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1. Introduction

In many factories producing liquids for foods,
beautification, or industrial uses, many physical
parameters of liquid for example the viscosity or
the density are used as an index of the quality con-
trol. Usually, one exclusive device is necessary to
measure one parameter. It is problem for business
management because the dimension of the facility
or power consumption becomes huge. To make the
facility size small, new devices are developed to
measure two or more parameters at the same time.
Then, a research to measure the density and the
viscosity with one device receives attracts'™. For
instance, C. Riesch developed the system that can
measure both the density and the viscosity using a
longitudinal vibration of the plate at the same time.
In this system, the density and the viscosity is pre-
sumed by curve fitting of the theoretical character-
istics and measured one in the vicinity of the reso-
nance frequency". Thus, the measuring equipment
becomes complex.

To improve the function of the measurement
device and presume the liquid properties in simple
method, we adopt a new method which vibrates the
measuring plate toward directions of a longitudinal
load and a shear load for liquids. In the proposal
system, the liquid density and the viscosity can be
presumed by measuring the change in the resonance
frequency of the shear and the longitudinal vibra-
tions only. It is expected that the measuring equip-
ment becomes simple and the measurement preci-
sion of the proposed method becomes better than
that of the conventional method because the fre-
quency can be measured in higher accuracy than
frequency response.

In this report, we propose the new method for
measuring the liquid density and the viscosity de-
rived from the theoretical model of the vibrating
plate toward the longitudinal and the shear direc-
tions in a liquid, firstly. Next, the method is evalu-
ated with the Finite Element Method (FEM).
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2. Measurement Principle

The proposal measurement system for the liquid
density and viscosity is shown in Fig. 1. Two elec-
trodes are attached on each side of the piezoelectric
device respectively (i. e. four electrodes are on the
whole device). Two electrodes on the upper side are
defined as (b) and (c), and those of the reverse side
are defined as (a) and (d). To vibrate the plate to-
ward the longitudinal direction, the positive voltage
is applied to the electrodes (a) and (d) and the nega-
tive voltage is applied to the other electrodes to
bend the piezoelectric device. On the other hand, to
vibrate the plate toward the shear direction, the
electrodes (a) and (b) are applied the positive volt-
age and the other electrodes are applied the nega-
tive voltage to twist the piezoelectric device. The
following equation expresses the motion equation
showing the sinusoidal forced vibration of the elas-
tic plate in the liquid,

F,e’” = {ke —(m, + m)w2}14 + j(b, +b)ou . (1)
Here, Fy, w, t, k., m., b, and u show the external
force amplitude, angular frequency, time, the
equivalent mass of the plate, the mechanical resis-
tance, and the spring constant and the displacement
of the tip of elastic plate, respectively. Moreover, m
and b are the liquid additive mass and the liquid
additive damping.

When the plate vibrates to the longitudinal di-
rection, the additive mass m; and damping b, have

analytical expressions"”,

Fig. 1 Proposal measurement system of liquid property
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where, p and 7 are the density and the viscosity of
the liquid. Moreover, R is a radius of a sphere in the
liquid. The vibration of the plate is approximated by
that of the sphere. When the plate is immersed into
the liquid at the depth which is same as the width of
the plate, R becomes almost the same as the width.
On the other hand, when the plate vibrates to
the shear direction, the additive mass m;and damp-

ing b, have analytical expressions >,

m, =A\/%W @) b, =A\/%W ,(5)

where, A is the immersed area. The both additive
mass m can be obtained from the resonance fre-
quencies in air ay and the changes in the resonance
frequency Jw of the shear or the longitudinal vibra-
tion, as follows,
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Measuring the resonance frequency change in the
shear vibration, the product of the density and the
viscosity 770 can be derived by Egs. (4), (6) at first.
Next, m; is obtained from the resonance frequency
change in the longitudinal vibration. Then, the den-
sity is obtained from Eq. (2). Finally, the viscosity
is derived because the product 770 is given already.
In a word, the viscosity and the density of the liquid
can be presumed by only measuring the change in
the resonance frequencies of the shear and the lon-
gitudinal vibrations instead of the frequency re-
sponse. In this method, the equivalent mass of the
plate m, is presumed by measuring the resonance
frequency in air and a standard liquid already
known the density and the viscosity, because the
structure of the sensor device is too complex to de-
rive m, theoretically.

3. Evaluation with FEM

To ensure the validity of the proposal method,
the system is analyzed with Finite Element Method
(FEM) including the piezoelectric effect. The vir-
tual stress is applied the tip of the plate as if it is
immersed into the liquid. In this condition the re-
sonance frequency is measured by the analysis of
the frequency response. Moreover, the measurement
precision of the liquid properties in this system is
evaluated. The displacement amplitude and the
phase at the tip of the plate are shown in Fig. 2(a)
and 2(b), respectively. The dashed, dot-dashed and
solid lines show values in the air, the standard liq-
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Fig. 2 Frequency response of the plate by longitudinal
and shear vibration on liquid: (a) displacement and (b)
phase.

uid, and the sample liquid. Heavy and thin lines
show values in the longitudinal and the shear vibra-
tions. At first, the equivalent mass of the device is
presumed by measuring the resonance frequencies
in the air and the standard liquid. Next, the reso-
nance frequency of sample liquid is measured. Fi-
nally, the density and the viscosity of the sample are
presumed. The applied and presumed values of the
sample liquid are compared in Table 1. The meas-
urement error is about 7%. A reason of this error is
that the resonance frequency to shear vibration
hardly change for the frequency resolution. Thus, it
is necessary to optimize the design of the device.

Table I Properties of sample liquid used condition of
analysis and evaluated by the proposal method

Property Condition Measurement
Viscosity (mPa-s) 270 251
Density (kg/m’) 881 946

4. Conclusion

We propose the new method of measuring the
liquid density and viscosity, and evaluate the valid-
ity with FEM. In this analysis, there is 7% meas-
urement error because the resonance frequency to
the shear vibration hardly changes. It is scheduled
to work on the optimum design of the device to im-
prove the measurement sensitivity.
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