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Abstract
In a companion paper, the temporary shear thinning behaviour of a series of viscosity-modifier (VM)-containing blends was 
studied over a wide shear rate and temperature range [Marx et al. in Tribol Lett, https ://doi.org/10.1007/s1124 9-018-1039-
5]. It was found that for almost all VMs the resulting data could be collapsed on a single viscosity versus reduced strain rate 
curve using time–temperature superposition. This made it possible to derive a single equation to describe the viscosity–
shear rate behaviour for each VM blend. In the current paper, these shear thinning equations are used in a Reynolds-based 
hydrodynamic lubrication model to explore and compare the impact of different VMs on the film thickness and friction of 
a lubricated, isothermal journal bearing. It is found that VMs reduce friction and especially power loss markedly at high 
shaft speeds, while still contributing to increased hydrodynamic film thickness at low speeds. The model indicates that VMs 
can contribute to reducing friction in two separate ways. One is via shear thinning. This occurs especially at high bearing 
speeds when shear rates are large and can result in a 50% friction reduction compared to the equivalent isoviscous oil at low 
temperatures for the blends studied. The second is via their impact on viscosity index, which means that for a set viscosity 
at high temperature the low-shear-rate (and thus the high shear rate) viscosity of a high-VI oil, and consequently its hydro-
dynamic friction, will be lower at low temperatures than that of a low-VI oil. The identification and quantification of these 
two alternative ways to reduce friction should assist in the design of new, fuel-efficient VMs.

Keywords Viscosity modifier · Viscosity index improver · Shear thinning · Bearing friction · Film thickness · Engine 
efficiency

1 Introduction

Viscosity modifier additives (VMs) are used to increase the 
viscosity index of lubricants and are key components of 
most crankcase engine oils. It is well known that their blends 
exhibit shear thinning at the high shear rates present in lubri-
cated contacts and that the resulting reduction in viscosity 
leads to thinner lubricant films and lower hydrodynamic fric-
tion than predicted in the absence of shear thinning.

In a companion paper, the temporary shear thinning 
behaviour of a series of VM-containing blends was inves-
tigated, including both simple solutions in base oil and full 

engine oil formulations [1]. It was found that, with one 
exception, time–temperature superposition could be used to 
derive a single equation to describe the viscosity of the VM 
blend at any shear rate and temperature for a given blend. 
Such an equation in conjunction with a hydrodynamic 
lubrication model makes it possible to explore the impact 
of VM additives on film thickness and friction in lubricated 
machine components.

This paper described the application of a generalised 
Reynolds equation to model hydrodynamic lubrication 
behaviour of a steadily loaded, isothermal engine journal 
bearing incorporating temporary shear thinning of the lubri-
cant. This enables the influence of the VM additive on both 
hydrodynamic film thickness and hydrodynamic friction to 
be predicted for the oils studied in [1], and the ways that 
VMs contribute to friction reduction to be determined.
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2  Background

Viscosity index improver polymers or viscosity modifiers 
(VMs) have been used as engine oil additives since the mid-
1930s and in recent years their application has extended to 
gear oils, automatic transmission fluids, greases and some 
hydraulic fluids [2]. Their primary role is to enhance the 
lubricant viscosity index of their blends [3–5]. This enables 
the development of multigrade engine oils that combine a 
reasonably low viscosity at low engine temperatures with 
sufficient viscosity at high temperature to produce effective 
hydrodynamic films in engine components.

Engine oil VMs can exhibit temporary shear thinning at 
the high shear rates present in engine components, including 
the ring pack and the journal bearings, and for many years 
this was considered undesirable since it leads to a reduction 
in hydrodynamic film thickness [6]. However, it is now rec-
ognised that in hydrodynamic lubricated contacts temporary 
shear thinning of engine oils is beneficial for fuel economy 
and that this may more than compensate for the negative 
impact of reduced film thickness [7, 8], though the effect of 
permanent shear thinning must also be considered [9].

In a companion paper, Part I [1], the temporary shear thin-
ning properties of a series of 17 VM blends were studied, all 
having the same HTHS viscosity of 3.7 cP (at  106 s−1, 150 °C). 
These are listed in Table 1 as oils #1 to #17. Ten were sim-
ple solutions of different commercial VMs in the same Group 
II base oil, while seven included a DI pack and can thus be 

considered to be fully formulated 15W/40 engine oils. Also 
studied was an additive-free Group IV base oil, #18, having 
the same HTHS as that of the VM blends. Further details of 
all of these oils are provided in [1].

The dynamic viscosity of all the VM-containing oils 
was measured 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 [10]:

where � is the dynamic viscosity of the fluid at the shear rate 
�̇� , �0 is the first Newtonian viscosity, �∞ is the second New-
tonian viscosity (approximated to the viscosity of the blend’s 
base oil) and A, n and a are the constants of fit. Figure 1 shows 
the viscosity shear rate results, together with Carreau–Yasuda 
best fits, for one of the test oils at four test temperatures.

It was also found that for all except one of the VM-con-
taining oils the shear thinning curves at different temperatures 
could be collapsed onto a single master curve using time–tem-
perature 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) [11]:

(1)𝜂 = 𝜂∞ +
(

𝜂0 − 𝜂∞
)

(1 + (A�̇�)a)

(

n−1

a

)

,

(2)aT =

[

�0 − �∞
]

(T)
[

�0 − �∞
]

(TR)

×
TR

T
.

Table 1  VM-containing oils 
(#1 to #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 (cP)

#1 SIP 11.5 – – 16.19 162 G-II 3.73
#2 SIP 26.0 – – 14.94 210 G-II 3.71
#3 SIP 10.0 – – 15.01 164 G-II 3.71
#4 SIP 25.0 – – 19.91 183 G-II 3.70
#5 A-OCP 11.5 – – 13.60 153 G-II 3.69
#6 A-OCP 13.5 – – 15.22 159 G-II 3.71
#7 D-PMA 9.0 – – 12.54 191 G-II 3.70
#8 A-OCP 11.5 – – 13.36 149 G-II 3.76
#9 SBR 24.0 – – 15.73 177 G-II 3.75
#10 PMA 13.5 – – 11.40 276 G-II 3.77
#11 VM in #2 15.7 D1 11.9 13.73 178 G-II 3.73
#12 VM in #2 17.2 D1 11.9 12.93 180 G-III 3.69
#13 VM in #2 19.7 D1 11.9 12.70 175 G-IV 3.68
#14 VM in #2 4.6 D1 11.9 12.58 131 G-II 3.73
#15 VM in #9 4.2 D1 11.9 12.64 127 G-II 3.70
#16 VM in #6 2.2 D1 11.9 12.99 126 G-II 3.73
#17 VM in #9 5.7 D2 12.35 12.73 130 G-II 3.72
#18 – – – – 12.48 148 G-IV 3.70
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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. Figure 2 shows the viscosity data in 
Fig. 1 transformed using this approach. SSI, the shear stabil-
ity index, is a normalised viscosity defined by

while the solid line shows the fit of SSI to 
(

1 +
(

AraT �̇�
)ar

)

(

nr−1

ar

)

 with Ar = 31 µs, nr = 0.60 and ar = 1.58.

(3)𝜂 = 𝜂∞ +
(

𝜂0 − 𝜂∞
)(

1 +
(

AraT �̇�
)ar

)

(

nr−1

ar

)

,

(4)SSI =

(

� − �∞
)

(

�o − �∞
) ,

The above means that the viscosity of a VM blend can 
be calculated at any shear rate and temperature of interest 
so long as (i) the reduced Carreau–Yasuda constants, Ar, nr 
and ar are known for the blend and (ii) the low shear rate 
viscosities �0 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 for 
all of the tested VM blends. As discussed in [1], oil #10 did 
not show satisfactory time–temperature superposition col-
lapse using the shift factor expression in Eq. (2). This can 
be addressed by allowing aT for this oil to vary with tem-
perature empirically, based on experimental measurements 
at different temperatures, rather than on Eq. (2). For oil #10, 
viscosity can thus be predicted using the Carreau–Yasuda 
constants in Table 2, but taking aT to be 1, 1.3, 3.2, 3.7 
and 3.7 at 60, 80, 100, 120 and 150 °C, respectively, and 
allowing it to vary linearly with temperature between these 
bounding values at intermediate temperatures.

The required values of low shear rate viscosities �0 and 
�∞ at both the temperature of interest and the reference tem-
perature of 60 °C can be straightforwardly calculated from 
the Vogel viscosity–temperature equation, Eq. (5), using the 
Vogel fit constants for each fluid and its base fluid as listed 
in Table 3.

3  Journal Bearing Model

This study models a commercial engine bearing of length 
L = 17.8 mm and shaft diameter D = 59.0 mm, correspond-
ing to an L/D ratio of ca 0.30. The radial clearance, c, was 

(5)�0 = a0e
b0∕(T−c0)

Fig. 1  Flow curves of oil #6 at four temperatures

Fig. 2  Shear stability index, SSI, versus reduced strain rate for oil #6

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
#2 78.52 0.64 2.50
#3 10.96 0.40 1.00
#4 68.39 0.47 1.00
#5 18.41 0.66 1.52
#6 30.90 0.60 1.58
#7 21.13 0.75 2.26
#8 19.72 0.67 1.80
#9 34.28 0.47 1.37
#10 1.70 0.69 1.60
#11 39.36 0.75 2.50
#12 31.99 0.75 2.13
#13 33.11 0.75 2.50
#14 24.27 0.88 2.50
#15 26.92 0.88 2.50
#16 26.92 0.88 2.13
#17 25.12 0.84 2.50
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29 µm. These dimensions were chosen since this bearing was 
also studied experimentally in a journal bearing machine 
using the same VM-containing test oils as the current paper, 
as will be reported in a future publication. Steady-load, 
isothermal conditions were analysed. Figure 3 shows the 
unwrapped bearing and coordinate system used.

To determine the influence of shear thinning in a lubri-
cated bearing, a hydrodynamic model is required that 
allows viscosity to vary within the fluid film. There are 
two principle ways of doing this. The simpler one uses 
the conventional Reynolds equation, Eq. (6), and allows 

the viscosity to vary across the bearing depending on the 
local shear rate, but not to vary through the thickness of 
the film. h, p and h are the pressure, film gap and viscos-
ity at location (x, y), respectively, while us is the rotating 
shaft surface speed and the sleeve is stationary. In this 
equation, and also in Eq. (7) below, the density is assumed 
constant and there is no squeeze term. This conventional 
Reynolds variable viscosity approach was widely used in 
the 1970s to model journal bearings allowing for thermal 
effects [e.g. 12]:

A more sophisticated approach, originally developed by 
Dowson [13] and known as the generalized Reynolds equa-
tion, allows viscosity to vary also through the thickness of 
the lubricant film using integral equations to calculate the 
fluid flow terms. It has the form:

where J and JR are given by

and J0 =
h∫
0

1

�
dz , J1 =

h∫
0

z

�
dz.

Here z is the distance through the film from the bear-
ing surface, η is the viscosity at (x, y, z) and J0zh and J1zh 
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Table 3  Low-shear-rate Vogel 
constants of VM blends and 
component base oils

Test oil Vogel constants of test oil (to determine �
0
) Vogel constants of base oil (to determine �∞)

Vogel ao (cP) Voge bo (°C) Vogel co (°C) Vogel ao (cP) Vogel bo (°C) Vogel co (°C)

#1 0.11158 989.308 − 107.84 0.06322 883.001 − 103.24
#2 0.31383 673.581 − 87.17 0.06322 883.001 − 103.24
#3 0.09507 1022.25 − 111.6 0.06322 883.001 − 103.24
#4 0.12945 1028.18 − 113.64 0.06322 883.001 − 103.24
#5 0.0844 1024.21 − 110.63 0.06322 883.001 − 103.24
#6 0.10288 995.216 − 108.31 0.06322 883.001 − 103.24
#7 0.161106 850.124 − 105.28 0.06322 883.001 − 103.24
#8 0.08168 1025.42 − 110.11 0.06322 883.001 − 103.24
#9 0.10438 1021.68 − 113.94 0.06322 883.001 − 103.24
#10 1.13028 310.73 − 50.628 0.06322 883.001 − 103.24
#11 0.19964 770.535 − 92.505 0.06322 883.001 − 103.24
#12 0.14727 858.854 − 102.66 0.05961 923.484 − 111.03
#13 0.09726 999.662 − 115.6 0.04642 1025.33 − 122.46
#14 0.0646 1054.26 − 108.11 0.05863 971.583 − 103.46
#15 0.07005 1025.97 − 105.35 0.05863 971.583 − 103.46
#16 0.06667 1045.59 − 106.07 0.05863 971.583 − 103.46
#17 0.07264 1021.2 − 105.47 0.05969 1031.48 − 105.77
#18 0.04839 1193.38 − 124.72 – – –

Fig. 3  Elevation and plan views of unwrapped bearing
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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 and J1z =

z∫
0

z

�
dz.

Equation 7 reduces to Eq. (6) when the viscosity is taken 
to be independent of z in the integral expressions for J1z, J0z, 
J1zh and J0zh.

This generalised Reynolds equation has been widely 
used to model thermal bearings [13–15] and has also been 
employed to explore the impact on film thickness and fric-
tion of thick, viscous boundary films [16, 17].

All of the results reported in this paper were obtained 
using the generalised Reynolds equation, Eq. (7). This was 
solved 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.

The viscosity was determined at each (x, y, z) location 
using the reduced Carreau–Yasuda equation (Eq. 3) and the 
shear rate was determined from the local velocity gradient:

where

Within the main solution, at each location Eqs. (10), (11) 
and (3) were solved iteratively to establish a converged solu-
tion for the local viscosity; typically about 3 to 4 iterations 
were needed.

Friction was determined as that acting on the rotating 
shaft from

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

The term “full” in Eq. 12 indicates that the integration 
was made over the region of the bearing that was full of oil. 
This raises a significant problem in determining the fric-
tion in hydrodynamic bearings, where cavitation occurs 
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when the pressure falls to zero just after the minimum film 
thickness. Two questions arise: (a) Where does the cavitated 
zone reform as an inlet meniscus? (b) Does the oil passing 
through the minimum form streamers that bridge the gap 
between the rotor and the bush, in which case they will con-
tribute to friction, or does it split into separate films on the 
converging surfaces of the rotor and bearing?

Concerning (a), it is often assumed either that oil fills 
the whole bearing or that it fills half of the bearing from 
the maximum film thickness position θ = 0 (x = 0). The lat-
ter fails, however, to take account of the fact that the rotor 
position moves from the applied load line to establish an 
attitude angle, which in this study was generally about 30° 
to 50°. This means that during steady running the oil inlet 
port, which is generally at θ = 0 when the bearing is station-
ary, is about 40° upstream of the maximum film thickness. 
The current study assumes that the inlet meniscus forms 
as a straight line across the bearing length at this upstream 
position based on the calculated attitude angle.

Issue (b) above is more problematic and can have a con-
siderable effect on the overall friction, with a full set of 
streamers adding 30–40% to the total friction. In this study, 
the friction values given are based on the assumption that 
streamers are present in the cavitated zone, as noted in many 
studies [18]. This assumption is arbitrary, but since most 
friction originates from Couette shear, assuming similar wet-
ting properties, the absence of streamers is likely to result in 
a similar proportionate decrease in friction for all test oils. 
The proportion of the bearing length bridged by streamers 
at gap h was calculated by integrating the flow through the 
minimum film region of the bearing and allowing this to 
fill a fraction of the downstream region based on the local 
gap, i.e. assuming no loss of fluid downstream of the mini-
mum film thickness. For the VM-containing oil, shear thin-
ning was assumed to occur in the streamers based on the 
local velocity gradient, du/dz, with viscosity determined by 
Eq. (3).

At the loads, speeds and viscosities used, the highest 
pressure reached was ca 15 MPa implying a very small and 
localised piezoviscous contribution. In the current paper, 
this is neglected since it will influence all the oils similarly 
and the interest was only to compare the different VMs.

4  Results

Figure 4 shows the pressure, Couette friction and Poiseuille 
friction maps across the bearing lubricated with oil #4 at a 
speed of 3000 rpm, load of 2 kN and temperature of 100 °C. 
In all cases, the rotating shaft moves from the left to right 
so the pressurised or “active” zone is in the left half of the 
map. The friction is shown as positive when it acts against 
the shaft rotation. The Couette friction originates from the 
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first term in Eq. (13) and the Poiseuille friction from the 
second term. In the Couette friction map, the effect of the 
streamers is not shown but the friction due to the shift of 
the inlet supply location as the bearing rotates under load is 
indicated. The Poiseuille friction on the shaft acts to brake 
the shaft when dp/dx is positive and then to accelerate it 
when dp/dx is negative.

Figure 5 shows the predicted influence of shear thinning 
on minimum film thickness, ho, and friction, F, for the test 
bearing lubricated by test oil #6 over a range of bearing 
speeds at 2 kN load and 80 °C. Also shown are the film 
thickness and friction predicted where oil #6 does not show 
any shear thinning (i.e. based on its �0 value) and those of 
its VM-free base oil. Both film thickness and friction are 
reduced significantly when shear thinning occurs, especially 
at high bearing speeds.

The practical effect of this shear thinning is actually con-
siderably greater than that shown in Fig. 5 since the bearing 
power loss is the product of friction and bearing speed. Fig-
ure 6 shows the variation of power loss with bearing speed 

and it can be seen that the effect of shear thinning becomes 
quite large at high speeds.

Figure 7 shows the cross-plots of friction versus mini-
mum film thickness for the bearing lubricated with oil #6 at 
80 °C and 2 kN load over a range of bearing speeds, com-
paring predictions when the VM solution shear thins and 
when it does not. It can be seen that the relationship between 
friction and film thickness is only very slightly dependent on 
shear thinning, i.e. shear thinning influences the both simi-
larly. The practical effect of shear thinning is to reduce both 
friction and film thickness at high sliding speeds.

Figure 8 shows the influence of load on the friction of the 
bearing lubricated by oil #6 at 3000 rpm and 80 °C. Shear 
thinning reduces friction greatly, especially at high loads. 
However, the film thickness debit resulting from shear thin-
ning is relatively insensitive to applied load.

Figure 9 shows how film thickness and friction vary with 
oil temperature at 3000 rpm and 2 kN load. A reduction of 
friction due to shear thinning occurs at all temperatures but 
becomes particularly marked at low temperature, to reach a 
30% reduction at 60 °C.

Fig. 4  Maps to illustrate a fluid pressure, b Couette friction and c 
Poiseuille friction for bearing at 3000  rpm, 2  kN load and 100  °C, 
lubricated by oil #4

Fig. 5  Variation of friction and minimum film thickness with shaft 
speed for shear thinning oil #6, its isoviscous equivalent and its base 
oil, all at 80 °C and 2 kN load

Fig. 6  Variation of power loss with shaft speed for shear thinning oil 
#6 and its isoviscous equivalent, both at 80 °C and 2 kN load
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Figures 10 and 11 compares the predicted friction of all 
of the simple VM blends at 60 °C and 120 °C, respectively. 
All VM-containing oils give lower friction than the refer-
ence oil at both temperatures. At 60 °C, there are consid-
erable differences between the VM-containing oils, with 
a 22% difference at 3500 rpm between the one with the 
lowest friction (oil #10) and the highest (oils #5 and #8, 
which are superimposed). At 120 °C, there is less differ-
ence since all oils have the same HTHS and the tempera-
ture of 120 °C is approaching 150 °C at which HTHS is 
measured. However, at 3000 rpm there is still a difference 
of 8% between the highest (oils #5 and #8) and the lowest 
(oil #2).

Figure 12 compares friction at 3000 rpm and 3 kN at 
60 and 120 °C for all of the test oils. At 60 °C, some of 
the blends approach the very low friction of the base oil 
#1–11b, the base of oils #1 to #11. The four fully formulated 
oils #14 to #17 give higher friction than the others due to 
their relatively high-viscosity base oil. At 120 °C, all the 

Fig. 7  Variation of friction with minimum film thickness over a range 
of shaft speeds for shear thinning oil #6 and its isoviscous equivalent 
at 80 °C and 2 kN load

Fig. 8  Variation of minimum film thickness and friction with load for 
shear thinning oil #6 and its isoviscous equivalent at 3000  rpm and 
80°C

Fig. 9  Variation of minimum film thickness and friction with tem-
perature for shear thinning oil #6 and its isoviscous equivalent at 
3000 rpm and 2 kN

Fig. 10  Friction of test oils at 3 kN load and 60 °C

Fig. 11  Friction of test oils at 3 kN load and 120 °C
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VM-containing oils give quite similar friction, as expected, 
since they are all formulated to the same HTHS.

Figure 13 makes use of the time–temperature superpo-
sition-based shear thinning equation, Eq. (3), to compare 
the effect of temperature on friction for the ten simple VM 
blends. Also shown are the base oil and the reference oil #18. 
For oil #10, which did not obey time–temperature superposi-
tion, the line is calculated based on the assumption that aT 
varies linearly between the values calculated from the fits at 
60, 80, 100 and 120 °C as described in Sect. 2. The curves 
above 120 °C are shown as dashed since they are extrapola-
tions. There are considerable differences in friction between 
the VMs at low temperatures, but except for the base oil the 
values appear to converge at 150 °C, as might be expected.

5  Discussion

5.1  Film Thickness

Ideally, the addition of a VM thickener should increase vis-
cosity (and thus film thickness) at low bearing speeds, when 
film thickness and thus shear rate are low, but shear thin to 
reduce friction and power loss at high speeds when a thick 
film will be formed by virtue of the high speed. One issue 
of interest is therefore the extent to which the addition of a 
VM to a low-viscosity base oil enhances oil film thickness 
at low bearing speeds.

Figure 14 shows the minimum film thickness at two, very 
low, shaft speeds and 3 kN load for all the test oils. At the 
shaft speeds of 10 rpm and 100 rpm (corresponding to the 
sliding speeds of 0.03 and 0.3 m s−1), the VM-containing 
oils form films of similar thickness to the reference oil, indi-
cating that there is very little effect due to shear thinning. 
At these film thicknesses, the maximum shear rate experi-
enced by the polymers solutions is ca 6 × 105 s−1 at 10 rpm 
and 7 × 105 s−1 at 100 rpm, whereas it is ca 2.5 × 106 s−1 at 
3000 rpm. The VMs are thus performing their desired role 
of shear thinning to reduce friction at high bearing speeds, 
but not shear thinning enough to detrimentally reduce film 
thickness at low bearing speeds.

5.2  Origins of friction reduction with VM blends

Figures 10, 11, 12 and 13 show the very significant impact 
on friction of VMs, especially at low temperature. They sug-
gest that a VM additive can reduce friction in two separate 

Fig. 12  Friction of test oils at 
3000 rpm, 3 kN load and two 
different temperatures: a 60 °C 
and b 120 °C

Fig. 13  Variation of friction with oil temperature for VM blends #1 to 
#10. Shaft speed = 3000 rpm, applied load = 3 kN
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ways, by shear thinning and by an increase in viscosity 
index. This is indicated in the 60 °C histogram in Fig. 12. Oil 
#4 gives low friction because it shear thins relatively easily, 
so that at high shaft speeds and thus shear rates it gives low 
hydrodynamic friction. However, oil #10 shows low friction 
because it has a very high viscosity index, which means that, 
since all the oils have the similar viscosity at 150 °C, it has 
a relatively low viscosity at lower temperatures. These two 
different methods by which VMs may reduce friction have 
been previously noted by Taylor [19].

Figure 15 shows an attempt to quantify these two dif-
ferent friction reduction contributions for oils #1 to #10 at 

3000 rpm, 2 kN load and 60 °C. The friction reduction due 
to shear thinning was quite straightforwardly evaluated using 
the bearing model to calculate friction for each oil (i) allow-
ing shear thinning, Fshear thinning, and (ii) based on the low-
shear-rate viscosity of the oil at 60 °C, Fisoviscous. Friction 
reduction is then given by Eq. (13):

For the VM solutions #1 to #10, this friction reduction 
ranges from 55% to less than 5% and varies roughly with the 
relaxation times listed in Table 7, i.e. oils with long relaxa-
tion times show most shear thinning and so most friction 
reduction.

It is less straightforward to estimate the friction reduction 
resulting from the increase of VI due to the addition of poly-
mer since the oils were blended to have the same HTHS rather 
than the same low-shear-rate viscosity and are thus not directly 
comparable. As an approximate estimate, the theoretical fric-
tion at 60 °C assuming no shear thinning, Fisoviscous, was com-
pared with the value for an oil having the same low-shear-rate 
dynamic viscosity at 150 °C as the test oil but with VI = 120, 
Fisoviscous,VI=120. The percentage friction reduction at 60 °C due 
to VI increase is then

(13)

Friction reduction due to shear thinning %

=
Fisoviscous − Fshear thinning

Fisoviscous

× 100.

Fig. 14  Minimum oil film thick-
ness of test oils at low speeds, 
3 kN load and 120 °C

Fig. 15  Estimated friction reduction due to (i) shear thinning and (ii) 
VI increase for ten VM solutions at 60 °C, 3000 rpm and 2 kN load
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It can be seen, as expected, that most of the low friction of 
oil #10 at 60 °C originates from its low value of low-shear-
rate viscosity at that temperature due to its very high VI. 
Oils #2, #4 and #7 also have a considerable contribution to 
friction reduction from their high VIs. By contrast, oils #5, 
#6 and #8, which have relatively low VIs, obtain almost all 
of their friction reduction from shear thinning. With respect 
to the VMs themselves, oils #5, #6 and #8 contain the three 
linear OCPs, while oils #4 and #9 are both linear diblocks 
that show a combination of considerable shear thinning and 
relatively high VI.

As the confirmation of the general validity of this split of 
friction reduction into two components, Fig. 16 shows the 
calculated overall bearing friction at 60 °C, 3000 rpm and 2 
kN load plotted against the sum of the two friction-reducing 
components shown in Fig. 15. There is a good inverse corre-
lation between friction and the estimated friction reduction.

6  Conclusions

Using a hydrodynamic lubrication model applied to an 
engine bearing in conjunction with the experimentally 
measured viscosity versus shear rate curves, it is found that 
viscosity modifier additives (VMs) reduce friction and espe-
cially power loss markedly at high shaft speeds while still 
contributing to increased hydrodynamic film thickness at 
low speeds.

The model indicates that VMs can contribute to reducing 
friction in two separate ways: One is via shear thinning. This 

Friction reduction due to VI increase %

=
Fisoviscous,VI=120 − Fisoviscous

Fisoviscous,VI=120

× 100.

occurs especially at high engine speeds when shear rates are 
high and can result in a 50% friction reduction at low tempera-
tures for the blends studied. The second is via their impact on 
viscosity index, which means that for a set viscosity at high 
temperature (HTHS), the viscosity of a high-VI oil and thus its 
hydrodynamic friction will be lower at low temperatures than 
that of a low-VI one. This insight should assist in the develop-
ment of fuel-efficient VM additives and their informed use.
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