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Fluid property sensor (FPS) based on tuning-fork technology is applied to themeasurement of the contaminant level of lubricant oil.
Themeasuring principle of FPS sensor is derived and proved together with its resolution.The performance characteristics of the FPS
sensor, such as sensitivity coefficient, resolution, and quality factor, are analyzed. A temperature compensation method is proposed
to eliminate the temperature-dependence of the measuring parameters, and its validity is investigated by numerical simulation of
sensitivity, oscillating frequency, and dielectric constant.The values of purification efficiency obtained usingmicrowave andwithout
microwave are compared experimentally.

1. Introduction

Contaminants in lubricant oil can accelerate the wear rate of
machine parts. The effectiveness of nearly three-quarters of
lubricant systems is reduced by contaminated lubricant oil [1].
Water, solid particulate, and gas are three main contaminants
in lubricant oil.These contaminants can be removed by grav-
itational separation, centrifugal separation, impingement, or
filters [2–4]. Gravitational separation technique is unable to
separate contaminant from lubricant oil of high viscosity [5].
Centrifugal purifier can improve the separation efficiency of
free water and solid particulates [6]. However, it is impossible
to extract dissolved gas of low density from multiphase
mixtures through centrifugal separationmethod. Centrifugal
vacuum separation technique has been extensively applied to
the removal of free water and solid particulates in various
fields [7–10]. However, the removal of dissolved gas of low
density frommultiphase mixtures has been seldom explored.
We developed a vacuum centrifugal solid-liquid-gas purifier,
as shown in Figure 1 [11]. Under centrifugal force and negative
pressure, free water and solid particulates can be extracted,
and even dissolved gas in contaminated lubricant oil can also
be removed.

The purifier is composed of the following parts: hull (1),
foundation (2), disk (3), axis (4), oil tanker (5), central tube
(6), inlet of contaminant (7), exit of clean oil (8), exit of
bubble (9), vacuum zone (10), centrifugal purifier (11), and
electromotor (12). A vacuum zone is formed when the hull
spins at a great velocity. Under strong centrifugal force, free
water and solid particulates are centrifuged to the interior
wall of the hull. Meanwhile, the dissolved gas moves to the
vacuum zone with the help of vacuum pump.

Online measurement of contaminant level in the puri-
fier is vital to improve its separation efficiency. Weight-
ing method, particle analysis, ferrographic technology, and
semiquantitative method have been utilized to measure the
contaminant level of lubricant oil. Weighting method can
measure the total weight of contaminant, but it cannot
determine the distribution of contaminants [12]. Particle
analysis is able tomeasure the distribution and concentration
of particle through optical microscopy and computer particle
image [13]. However, this method is difficult to be embedded
with online monitoring function due to its high cost and low
performance in real-time analysis. Ferrographic technology
can not only measure the contamination level but also calcu-
late themorphology and concentration of particles. However,
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Figure 1: Vacuum centrifugal solid-liquid-gas purifier. (a) Configuration of purifier; (b) inner structure of purifier.

the offline monitoring and high cost of ferrographic equip-
ment prohibit its extensive application [14]. Semiquantitative
method can be roughly divided into ultrasonic, light, and
sedimentation measuring methods [15]. Ultrasonic method
is able to monitor the contaminants online, but it is not
sensitive to particles with diameter less than 30 𝜇m. The
accuracy of light measuring method can be easily affected
by external noise or the color of lubricant oil [16]. Although
sedimentation method is not affected by the color of oil and
bubble, it has the shortcomings of sophisticated operation
and high cost of standard filter membrane [17].

At present, most online monitoring sensors are only
capable of measuring the single physical parameters of oil
medium but cannot realize the comprehensive assessment of
oil quality, which shows that multiparameter measurement
is the development trend for intelligent sensor technology.
FPS2800B12C4 sensor (American Measurement Specialties)
can simultaneouslymeasure temperature, dielectric constant,
density, and viscosity of lubricant oil. The sensor is based
on quartz tuning-fork principle. However, the resonant fre-
quency of the sensor is extremely sensitive to the change
of ambient temperature. Likewise, density and viscosity are
greatly dependent on temperature.Unfortunately, the purifier
generates a large amount of heat during the purification of
oil. Therefore, it is essential to analyze the performance char-
acteristics of the sensor and to compensate the temperature
deviation, in order to improve the accuracy and reliability
of the sensor at different working temperatures. Temperature
compensation method is divided into hardware solution
method and soft compensation method. Some hardware
auxiliary devices such as thermistor provide compensation
solution of temperature [18, 19]. However, such compensation
method easily causes temperature deviation due to the
distance between the main sensor and the auxiliary temper-
ature sensor. In contrast, soft compensation method adopts
mathematical model to get rid of the effect of temperature

on the measured parameters. With the rapid development
of intelligent sensor technology, soft compensation method
has the advantages of low cost and easy implementation
[20, 21]. In order to improve the accuracy and reliability of the
sensor at different working temperatures, soft temperature
compensation is performed in the present paper based on the
relation between the variation of dielectric constant and the
temperature difference.

2. Principle and Resolution of
FPS Sensor: Theory

2.1. Measuring Principle. Figure 2 illustrates FPS2800B12C4
sensor, which simultaneously measures density, dielectric
constant, viscosity, and temperature. The ability to measure
multiple parameters can improve the accuracy and reliability
of the sensor. With the applied force, the resonant frequency
of the sensor will vary based on the force-frequency property.
When contaminants are absorbed into the lubricant oil, the
resonance frequency will vary with the contaminant level.
According to the physical relationship between the frequency
and the measured parameters, the sensor can measure some
fluid property parameters. As shown in Figure 2(b), the
sensor employs the universal digital CAN J1939 protocol, so
it can be easily connected to other controllers. Furthermore,
it can measure the value of density ranging from 0 to
115 g/cm3, dielectric constant ranging from 1100 to 6100,
viscosity ranging from 0 to 5011 cp, and temperature ranging
from −40 to 150∘C.

The quartz crystal resonator inside the sensor works as a
piezoelectric oscillator and generates a high-precision clock
signal with quartz resonance frequency [22]. When an object
is adsorbed to the surface of the quartz crystal, the oscillation
frequency of the oscillator will vary with the increase of the
weight of the adsorbed object. If a Newtonian liquid is in
contact with one of the sensors, the change in the oscillation
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Figure 2: FPS2800B12C4 fluid property sensor: (a) configuration of the sensor; (b) inner structure of the sensor.

frequency is proportional to the square root of the product of
the liquid density and viscosity [23]. Consider

Δ𝑓 = 𝑘 ⋅ Δ√𝜌𝜂, (1)

where Δ is the nominal oscillation frequency of the quartz
crystal and 𝜌 and 𝜂 are the liquid density and viscosity,
respectively. The oscillator sensitivity coefficient 𝑘 can be
expressed as follows:

𝑘 = −
2.26 × 10

−6
𝑓
0

3/2

√4𝜋
. (2)

The sensitivity of the sensor can be improved with
the increase of its nominal frequency. Solid particle, water
content, and the dielectric constant of lubricant oil cause
the variation of its viscosity and density. The measurement
determines √𝜌𝜂 more accurately than it determines the
density [24]. The typical nominal frequency of commer-
cially available low-frequency quartz tuning-fork sensor is
32.768KHz, and it is characterized by high quality factor, high
precision, high stability, and low power consumption [25].

2.2. Resolution of FPS Sensor. The measurement accuracy of
FPS sensor is closely related to the sensitivity coefficient 𝑘

in (2), the stability of oscillator frequency, and resolution
of the sensor. The stability of oscillator frequency indicates
the ability to maintain the oscillator frequency. Usually, the
dispersion of oscillator frequency, expressed by standard
deviation or variance, is used to determine the stability of
oscillator frequencywhich varies slowly.The values of density
and viscosity in purifier are independent and dispersive;
this results in rapid change of oscillator frequency. The
following Allan standard deviation is capable of expressing
the dispersion of oscillator frequency [26]:

𝜎
2

𝑦
(𝜏) =

1

2𝑓
0

(𝑚 − 1)

𝑚−1

∑

𝑛=1

(𝑓
𝑛+1

(𝜏) − 𝑓
𝑛

(𝜏))
2

, (3)

where 𝑓
𝑛
(𝜏) is the mean oscillation frequency of the 𝑛th

sample data during the time interval 𝜏, 𝜎
2

𝑦
(𝜏) is the variation

of oscillation frequency, and 𝑚 denotes the number of
samples.

Moreover, the limit of oscillator frequency under the
condition of noise is expressed by

Δ𝑓 (𝜏) = 𝜎
𝑦

(𝜏) ⋅ 𝑓
0
, (4)

where𝑓
0
denotes the nominal oscillation frequency and𝜎

𝑦
(𝜏)

is the Allan variance.
Then, the resolution of the FPS sensor is calculated as

follows:

𝑅 =
Δ𝑓 (𝜏)

𝑘
, (5)

where 𝑅 is the resolution of the sensor and 𝑘 denotes the
oscillator sensitivity coefficient in (2).

The following equation presents an empirical model
expressed by the relation between the smallest Allan variance
and the quality factor of the resonator [27]:

𝜎
𝑦

(𝜏)min =
1

𝑄 × 107
, (6)

where 𝜎
𝑦
(𝜏)min is the smallest Allan variance, 𝑄 is the quality

factor of the sensor, and 𝜏 is the sampling time, generally in
the range of 0.1 s∼10 s.

From (6), it can be found that the smallest Allan variance
is inversely proportional to the quality factor of the sensor.
As fluid property sensor is operating in liquids, the damping
value of resonator reduces the quality factor. Figure 3 illus-
trates the circuit of the quartz crystal sensor operating in a
liquid. It is assumed that the sensor is an ideal quartz, namely,
𝑅
𝑄1

≈ 0, and 𝐿
𝑄3

is far less than 𝐿
𝑄1
. Then, the actual

model in Figure 3(a) is reduced to the simplified model in
Figure 3(b). The maximum quality factor of the resonator in
the liquid can be expressed as follows:

𝑄max =
𝜔
0
𝐿
𝑄1

𝑅
𝑄3

. (7)

Substituting 𝑅
𝑄3

and 𝐿
𝑄1

into (7), the maximum quality
factor of the resonator can be expressed as the following
relation of the frequency, liquid density, and liquid viscosity:

𝑄max ≈
1

√𝑓
0

√
𝑐
66

𝜌
𝑞
𝜋

4

1

√𝜌𝜂
,

𝑄max ⋅ √𝑓
0

⋅ √𝜌𝜂 ≈ 7.8 × 10
6

(kg ⋅ m−2 ⋅ s−1) ,

(8)
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Figure 3: Circuit of the sensor: (a) actual model; (b) simplified model.

where 𝑐
66

denotes shear stiffness constant of the quartz
crystal, 𝜌 is the quartz density, and 𝑓

0
is the nominal

oscillation frequency.
Thus, the smallest Allan variance increases with the

frequency, liquid density, and liquid viscosity, and it can be
expressed as follows:

𝜎
𝑦

(𝜏)min = 1.28 × 10
−14

√𝑓
0√𝜌𝜂. (9)

Then, the minimum limit of oscillator frequency is
calculated as follows:

Δ𝑓min = 1.28 × 10
−14

𝑓
0

3/2
√𝜌𝜂. (10)

According to (5), the resolution of the FPS sensor is
computed as follows:

𝑅 = 2 × 10
−8

⋅ √𝜌𝜂. (11)

Despite the fact that the noise characterized by 𝜎
𝑦
rises

as the oscillator frequency is increased, the resolution has no
relation to the nominal frequency of the quartz crystal and
liquid density. In addition, the resolution becomes greater
when the product of the liquid density and viscosity increases,
which means that the resolution is sensitive to the viscosity
and density of the liquid.

3. Temperature Compensation of
the FPS Sensor

Temperature compensation can improve the accuracy and
reliability of the sensor [28]. Most of the contaminants in

lubricant oil, such as the moisture, gas impurities, and elec-
trolyte impurities, have influences on its dielectric constant.
Dielectric constant can be considered as a comprehensive
index of the contaminant level, and it can be utilized to
indirectly indicate the contaminant degree of lubrication oil.
In this paper, we determined the contaminant level through
measuring the dielectric constant. When the dielectric con-
stant is large, the purifier will continue to operate until its
value reaches a standard level. FPS2800B12C4 fluid property
sensor has many advantages, such as small volume, high
sensitivity, high reliability, and good dynamic response. How-
ever, its dielectric constant is sensitive to temperature change.
The changes of distance and area between two electrodes in
the sensor caused by temperature change generate output
signal errors of dielectric constant. There exists a negative
correlation between dielectric constant and temperature.The
variation value of dielectric constant, 𝜀(Δ𝑇), is a function of
the temperature deviation between maximum andminimum
values, Δ𝑇. This relation can be expressed by quadratic expo-
nential function or first-order inverse.The first-order inverse
function has several advantages over quadratic exponential
function, such as easy calculation and small fitting error.
Thus, the variation value of dielectric constant is defined as
the following first-order inverse function:

𝜀 (Δ𝑇) =
𝑎
1

⋅ Δ𝑇 + 𝑏
1

𝑎
2

⋅ Δ𝑇 + 𝑏
2

, (12)

where 𝑎
𝑖
and 𝑏

𝑖
(𝑖 = 1, 2) are temperature compensation

coefficients and Δ𝑇 = 𝑇max − 𝑇min denotes the temperature
deviation between maximum and minimum values.
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Figure 4: Fitting curves of original data of dielectric constant and
temperature.
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Figure 5: Fitting curves of dielectric constant with and without
compensation.

As a result, the real dielectric constant can be calculated
as follows:

𝜀 = 𝜀FPS − 𝜀 (Δ𝑇) + 𝜀
0
, (13)

where 𝜀FPS is the dielectric constant value measured by the
sensor in real time, 𝜀(Δ𝑇) is the variation value of dielectric
constant caused by temperature, and 𝜀

0
is the dielectric

constant value under standard temperature.

4. Numerical Simulation and Discussion

During the purification of oil, the purifier generates a large
amount of heat. The temperature rises rapidly from room
temperature in the first stage, and then it fluctuates in a
certain range due to forced or natural cooling. Eventually it
converges to a certain value.The stable operating temperature
of the sensor is maintained at 57∼58∘C. Thus, the standard
temperature (𝑇

0
) of the sensor is set to 57∘C, and the dielectric

constant corresponding to the temperature is defined as
the standard dielectric constant (𝜀

0
) of the sensor. Oil and

water mixed at the ratio of 10 : 1 are to be purified, and
purification time is set to 20 hours. In the experiment, the
FPS sensor sends a set of experimental data at an interval
of 30 seconds to its host controller. The original datum of
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Figure 6: Purification efficiency comparison with microwave and
without microwave.

dielectric constant and temperature is shown in Figure 4.
Based on these original data, we can calculate the values of
the compensation coefficients in (12) by the fitting method.
The calculation results are illustrated as follows: 𝑎

1
= 2.166,

𝑏
1

= 197.2, 𝑎
2

= 1, and 𝑏
2

= 74.99. Under standard tem-
perature 𝑇

0
, the dielectric constant value 𝜀

0
is equal to

2.43. Then, the real dielectric constant after compensation
can be calculated according to (13). The dielectric constants
after compensation, 𝜀, and without compensation, 𝜀FPS, are
illustrated in Figure 5.

As shown in Figure 4, the temperature varies strongly in
the first 200 minutes, then it remains stable, and eventually
it converges to 57∘C. Figure 5 demonstrates that high tem-
perature results in big dielectric constant value, and dielec-
tric constant value with compensation is smaller than that
without compensation. After 20 hours, the dielectric constant
generally tends to be a stable value, which indicates the
complete purification of water from oil. Thus, the dielectric
constant at this time is defined as the standard dielectric
constant under standard temperature.

5. Method to Improve Purification Efficiency

As shown in Figure 5, the time for complete purification
of water from the lubrication oil is about 20 hours, which
means that the vacuum centrifugal solid-liquid-gas purifier
is an equipment of low purification efficiency. Microwave
is a type of radio wave with a limited frequency band of
0.3 GHz∼300GHz, and it is able to penetrate the ionosphere
[29]. Under the nonthermal effects of the microwave field,
water molecules tend to be polarized, and their rotation
frequency is in the range of microwave frequency. In this
way, the original large water droplets become small and
might even turn into a single water molecule. Thus, water
volatilization is accelerated; the purification speed can also be
increased. Figure 6 illustrates the comparison of purification
efficiency with and without microwave. It can be noted
that, with microwave method, the purification time is about
three hours shorter than that without microwave. Therefore,
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microwave method improves the purification efficiency and
reduces the purification time.

6. Conclusion

A fluid property sensor (FPS) based on tuning-fork technol-
ogy is utilized to measure the contaminant level of lubricant
oil. Density, dielectric constant, viscosity, and temperature
can simultaneously be measured by this sensor. The perfor-
mance characteristics, such as sensitivity coefficient, resolu-
tion, and quality factor of the FPS sensor, are analyzed. The
resolution is also derived to verify themeasurement principle
of FPS sensor. Numerical simulation results demonstrate that
the resolution of the sensor is only related to the density and
viscosity of the lubrication oil.

A temperature compensation method is proposed to
eliminate the effect of temperature onmeasuring parameters,
and its validity is investigated by numerical simulations
of sensitivity, oscillator frequency, and dielectric constant.
Experimental comparisons of purification efficiency using
microwave and without microwave are performed. The
results show that microwave can improve the purification
efficiency.
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