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ABSTRACT
This paper describes the experimental study of viscosity measurement error in the vibrational type viscometer,
which measures viscous damping of the oscillating circular plate in a fluid in continuously increasing temperatures. The experiments are carried out to measure non-uniformity of the temperature field in the test cup of the
vibrational viscometer in continuously increasing temperatures, while changing the viscosity of the target fluids.
Experimental outcomes show that non-uniformity of the temperature grows in the cup and results in viscosity
measurement error, when the viscosity of the fluid increases. In order to understand this phenomenon, velocity
measurement by particle image velocimetry is conducted in the test cup for fluids of varying viscosity. The results indicate that mixing is enhanced in the low-viscosity fluid by the occurrence of unsteady thermal convection,
while weaker convection appears in the high-viscosity fluid.
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1. Introduction
The vibrational type viscometer is a newly developed
viscometer featuring efficacious continuous viscosity
measurement capability, low cost and ease of use in comparison with other types of viscometer [1-7]. The basic
principle of the vibrational viscometer is that viscous
damping of the oscillation amplitude of a circular plate in
the target fluid is proportional to the product of the fluid
viscosity and density, which are functions of the temperature of the fluid. Therefore, accuracy of the temperature
measurement is very important for highly accurate measurement of the viscosity of the fluid. However, there are
few studies on viscosity error due to non-uniformity of
the temperature field in the fluid [8].
The viscosity measurement in the vibrational viscometer requires knowledge of the thermal convection in a
test cup, which is heated from the bottom and the sides of
the rectangular cup. Normally, heating from the bottom
OPEN ACCESS

and sides of the cup causes thermal convection, which
promotes mixing of the fluid inside, and results in a uniform temperature field [9-13]. Therefore, the magnitude
of the thermal convection is a key to understanding the
temperature fields in the cup and the accuracy of the
viscosity measurement in the vibrational viscometer.
The purpose of this paper is to study the non-uniform
temperature field of the vibrational viscometer for various viscosities of fluids by measuring the temperature
distributions and velocity field in the test cup.

2. Experiments
2.1. Experimental Apparatus
Figure 1 shows a schematic illustration of the vibrational
viscometer, which is composed of electromagnetic driving unit, oscillators, thermometry, test cup, heating water
unit and heater. Normally, the diameter of the oscillator
is 10 mm and it oscillates at a frequency of 30 Hz with
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Figure 2. Variations of fluid viscosity with temperature.
Figure 1. Front view of vibrational viscometer.

amplitude of 0.4 mm, while the volume of the test cup is
large enough having a height of 40 mm and horizontal
dimensions of 64 mm × 24 mm. For this reason, the
present experiment is designed to measure the non-uniform temperature field in the test cup without the oscillator unit. It should be mentioned that the volume of the
heating cup is 3375 cm3, which is large enough in comparison with that of the test cup (61.4 cm3). The test cup
is made of acrylic resin material, 2 mm thick. The test
fluid was supplied to the test cup up to 30 mm in height.
The height of the free surface of the test fluid is made
equal to that of the heating cup, which is filled with water for heating the test cup. The water in the heating cup
is heated from below using the heater unit. The characteristics of the test fluids that are used during the experiments are listed in Figure 2. The test fluids are silicon
oils from Shin-etsu Chemical Co. They are referred to as
fluid A (KF-96-100 cS), fluid B (KF-96-1000 cS) and
fluid C (KF-96H-10,000 cS), which show different kinematic viscosity ν = 100, 1000 and 10,000 mm2/s, respectively at 25 deg C, while having the same specific heat
1.5 J/gK and the same thermal conductivity 0.16 W/mK.

2.2. Temperature Measurement
For continuous temperature measurements in the test cup,
three thermometers are placed in different parts of the
test cup, which is immersed into a heating cup. The thermometers are positioned in the center and near-wall of
the test cup along the long axis of the test cup. Temperature measurement experiments for selected fluids are
repeated three times and the average values are used to
form a non-uniform temperature field for the fluids. During the experiments, the heating water was heated from
below by the heater unit. The temperature readouts of all
thermometers were recorded simultaneously.

test cup, the velocity field was measured by particle image velocimetry (PIV). The experimental set-up for flow
visualization is illustrated in Figure 3. Flow visualization
in the test cup was achieved by introducing a small
amount of nylon tracer particles into the test fluid. The
diameter of the tracers for flow visualization is 20 μm
and the specific gravity is 1.02. The planar measurement
of the velocity field in the test cup was carried out using
the PIV system, which consists of a CW Nd:YAG laser
of 8 W power and a high-speed CMOS camera (1280 ×
1024 pixels with 8 bit), which is operated by a pulse controller. The CMOS camera is located 550 mm from the
test vessel. The frame rate of the camera was set to 130
frames/sec and the exposure time was 7.6 msec. Note
that the focal length of the camera lens was 75 mm with
f-number 2.8 and the thickness of the light sheet was
about 1 mm.
The target plane of measurement is vertical planes
through the center of the cup normal to each other to observe the three-dimensional cell structure in the test cup.
The vertical light sheet was projected from the laser
source for the illumination. Measurement of the velocity
field was carried out for the time period of 5 sec. every
0.1 sec. Therefore, 50 sequential images are taken in the
measurement and the instantaneous velocity fields are
evaluated from the successive two images with certain
time interval and they are short-time-averaged for the
period of 5 sec. to remove invalid velocity vectors, which
are random in space and time.
The PIV analysis between the successive two images
is carried out using the direct cross-correlation algorithm
with the sub-pixel interpolation technique [14,15]. The
interrogation window size is set to 31 × 31 pixels and the
candidate region is searched in an area of 51 × 51 pixels
to minimize the invalid velocity vectors, while keeping a
reasonable spatial resolution.

3. Results and Discussions

2.3. Flow Visualization

3.1. Temperature Measurements

In order to understand the physical phenomenon in the

Figure 4 shows the time-variation of temperatures of test
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Figure 3. Experimental set-up for flow visualization.
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fluids in the test cup and that of the heating water, which
are measured by the thermocouples. The temperature in
the center of the cup is denoted by Tc and that near the
sidewall is Tb, while the temperature in the heating water
is Tw. All the temperatures increase gradually with increasing time t after the heating starts. Note that the
temperatures of the test fluid and the heating water are
kept at the same temperature at the start of heating. Although the relationship between the temperature in the
heating water and time is not influenced by the fluid viscosities, the temperatures Tc and Tb in the cup do change
with the viscosities of the fluid and the temperature difference increases especially for the high-viscosity fluid.
It is interesting to see that Tb is closer to Tc for the lowviscosity fluid, while it stays in the mid of Tw and Tc for
the high-viscosity fluid. This may indicate higher mixing
of the low-viscosity fluid in the cup. This result indicates
that the temperature error in the test cup is influenced by
the viscosity of the target fluid.

3.2. Variations of Rayleigh Numbers
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In order to understand the thermal convection phenomenon in the test cup, the Rayleigh number Ra is evaluated
for the three fluids, which are shown in Figure 5. The
= α g ∆Td 3 νκ ,
Rayleigh number is defined by Ra
where d is the height of the fluid, ∆T the temperature
difference between the heating water and the center of
the test fluid, g the gravitational acceleration, α the volume expansion coefficient, ν the kinematic viscosity and
κ the thermal diffusivity. The time variations of the Rayleigh number for test fluids shows that the Rayleigh
number increases rapidly in the initial stage of heating
and it tends to be saturated in the later stage of heating. It
should be mentioned that the Rayleigh number is around
106 for test fluid A, 105 for test fluid B and 104 for test
fluid C in the later stage. This difference in the Rayleigh
number is mainly due to the influence of test fluid viscosity. According to the previous study, the critical Rayleigh number for the onset of laminar convection is
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Figure 4. Time-variation of non-uniform temperature field
in test cup. (a) Fluid A (100 cS); (b) Fluid B (1000 cS); (c)
Fluid C (10,000 cS).
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Figure 5. Time-variation of Rayleigh number in measurements.
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known to be 1700 for the horizontal fluid layer heated
from below [10], and the transition to turbulent state is
observed around 105 [16]. In reference to these results,
the flow in the test cup is in the turbulent state of thermal
convection for the fluids A and B, while that for fluid C
is in the laminar state of thermal convection.
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crease in heating time to t = 8 min, the velocity magnitude in the convection pattern in the test cup increases
and the flow pattern becomes more asymmetrical and
unsteady, which is reflected by the growth of Rayleigh
number to 6.6 × 105.
Figures 7 and 8 show the velocity fields in the test cup
for fluids B and C, respectively, at 8 min from the start of
heating. These results indicate that the magnitude of the
thermal convection decreases with an increase in the viscosity of the fluid, which corresponds to a decrease in
Rayleigh number. Therefore, the influence of thermal
convection becomes weaker for the highly viscous fluids.
This result meets well with the experimental observation
of temperature variations in the test cup and the Rayleigh
number variation in Figure 5. It is also found from these
results that the cell pattern in the test cup becomes symmetrical with respect to the central plane of the test cup
for higher-viscosity fluids, which is due to the decrease
in Rayleigh number of the fluids. This indicates that the
thermal convection becomes weaker and the temperature
difference in the test cup becomes large in the high-viscosity fluid, so that the error of viscosity measurement
will be increased. Therefore, it is recommended to increase forced convection in the test cup, in order to increase the accuracy of viscosity measurement in highviscosity fluids.

3.3. Visualization of Flow Patterns
Figures 6(a) and (b) shows measurements of the velocity
fields in the planar sections viewed from the front and
the side of the test cup through the center of the fluid A
at heating times of 4 min. and 8 min., respectively, which
are obtained from the present PIV experiment. These
figures show the velocity vectors, velocity magnitude
and streamlines, to understand the flow field inside the
test cup. Note that the velocity magnitude v is shown by
color bars. These results indicate that there exists a thermal convection pattern inside the test cup. The flow pattern inside the test cup is driven by the heating on the
side walls, so that the vertical upward flow appears along
the side walls and the downward flow is generated in the
center of the test cup toward the bottom wall; then the
flow spreads back to the side walls again. Such thermal
convection pattern in the test cup is clearly seen in the
observation from the side due to the two-dimensional
characteristics of the cell structure. It should be mentioned that the cell pattern is asymmetric with respect to
the center plane, because the Rayleigh number 2.5 × 105
is large enough for the flow to be unsteady. With an in-

4. Conclusion
This study focused on the topic of non-uniform tempera-

(a)

(b)

Figure 6. Velocity field in test cup for fluid A (100 cS). (a) t = 4 min; (b) t = 8 min.
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Figure 7. Velocity field in test cup for fluid B (1000 cS) (t = 8 min).

Figure 8. Velocity field in test cup for fluid C (10,000 cS) (t = 8 min).

ture distribution in vibrational viscometers. In order to
understand the mechanism, the measurement of nonuniform temperature distribution in the test cup was carried out for three fluids of different viscosity. The results
indicate that the non-uniform temperature appears strongly
in high viscosity fluids due to weakened thermal convection inside the test cup. The PIV measurement in the test
cup shows that mixing is enhanced by the unsteady thermal convection for the low-viscosity fluid, while the
magnitude of convection is weakened in the high-viscosity fluid. These results indicate the importance of
thermal mixing in the test cup to increase the accuracy of
viscosity measurement by the vibrational viscometer.
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Tc: temperature at center
Tw: temperature of heating water
v: velocity magnitude
x, y, z: coordinates
α: volume expansion coefficient
ν: kinematic viscosity
κ: thermal diffusivity
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