aim of this study was to explore the impact of viscosity 
modifier additives on friction in an engine bearing. How-
ever, bearing temperature rise plays a key role in control-
ling friction which means that, while tests can be carried 
out at a fixed oil supply temperature, it is not possible to 
conduct them at a controlled oil film temperature since oil 
film temperature and friction are coupled. Three essential 
components of the current work were therefore (i) the avail-
ability of a single equation for each VM blend (Eq. 3) that 
describes the dependence of viscosity on both shear rate 
and temperature; (ii) a bearing rig in which both friction 

Fig. 12  Maximum oil film temperature at 3000 rpm, 2 kN load, 80 °C 
oil supply temperature; from thermo-hydrodynamic model

Fig. 13  Calculated friction coefficient at 3000 rpm, 2 kN load, 80 °C 
oil supply temperature; from thermo-hydrodynamic model

Fig. 14  Calculated minimum film thickness at 3000 rpm, 2 kN load, 
80 °C oil supply temperature; from thermo-hydrodynamic model

Fig. 15  Variation of calculated friction with oil supply temperature at 
3000 rpm, 2 kN load; from thermo-hydrodynamic model
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and temperature can be measured; and (iii) a hydrodynamic 
model incorporating thermal and shear thinning behaviour.

In practice, it was not practicable to measure temperature 
of the actual oil film within the bearing, but the thermo-
hydrodynamic model shows that bearing friction can be pre-
dicted reliably based on an isothermal hydrodynamic model 
using a single temperature measurement from between the 
bearing shell and its holder in the cavitation zone. Based on 
this measured temperature, close fit between measured and 
predicted friction was obtained, as shown in Fig. 9. Inter-
estingly, the friction values measured appear to support the 
presence within the bearing of a full set of cavitation stream-
ers under most conditions. Figure 16 shows similar graphs of 
friction predicted from the isothermal model based on ther-
mocouple A plotted against measured friction for the VM-
containing oils #1 and #10. These show close agreement at 
low bearing speeds but, as also seen with oil #18, lower than 
predicted friction at high speeds. Again this may be due to 
movement of the inlet meniscus and/or some breakdown of 
cavitation streamers.

Figure 13 compares the predicted friction coefficients of 
the test oils at a fixed load, speed and supply temperature, 
and shows that the VM-containing oils give lower friction 
that the reference oil. It is important to recognise that this 
reduction in friction reflects, quite simply, a lower effec-
tive viscosity at the prevailing temperature and shear rate 
conditions in the oil film and that there are two factors that 
contribute to this low viscosity; (i) low shear rate viscosity 
and (ii) shear thinning. These two factors explain the consid-
erable difference in friction reduction of the test oils shown 
between Figs. 11 and 13. Figure 13 shows friction predicted 
from the thermo-hydrodynamic model, where both varia-
tions of low shear rate viscosity and shear thinning within 
the bearing are taken into account when calculating friction. 
However in Fig. 11, which incorporates the low shear rate 

viscosity of the oil at the bearing temperature, ηeff, in the 
Stribeck number, only the residual effect of shear thinning 
is shown.

Using the thermo-hydrodynamic model, it is straight-
forward to explore the impact of shear thinning on friction 
by comparing solutions in which shear thinning takes place 
with those when the same oil is not allowed to shear thin. 
This impact is defined as

Figure 17 shows the percentage friction reduction for the 
VM blends resulting from shear thinning, as predicted from 
the thermo-hydrodynamic model.

This matches Fig. 11 quite closely and shows that oils #1 
and #4 provide a large friction reduction due to shear thin-
ning while oil #10 shows minimal such friction reduction. 

(6)

Friction reduction due to shear thinning %

=
FNewtonian − Fshear thinning

FNewtonian

x100.

Fig. 16  Plot of predicted versus measured friction for all measured data for two VM-containing oils. Predicted friction is calculated assuming 
the bearing is isothermal at the temperature measured by thermocouple A

Fig. 17  Percentage friction reduction due to shear thinning at 
3000  rpm, 2 kN load, 80  °C oil supply temperature; from thermo-
hydrodynamic model
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Oil #10 shows very little shear thinning because, as dis-
cussed in [1], it has relatively little thickening power below 
100 °C and also it only shear thins significantly at very high 
shear rates.

Figure 18 compares the low shear rate viscosities of the 
test oils at the maximum prevailing oil film temperatures 
shown in Fig. 12. As might be expected these values paral-
lel quite closely the KV100 values listed in Table 1. Oils 
#1 and #4 have relatively high low shear rate viscosities 
and these negate to some extent the contribution of shear 
thinning to their friction reduction. Oil #10, because of its 
extremely high VI, has relatively low viscosity at the bearing 
temperature, which more than compensates for its minimal 
shear thinning.

The actual bearing friction shown in Fig. 13 results from 
a combination of the two factors shown in Figs. 17 and 18, 
shear thinning and low shear rate viscosity and, since these 
appear to be inversely correlated, mean that all of the VM 
oils produced quite similar friction values. Another factor 
driving this similarity is thermal feedback, where oils that 
give low friction produce less shear heating, so their bear-
ings run slightly cooler, which results in a higher viscosity 
and thus higher friction. This feedback process reduces the 
differences in friction between the oils in a thermo-hydro-
dynamic bearing but in practice has a relatively minor effect 
compared to the factors illustrated in Figs. 17 and 18.

It is of interest to consider why the magnitude of shear 
thinning and low shear rate viscosity are inversely corre-
lated for the VM-containing oils studied. This is simply 
because all the test oils were formulated to have the same 
value of 3.7 mPa s HTHS. To achieve this value at  106  s−1 
and 150 °C, those oils that shear thin strongly require higher 
values of low shear rate viscosity than those that shear thin 
relatively little.

Although this constraint imposes limits to how widely 
the friction properties of the VM-containing oils studied 
here can vary, the differences shown in Fig. 13 are still 

significant, with oils #1 and #10 giving 8–9% lower friction 
than oils #5 and #11. Without this constraint of requiring the 
same HTHS, it should be evident that for an oil to give low 
friction in an engine bearing it should combine low viscos-
ity at low shear rate, a very high VI (so as to maintain low 
viscosity down to low temperatures) and a large amount of 
shear thinning at high bearing speeds.

9  Conclusions

This study has demonstrated the effectiveness of the JBM 
for studying the hydrodynamic friction properties of 
engine lubricants. It has also highlighted the importance 
of measuring or calculating actual bearing temperature in 
order to interpret friction results, since these temperatures 
are often quite different from oil supply temperatures.

Engine friction increases rapidly with increasing shaft 
speed but relatively slowly with increasing load.

It has been found, both experimentally and by compari-
son with the predictions of a thermo-hydrodynamic bear-
ing model that an isothermal model incorporating shear 
thinning at an effective bearing temperature can be used to 
reliably predict bearing friction. The effective temperature 
is very close to the value measured using a thermocou-
ple between sleeve and holder at a bearing angle of 270° 
in the stationary, loaded bearing; (270°-ψ when the shaft 
rotates).

The coupling of friction and temperature makes it dif-
ficult to compare quantitatively the impact of VMs on fric-
tion in the JBM since tests cannot be easily performed at 
the same effective bearing temperature. However, a thermo-
hydrodynamic model incorporating shear thinning can be 
used to explore different VM blends. This is only possible 
because of (i) the availability of reliable measurements of 
viscosity up to  107  s−1 and (ii) the recent development of 
equations that describe the dependence of lubricant viscos-
ity on both shear rate and temperature. It shows that there 
are two main factors that can contribute to low friction in 
engine bearings; (i) low viscosity at low shear rate over the 
whole bearing temperature range of interest, which can be 
enabled a low viscosity base oil and a high VI and (ii) the 
ability to shear thin at the high shear rate conditions present 
in engine bearings.
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Fig. 18  Low shear rate viscosities of the test oils at their maximum 
oil film temperatures (shown in Fig.  12) at 3000  rpm, 2 kN load, 
80 °C oil supply temperature; from thermo-hydrodynamic model
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Appendix

A finite difference-based, 3D thermal model was used to 
analyse the hydrodynamic and heat transfer behaviour of 
the lubricated bearing. This was based on iterative solution 
of (i) a 3D generalised Reynolds equation to determine flow 
and pressure in the oil film, (ii) the reduced Carreau Yasuda 
equation to determine viscosity at local shear rate and tem-
perature, (iii) the energy equation to determine the tempera-
ture distribution in the oil film, (iv) the Laplace equation to 
determine the heat flux through the bearing shell and con-
necting rod holder.

Figure 19a shows the rotating bearing configuration at load 
W, rotor surface speed, us and attitude angle ψ. In the model, 
the sleeve and connecting rod holder are treated as a single 
material cylinder. The position of thermocouple A is shown. 
Figure 19b shows the unwrapped bearing and coordinate sys-
tem used.

3D Reynolds Equation

The 3D generalised Reynolds equation was employed to model 
the hydrodynamic behaviour of the oil film [20]. This allows 
viscosity to vary with local temperature and shear rate both 
across the bearing and through the film thickness. It has the 
form

where J and JR are given by

(7)
�

�x

(

�J
�p

�x

)

+
�

�y

(

�J
�p

�y

)

= us
d

dx

(

�JR
)

,

(8)

J =
J1zhJo − J1Jozh

Jo
, JR =

Jozh

J0
, J0 =

h

∫
0

1

�
dz, J1 =

h

∫
0

z

�
dz

z is the distance through the film from the bearing surface; 
η is the oil viscosity at (x, y, z), and ρ the oil density at (x, y). 
For simplicity, density was allowed to vary with temperature 
across the film but not through the thickness, a valid approxi-
mation since the temperature variation through the film was 
always small. Jozh and J1zh are double integral expressions of 
the viscosity through the thickness of the film h at each (x, y) 
location given by

where J0z =
z∫
0

1

�
dz , J1z =

z∫
0

z

�
dz.

Piezoviscous effects were taken to be negligible. Density 
was measured for all the test oils and decreased linearly with 
temperature:

ρ60 °C and k varied slightly from oil to oil but were typi-
cally 830 kg/m3 and 0.62, respectively.

Lubricant Shear Thinning

The viscosity was determined at each (x,y,z) location using 
the reduced Carreau–Yasuda equation:

where ηo is the first Newtonian viscosity; �∞ is the second 
Newtonian viscosity; �̇� is the shear rate; aT is a temperature 
dependent shift factor as defined by Eq. 2 and nr, ar and Ar 
are reduced Carreau Yasuda fit constants (Table 2).

The first and second Newtonian viscosities were calcu-
lated as the low shear rate viscosities of the blend and of the 

(9)Jozh =

h

∫
o

J0zdz, J1zh =

h

∫
o

J1zdz

(10)�T = �60◦C + k(60 − T).

(11)𝜂 = 𝜂∞ +
(

𝜂o − 𝜂∞
)(

1 +
(

AraT�̇�
)ar

)

(

nr−1

ar

)

,

Fig. 19  a Bearing configuration 
under load and b unwrapped 
bearing and coordinate system. 
Gap shape is h = c(1 + � cos �) , 
dh = − c� sin �d� , x = R�
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base oil respectively at temperature T using the Vogel equa-
tion with the constants ao, bo and co from (Table 3):

The local shear rate was determined from the local veloc-
ity gradient:

where

Within the main Reynolds equation solution, Eqs. 11, 13 
and 14 were solved iteratively at each location to establish a 
converged solution for the local viscosity; typically about 3 to 
4 iterations were needed.

Equations 7 to 14 were solved iteratively to determine the 
fluid film pressure using central finite difference, with the 
boundary conditions p = 0 at x = 0 and at y = ± L/2 and the 
conventional computing Reynolds exit boundary condition; if 
p < 0 p = 0, corresponding to p = 0, dp/dx = 0.

After convergence, friction was determined as that acting 
on the rotating shaft from

where τx the shear stress at the rotor wall. τx is given by

The term “full” in Eq. 15 denotes the regions of the bear-
ing that are locally full of oil. An issue in determining friction 
in journal bearings is whether the oil that passes through the 
minimum film region into the cavitation zone bridges the gap 
between the bearing and rotor to form cavitation streamers as 
shown schematically in Fig. 20, or whether it splits into separate 
coatings on the two surfaces. If the former, the streamers will 
substantially contribute to hydrodynamic friction. In this model, 

(12)a0e
bo∕(T−co).
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both possibilities were explored and it was assumed that no oil 
was lost from the cavitated region by side-flow. Figure 20 also 
shows the oil supply port that has moved to bearing angle − ψ, 
where ψ is the attitude angle adopted by the rotating shaft under 
load. The bearing was assumed to be filled with oil downstream 
of this port as shown and so as to contribute to Couette friction.

Energy Equation; Oil Film Temperature

The temperature distribution in the lubricant films was deter-
mined using the energy equation:

where T is the local temperature in the film, and ρoil, Coil 
and Koil are the density, specific heat and thermal conductivity 
of the lubricant, respectively. Convection in the z direction, and 
conduction in x and y directions were neglected (dT/dz = 0, 
 d2T/dx2 = 0,  d2T/dy2 = 0), as was compression heating. The 
left-hand term in Eq. 17 describes the convective heat transfer 
and the first on the right-hand side conduction, while the last 
expression is the energy dissipation due to shear. Within the 
first term, the dT/dz expression allows for transformation from 
polar to flat coordinates [9]. This was included but in practice 
was negligible.

Equation 17 was solved using forward finite difference 
starting in the inlet supply position, determined from the atti-
tude angle from the Reynolds solution as shown in Fig. 19. At 
this position, the temperature throughout the film was adjusted 
to allow for mixing with fresh oil at Tsupply to become

where Tcav is the mean oil film temperature of oil in the 
cavitated zone when it reaches the supply port; Qmin is the oil 
flow in the cavitated zone and Qsupply is the oil supplied at this 
position to fill the bearing. Qsupply is Qtot − Qmin, where Qtot is 
usliding.h1.L/2 where h1 is the gap at θ = 0 and L is the bearing 
length. Qmin is the flow through the minimum film thickness 
region given by

Boundary conditions were that the oil film temperature at 
the bush and rotor interfaces were the same as those of the 
bush and rotor surface, respectively.
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Fig. 20  Schematic diagram of regions of bearing that are full of oil
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Laplace Equation; Bush Temperature

Heat flow within the sleeve and connecting rod holder was 
calculated using the Laplace equation (Eq. 20), treating the 
combined sleeve and holder as simple cylindrical bush of one 
material.

This was solved using central finite difference with constant 
temperature gradient conditions across the oil/bush and bush/
air interfaces. The thermal gradient at the oil/bush interface 
was determined from continuity of heat flow:

where kbush and koil are the thermal conductivities of the 
bush and oil and the two temperature gradients are those 
within the bush and the oil respectively at the interface 
between the bush and the oil film.

The temperature gradient at the outer bush/air interface 
was determined by

where α is the heat transfer coefficient at the bush/air 
interface; Tbush/air is the bush temperature at this interface 
and Tamb is the ambient temperature.

Rotor Temperature

The rotor was taken to have the same temperature through-
out, as demonstrated by Dowson et al. [21]. The actual rotor 
temperature was assumed to be such as to result in no net 
into the rotor surface in contact with the oil [22], as shown 
in [23], where A is the area of the oil/bush interface and ϕ 
is the local fraction of oil film (unity in the active zone and 
< 1 in the cavitated zone). The alternative assumption of 
the rotor temperature being the same the mean bush surface 
temperature was also tested but gave similar temperature 
predictions.
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