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a b s t r a c t

Low temperature fluidity is important for lubricating oil. Viscoelastic solid transition temperature at

atmospheric pressure TVE0 represents the low temperature fluidity of lubricating oil, which is estimated

from the occurrence of photo elastic effect by lowering the temperature using liquid nitrogen. Sound

velocity in lubricating oil is measured using Sing around technique. Then the adiabatic Bulk modulus K

is calculated from the measured sound velocity. A relation is found between the adiabatic bulk modulus

and the viscoelastic solid transition temperature of lubricating oil. The relation depends on the

molecular structure of lubricating oil. The oils of a group belong to almost same molecular structure,

follows the same relation. For same molecular structure TVE0 decreases as decreasing the adiabatic bulk

modulus of lubricating oil. It is also found that, the viscoelastic solid transition temperature of blend oils

can be predicted from the base oils’ TVE0 and K.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Low temperature behavior of lubricating oil is essential for
many applications such as at automobile cold start engine, aircraft
or space mechanism, wind turbine, etc. Low temperature fluidity
is an important parameter for the selection of lubricating oil. The
pour point is an indicating parameter of low temperature fluidity,
which is defined in ASTM–D-97-39 as the lowest temperature at
which the oil will pour or flow when it is chilled without
disturbance under definite prescribed conditions. Bondi [1]
reported that a large number of oils show glassy solidification
due to higher viscosity at the pour point. Viscoelastic solid
transition temperature TVE also represents the low temperature
fluidity of lubricating oil. The physical and practical significance of
viscoelastic solid transition temperature is much better than the
pour point.

Recently, Sharma and Stipanovic [2] reported a process for
predicting low temperature rheology using nuclear magnetic
resonance spectroscopy and mass spectrometry. They found the
effect of hydrocarbon base oil composition on the low tempera-
ture rheology of lubricants. Ohno [3] reported that the TVE0 is
related with free volume and free volume also related with
tangential bulk modulus (KT). There is a well-known relation
between tangent bulk modulus KT and adiabatic bulk modulus K,
which can be expressed as K=gKT, where g is the ratio of specific
heat at constant pressure and constant volume [1]. From the
ll rights reserved.
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study, it is found that there is a relation between sound velocity
and the adiabatic bulk modulus. In this study, it is investigated
experimentally to find out a relation between the viscoelastic
solid transition temperature and the adiabatic bulk modulus of
lubricating oils.

In the previous study, viscoelastic solid transition temperature
is estimated from the occurrence of photo elastic effect by
lowering the temperature using liquid nitrogen [4]. The same
technique is applied in the current study. The measurement is
quite difficult and requires low temperature apparatus for
handling the liquid nitrogen. Again, Calculating the adiabatic
compressibility or adiabatic bulk modulus from sound velocity is
a well-established practice [5–7]. The compressibility and density
are combined using Urick equation [8], which was based on an
idea suggested by Wood [6]. Kondo et al. [9] combines optical
interferometry from ultrasonic pulse echo reflection coefficient
techniques to determine bulk modulus of entrapped films.
Recently, ultrasonic wave was also used for measuring viscosity
of thin lubricant films [10]. It can conclude from the above studies
that, sound velocity is directly related to the bulk properties of
any substance. In this study, bulk modulus has been calculated
from the sound velocity in the lubricating oil.
2. Experimental details

2.1. Sample oil

Several kinds of lubricating oils from different groups were
tested. List of tested oils and their physical properties are given in
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Table 1
Physical properties of tested oils.

Group Oil name Density r (g/cm3) Kinematic viscosity n
(mm2/s)

15 1C 40 1C 100 1C

Paraffinic mineral P60N 0.8552 8.02 2.38

P150N 0.8620 29.93 5.28

P500N 0.8716 89.79 10.99

PBSN 0.8772 379.30 29.10

Naphthenic mineral N1200 0.9046 228.20 15.70

Traction SN32 0.9140 30.95 4.44

SN100 0.9289 99.50 7.94

CVTF 0.9579 32.06 5.56

BBPH 0.9280 40.57 4.78

SNHV 0.9895 311.00 12.10

Polyalphaolefin PAO32 0.8270 30.50 5.90

PAO68 0.8305 71.84 11.41

Ester EsterA 1.0653 31.44 4.69

Ester B 1.2268 25.56 3.61

Ester C 1.1657 17.85 3.16

Ester D 1.1523 18.23 3.67

Ester+PMA 1.0610 44.47 6.88

Phos. Ester 1.1766 21.86 3.73

DOS 0.9170 11.56 3.24

Fig. 1. Sing around device and Sing around circuit for sound velocity measure-

ment: (a) Sing around device with temperature control bath and (b) Sing around

circuit.
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Fig. 2. Changes of sound velocity U in lubricating oil with temperature T.
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Table 1. Blends of disebacate (DOS), benzylbiphenylhydride
(BBPH), a bridged ring compound (SNHV) and a paraffinic
mineral oil (PBSN) are also considered in the study. Hayashi
et al. [11] also used the same blend oils in their study.

2.2. Sound velocity in lubricating oil

Sound velocity is measured using the Sing around UVM-2
device (Cho-Onpa Kogyo Company, Japan). The device also has an
oil container with 2 ultrasonic transducers. The Sing around
device and the Sing around circuit have shown in Fig. 1. The basic
principle of this device is the ultrasonic wave pulse launches from
the transmission oscillator. The wave pulse propagates in the
sample, and then receives to the reception oscillator. The
ultrasonic wave pulse converts into mono pulse after amplifying
the auto gain control. Then it passes through the delay circuit and
receives again the supersonic wave pulse. Sing around device
displays total propagation time of the cycle including delay time.
It also displays the delay time of the circuit. The propagation time
of the sample inside is calculated from the difference between the
above mentioned times of a cycle when propagation becomes
steady. A sing around software using PC 98 series computer check
the steadiness of the propagation. Sound velocity in lubricating oil
is measured from the propagation time in the sample oil and the
distance between 2 ultrasonic transducers in the oil container.

Sound velocity U in sample oils is measured at different
temperatures. A temperature control bath is used to control the
temperature. The change of sound velocity with temperature for
one sample of each group of lubricating oil is shown in Fig. 2. It
shows that the sound velocity decreases with the increases of
temperature.

Adiabatic compressibility or adiabatic bulk modulus of sample
oils is calculated from the sound velocity using the Wood
equation [6]:

U ¼
1ffiffiffiffiffiffiffi
rb

p ¼

ffiffiffiffi
K

r

s
ð1Þ

where U is the sound velocity (m/s), b is the compressibility
(Pa�1) which is reverse of adiabatic bulk modulus K (Pa) and r is
the density (kg/m3). The density of the sample oils is measured
using a digital density meter (Model: DA-130, Kyoto Electronics
Manufacturing Co. Ltd., Japan).
2.3. Low temperature fluidity

Experimental setup of viscoelastic solid transition temperature
at atmospheric pressure (TVE0) measurement is shown in Fig. 3(a).
The setup consists of a CCD (charge coupled device) camera, a
DVD recorder that records the observation, TV for display and an
apparatus for handling liquid nitrogen. The viscoelastic solid
transition can directly observe from the display. In the
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Fig. 3. Experimental view of TVE0 measurement of Ester A: (a) experimental setup,

(b) at the beginning, 0 1C and (c) photoelastic appear at �58 1C.
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Fig. 4. Changes of air bubble diameter at TVE0 measurement for Ester A.

Table 2
Experimental values of tested oils.

Group Oil name Sound

velocitya

U (m/s)

Adiabatic

bulk

modulusa K

(GPa)

Viscoelastic

solid

transition

temperature

TVE0 (1C)

Paraffinic

mineral

P60N 1370 1.57 �46

P150N 1408 1.68 �36

P500N 1432 1.75 �26

PBSN 1457 1.83 �36

Naphthenic

mineral

N1200 1456 1.89 �29

Traction SN32 1453 1.89 �70

SN100 1472 1.95 �56

CVTF 1437 1.93 �77

BBPH 1476 1.98 �62

SNHV 1460 2.06 �52

Polyalphaolefin PAO32 1382 1.55 �82

PAO68 1395 1.59 �84

Ester EsterA 1412 2.09 �58

Ester B 1402 2.37 �32

Ester C 1414 2.30 �38

Ester D 1375 2.14 �54

Ester+P-

MA

1396 2.03 �58

Phos. Ester 1375 2.19 �52

DOS 1361 1.66 �99

a Sound velocity and adiabatic bulk modulus are at 40 1C temperature.
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experiment, an air bubble is inserted into the sample oil, which is
covered by two glass plates. Fig. 3(b) represents the experimental
view of sample oil with air bubble at the beginning of
measurement. The diameter of the air bubble apparently
expands due to contraction of liquid by means of cooling. Thus
expanded bubble generates tensile stresses along its interface of
test oil under solidified condition. At the same time, the
photoelastic effect appears at dark polarized field as shown in
Fig. 3(c). This enables the stress analysis and estimation of
mechanical properties of the solidified fluid [12]. The
temperature, when the photoelastic effect occurs, is identified as
viscoelastic solid transition temperature (TVE0) of the sample oil
at atmospheric pressure. The expansion of air bubble diameter
with temperature for ester A is presented in Fig. 4 with point out
the TVE0.
3. Results and discussion

Viscoelastic solid transition temperature of lubricating oil has
physical significance on lubricant’s rheology. Solidification as
viscoelastic solid or an elastic–plastic solid occurs when the value
of TVE–T exceeds the critical value TVE–T40 (where TVE is the
viscoelastic solid transition temperature at pressure p; and T is
the oil temperature) [13]. Viscoelastic solid transition tempera-
ture at pressure p of oil is obvious from the tangent bulk modulus.
Again, lubricant’s liquid–solid phase behavior can be known from
its viscoelastic solid transition temperature at different pressures
[4]. Ohno et al. [14] showed the dependency of the squeeze out
time of entrapped oil film at EHL experiment on the phase
diagram parameter TVE–T. In this study, all experiments are
conducted at atmospheric pressure.

Experimental results of viscoelastic solid transition tempera-
ture at atmospheric pressure TVE0, sound velocity U and calculated
adiabatic bulk modulus K for all samples are presented in Table 2.
TVE0 of the sample oils and K at 40 1C of corresponding oils are
plotted in Fig. 5. It also represents the relation between them. The
viscoelastic solid transition and the bulk modulus of oil are
related with its molecular structure [15]. A linear relation exhibits
between the TVE0 and K for the same group of oils based on
molecular structure. For the lower bulk modulus, viscoelastic
solid transition temperature also shows the lower value. In the
case of different molecular structure of sample oils, it is not
merged the relation. Naphthenic and paraffinic mineral oils have
almost similar molecular structure comparing with other and
they follows almost the same relation in the figure. Considering
individually, non-linearity found due to paraffinic chain and
naphthenic ring compound in their molecular structure. Again, in
the case of traction oil, sample oil’s molecular structure is
different. CVTF belongs to bridge ring compounds, which differs
from SN32 and SN100. On the other hand, a linear relation is
found for the ester oils. The linear relation is also found for the
two-oil blend (DOS/BBPH).
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K: adiabatic bulk modulus at 40 1C.
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The relation between the viscoelastic solid transition tem-
perature TVE0 and the adiabatic bulk modulus K for blend oils is
also observed in the study. Hayashi et al. [11] found the predicting
relation of pressure viscosity coefficient of blend oils from the
base oils’ viscosity. The same blend oils are considered here for
the prediction of viscoelastic solid transition temperature. Fig. 6
shows the graphical representation of TVE0 and K for the four base
oils and two-oil [1:1] blend of each other. A quadrilateral is drawn
from the four base oils data. Each side of the quadrilateral
represents the relation for the blends of two oils.

The experimental values of two-oil [1:1] blend do not coincide
the middle of respective side of quadrilateral but it shows almost
similar values especially for the TVE0. It also can predict the
viscoelastic solid transition temperature TVE0 of four-oil mixture.
The estimation result for four-oil mixture [1:1:1:1] is shown in
Fig. 7. For the estimation, first pointed out the midpoint of each
side of the quadrilateral and then connected the four midpoints.
Two medians intersect at a point, which represents the estimation
value. The corresponding value of TVE0 represents the predicted
viscoelastic solid temperature that corresponds to the low
temperature fluidity of the blend. Estimation of the TVE0 is found
for the four-oil blend as �62 1C, whereas experimentally it is at
�61 1C. Similar prediction can be possible for three-oil blend and
any other proportion of blend. Fig. 8 shows the prediction of
viscoelastic solid transition temperature for three-oil blend from a
triangular using the base oil’s TVE0 and K. According to the
estimation, the TVE0 for the three-oil blend is found at �66 1C
whereas experimentally it is found at �65 1C. Closer results of
estimated value and experimental value express the possibility of
prediction.
4. Conclusions

Low temperature fluidity is related to the bulk property as well
as the sound velocity in lubricating oil. From the study, the
following conclusions are drawn:
1.
 Adiabatic bulk modulus is a property that related to the
molecular structure, which can be calculated from the sound
velocity. Sound velocity can measure accurately by passing the
sound wave through the sample.
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2.
 For the lubricating oil of low adiabatic bulk modulus, good low
temperature fluidity is found. Low adiabatic bulk modulus of
oil indicates the lower viscoelastic solid transition temperature
in case of the same group of oil.
3.
 In the case of blend oils, viscoelastic solid transition temperature
can predict from the base oils’ adiabatic bulk modulus and
viscoelastic solid transition temperature. Hence, low temperature
fluidity of blend oil can predict from the base oils’ sound velocity.
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