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Abstract

Currently, the measurement methods for pneumatic system leakage include bubbling, ultrasonic, and pressure
detection methods. These methods are sensitive to high-precision sensors, long detection times, and stable external
environments. The traditional differential pressure method involves severe differential pressure fluctuations caused by
environmental pressure fluctuations or electromagnetic noise interference of sensors, leading to inaccurate detec-
tion. In this paper, a differential pressure fitting method for an asymmetric differential pressure cylinder is proposed.

It overcomes the limitation of the detection efficiency caused by the asynchronous temperature recovery of the two
chambers in the asymmetric differential pressure method and uses the differential pressure substitution equation to
replace the differential calculation of the differential pressure. The improved differential pressure method proposes an
innovation based on the detection principle and calculation method. Additionally, the influence of the parameters in
the differential pressure substitution equation on the leakage calculation results was simulated, and the specific physi-
cal significance of the parameters of the differential pressure substitution equation was explained. The experiments
verified the fitting effect and proved the accuracy of this method. Compared with the traditional differential pressure
method, the maximum leakage deviation of inhibition was 0.5 L/min. Therefore, this method can be used to detect

leaks in air tanks.
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1 Introduction

Research on airtightness is of great significance for servo
control [1], pneumatic springs [2], surgical equipment [3],
and semiconductor manufacturing [4]. Pneumatic servo
control collects the flow information of some positions in
the pneumatic mechanical coupling system to accurately
control changes, such as the position, speed, and accel-
eration of the controlled body. The pneumatic spring was
filled with compressed air in a sealed container, and its
elastic effect was realized using the compressibility of the
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gas. However, these systems require different degrees of
sealing. When leakage occurs, the output force or output
displacement of the pneumatic servo control changes sig-
nificantly, the pneumatic spring cannot meet the elastic
requirements, and the surgical equipment cannot reach
the appropriate position of the patients, which has a
significant impact on production and life. Therefore,
research on airtightness is a key research topic in the field
of pneumatic power.

Existing airtightness research includes the bubbling
method, acoustic emission detection method, and
pressure detection method. The ultrasonic method
is a type of acoustic emission detection method that
has been extensively researched and improved [5-7].
However, the measurement of the ultrasonic method is
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significantly affected by the environment, and the exter-
nal air flow disturbance easily interferes with ultrasonic
detection. When the measured part is placed in a harsh
environment, it is difficult to accurately determine the
occurrence and degree of leakage using this method.
At the same time, different measuring people, differ-
ent measuring machines, and different measuring posi-
tions or angles might also yield different measurement
results. Additionally, some scholars have studied pipe-
line leakage detection [14, 15]; however, their detec-
tion methods rely heavily on the logical relationship
between pipelines, which cannot be applied to a pneu-
matic system with a complex structure.

The differential pressure and direct pressure methods
belong to the pressure detection method, and the dif-
ference lies in whether to introduce a master chamber.
In direct pressure detection, it is not advisable to sacri-
fice the measurement time for measurement accuracy,
which has become a bottleneck for improving the pro-
duction efficiency. The differential pressure detection
method has become a significant means of rapid and
accurate airtightness detection; however, this method
also has limitations such as a relatively long equilibrium
time.

In the differential pressure method. Wang et al. [8]
studied the differential pressure method and conducted
experiments to verify the adaptability of the traditional
differential pressure method. Daniels et al. [9] added par-
ticle leakage rate analysis on the basis of the differential
pressure method. Kagawa et al. verified the influence of
temperature recovery imbalance on the accuracy and
detection ability of a leak detector [10] and estimated the
required temperature recovery time [11]. They then pro-
posed a method for predicting the minimum temperature
recovery time [12] and obtained the relationship between
different test pressures and volumes and the temperature
recovery time [13]. However, they did not consider the
traditional differential pressure method, which causes
serious differential pressure fluctuations and inaccurate
detection owing to environmental pressure fluctuations
or electromagnetic noise interference of the sensor.

Based on the pressure difference method, this paper
presents some improvement suggestions, establishes a
simplified pressure difference model of the asymmet-
ric cavity, analyzes the influence of different simplified
parameters on the pressure difference results, and veri-
fies that the model has accurate measurement and short
detection time through experiments. The method in this
study has a strong automatic detection performance,
and the operation requirements of differential pressure
airtightness detection technology are relatively simple,
which is suitable for detection environments with simple
equipment requirements.
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Figure 1 Schematic diagram of leakage measurement by differential
pressure method

2 Asymmetric Differential Pressure Method

2.1 Detection Steps of Differential Pressure Method

The airtightness detection method of the differential
pressure method mainly refers to the air pressure com-
parison between the master cavity and tested cavity
through a specific structure. If the air pressure of the
master cavity and tested cavity is balanced, it indicates
that the tested body is in a good airtight state. A pressure
difference between the master cavity and tested cavity
indicates that the tested cavity has leaked. A structural
diagram of the differential-pressure detection method is
shown in Figure 1.

In this method, the air compressor fills high-pressure
gas in air tank 1 (representing the master cavity without
leakage) and air tank 2 (representing the tested cavity
with leakage) simultaneously. If the detected workpiece
does not leak, the differential pressure sensor maintains
a balanced state, whereas if the detected workpiece leaks,
the air pressure in the workpiece measurement chamber
changes, causing the differential pressure sensor to lose
balance.

Air valves 1 and 2 represent the on-off valves of the
air tank and air compressor, respectively. Air valve 3 was
connected to the two air tanks. Air valves 4 and 5 were
used for the exhaust in the experiment, a flow sensor was
used for calibration to detect leakage, and temperature
and pressure sensors were used to detect the gas state
inside the air tank. All the sensors and solenoid valves
were controlled using an acquisition card and an upper
computer.

The specific test steps are as follows:

(1) Charging both chambers simultaneously: Open the
air compressor and valves 1 and 2 to keep the pres-
sure filled into the cavity consistent with the master
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pressure of tank 1, which was used for the master
chamber, and tank 2, which was used for the test
chamber.

(2) Balancing the pressure of the two air tanks: close
valves 1 and 2 and open valve 3 to balance the pres-
sure in the master tank and tested tank.

(3) Detection step: Read the change in the pressure
difference at both ends of the differential pressure
sensor, which is caused by the leakage of the tested
tank.

(4) Judgment: The read pressure difference is judged
according to the preset value to determine whether
the tightness of the tested tank is qualified.

For each charging and testing, the pressures of the two
chambers should exhibit the following trend: First, a large
amount of air is rapidly poured into the air tank during
charging to increase the internal pressure until charging
is stopped. In the balance and measurement stage, if the
air tank is well sealed, the two chambers are affected by
cooling the air tank and reducing the thermal movement
of the internal air molecules, leading to a reduction in
the pressure in the gas tank. If there is leakage in the gas
tank, the total amount of air in the gas tank is reduced,
and the pressure in the gas tank is reduced after some air
is leaked. In the discharging stage, it can be regarded as a
sharp increase in the air leakage and a rapid decrease in
the pressure in the gas tank.

2.2 Charging Process and Measurement Process
During charging, the gas in the master chamber is
regarded as ideal, and the pressure change in the mas-
ter chamber is determined by the ideal gas state equa-
tion. After differentiating the ideal gas state equation, it
can be obtained that:

%=Pﬁd&+%(§im’ (1)

dt T dt Vm

where Py, represents the pressure in the master tank, Tp,
represents the temperature in the master tank,V}, repre-
sents the volume of the master tank, and Gj,, represents
the charging flow rate in the master tank.

For the tested chamber, Eq. (2) can be obtained accord-
ing to the energy conservation and ideal gas state equa-
tion. The difference is that there is also mass exchange
Gew caused by the leakage of the chamber during
charging.

dPy, Py, dT, RT,

& ?WF + TW(Giw — Gew); (2)
where P,, represents the pressure in the tested tank,
Ty represents the temperature in the tested tank,V;,

Page 3 of 9

represents the volume of the tank, and G, represents the
charging flow rate in the tested tank.

Considering that the leakage mass flow is less than
the charging mass flow, the influence of leakage can be
ignored in the charging stage. Thus, Egs. (1) and (2) can
be simplified into the following equation:

dp, Py, dT, RTy
& T T ®

During the measurement, the air source interrupted
the charging to the tested chamber and master cham-
ber, and the two chambers were isolated from each other.
At this stage, the master cavity only undergoes heat
exchange with the environment, whereas the tested cav-
ity undergoes heat exchange with the environment, and
the quality is reduced owing to leakage.

For the master cavity, taking Giyn = 0 in charging Eq.
(1), the following equation of state for the measurement
process can be obtained, as shown in Eq. (4).

APy Pm dTn .
dt Ty dt (4)

For the tested cavity, taking Gj,, = 0 in the charging Eq.
(2), the following equation of state for the measurement
process can be obtained, as shown in Eq. (5).

dP, Py dT, RT,
W WY Y G
&t ~ T, &t Vw ¥ (5)

According to Egs. (4) and (5), the relationship between
the differential pressure and leakage can be obtained as
shown in Eq. (6).

Py dTH
Moo, de

dAP P dT, RT,

dt T, dt Vi ©)

Theoretically, when the equilibrium time is sufficiently
long, the differential of Ty, and Tr, is equal to zero, and
Eq. (6) can be simplified as follows:

dAP RT,,
— = — Y Gew.
1 Vo, Cew (7)
That is,
G _ _VwdaP o
N RTdt’ ®)

2.3 Pressure Difference Substitute Equation

In the actual measurement process, because the pressure
measurement inevitably produces measurement fluctua-
tions, resulting in large fluctuations in the differential of the
pressure, affecting the measurement results and prolonging
the measurement time, this section analyzes the substitute
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equation of the pressure difference from the perspective
of the mechanism and calculates the leakage through the
substitute equation, which can obtain the results quickly
and accurately. The differential pressure between the tested
chamber and master chamber satisfies Eq. (9).

AP = P,, — Py,. 9)

To solve the expression of AP, it can be completed
in two steps: first, the differential pressure of the leak-
free tank is analyzed, and then the leakage differential
pressure is superimposed. The following expression is
adopted:

AP = APt + AP;. (10)

When the tank is qualified, Gew = 0. It is then intro-
duced in Egs. (9) and (10), as shown in Eq. (11).

dpw _ Rthw(Ta - Tw)

& v (11)

Ideal gas equation of state Py, = pwRTy. After replac-
ing Ty, we introduce it into Eq. (11) and sort it as follows:

dpry, hwSw

n Rhy Sy,
dt CyViwpow

Py, — T,=0,
w C Ve a

(12)

where p,, is the density of the compressed air in the
tested chamber. Eq. (12) is the non-homogeneous first-
order differential equation of the tested cavity pressure,
and the solution to the equation is

Ny Sw

Py = puR(To = Ta)exp (—C T
vVYwiHFw

t) + pwRT,.

(13)

After replacing each constant parameter with a param-

eter such as Eq. (14), it obtains P,, = Ae™5* + C, where
the boundary condition is Py, (0) = pwRTp.

Ny Sw

A=puR(To —T,), B= ——
owR(To a) Co Vi pw

» €= pwRTy,

(14)
where Tj is the temperature of the tested chamber when
valve 2 is closed, which is the starting temperature of the
measurement; 7, is the ambient temperature, which is
the final temperature of the tested cavity. Subsequently,
the two temperatures satisfy the following relationship:

Py = pwRTy, (15)

Poo = pwRT,. (16)

The pressure change in the test chamber is the differ-
ence between the current pressure value and initial pres-
sure value, and the initial pressure is the value P at the
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end of the inflation balance. By substituting Eq. (13) into
Eq. (9), the following expression can be obtained:

Ny Sw

CyVwpw

APt = pywR(To — T,)exp (— t) + pwRT, — Ds.

(17)

The initial pressure and initial temperature satisfy the
ideal gas equation of state

hywSw

Cy Vi pw

APr = pwR(To — Ty)exp (— L‘) — pwR(To — To).

(18)

After replacing the temperature value with Eqgs. (15)
and (16), we can deduce the following:

hwSw

———1t | — (Ps — Pxo).

Cvapw> (Ps — Poo)
(19)

Therefore, if the tank has no leakage, the differential
pressure after sealing should be Eq. (20), which is an
exponential function with a constant parameter.

APr = (Ps_Poo)eXp<_

APr =ae Pt —q, (20)
where,
o =Py — Poo = pwR(To — Typ), (21)
hWSW
= 22
P Cy Vi pw ( )

Consider that the leakage mass flow Gey is very small
and has a slight impact on the cavity pressure; it can be
approximately regarded as a fixed value, and the change
in differential pressure caused by leakage is linear and
meets the following requirements:

ROy Gew .

w

APp = — (23)

By the superposition of Eqs. (20) and (23), the expres-
sion of the variation of the differential pressure with time
under leakage can be obtained, as shown in Eq. (24),
in which the linear parameter is the differential pres-
sure component caused by leakage, and the exponential
parameter is the differential pressure caused by tempera-
ture recovery.

AP = APy + AP, = ae Pt — )t — q, (24)

where, /. = RT\V}A

Thus, the pa\;ameters can be identified according to
the collected pressure value for the leakage calculation to
avoid the influence of a large pressure differential on the
measurement results.
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Figure 2 Relationship of 8 and pressure difference without leakage

3 Simulation of Asymmetric Differential Pressure

Method
To study the influence of various parameters in the
pressure difference substitute equation on the leakage
calculation results, simulations were performed using
MATLAB software. In Eq. (24), when « is set to 1 kPa
and A is 0, the simulation results of pressure difference
and time different from /5 are shown in Figure 2.

From Figure 2, with the increase in f5, pressure dif-
ference decreases faster and the stabilization time is
shorter, indicating that the heat exchange capacity of
the tested cavity is enhanced. The pressure difference
drops sharply before 10 s, and finally reaches a stable
value of -1 kPa for different 3 values. According to Eq.
(22), the larger the heat transfer rate s, and heat dissi-
pation area S, of the tank, the larger the 5, which indi-
cates a stronger heat exchange capacity. After setting
the heat balance time constant as £, which represents
the time required for the internal energy of the air in
the tank to be transferred to the absolute-zero environ-
ment, the following relationships exist:
T, = l — vawpw'

It can be observed from the equation that the heat
balance time is directly proportional to the volume
and inversely proportional to the heat transfer material
coefficient and heat transfer area. When the measured
volume was large, the heat-balance time was prolonged.
When a material with excellent heat transfer is used
and the heat transfer area is increased, the heat balance
time is also reduced. When the gas tank was deter-
mined, the balance time and S value were independent
of the other parameters.

(25)
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The relationship among § and pressure difference was
explored. In the case of a leakage, in Eq. (24), when « is
1 kPa and / is 1 kPa, the simulation results for pressure
difference and time for different 5 values are shown in
Figure 3. It can be observed that /5 has a slight relation-
ship with the leakage representative parameter . At the
beginning of the measurement, the pressure drops with a
large B were larger than those with a low 8. However, the
pressure drop curves of different § values tend to coin-
cide after approximately 10 s. At this time, if there is no
leakage, it can be seen from the comparison with Figure 3
that the measurement is stable after 10 s, indicating that
after the measurement is stable, different values of 5 have
no impact on the accuracy of the leakage detection, but
only on the measurement time.

The exponential parameter a represents the difference
among the initial pressure and pg and final pressure pso.
When there is no leakage and a gas tank with a general
heat transfer effect is selected, when A is 0 and f is 0.5,
the simulation results of pressure difference and time for
different values of « are as shown in Figure 4.

It can be observed that the overall trend of different «
is to sharply reduce for a period of time, and then slow
down the slope until it tends to & value. When A and g
are determined, the sharp reduction time and slowdown
time are the same, indicating that the measured equilib-
rium time is independent of the a value, which means
that the measured equilibrium time is independent of the
difference among the initial pressure and final pressure.
For example, in this simulation example, the «a is taken
between 100 kPa and 2000 kPa, and the equilibrium time
is 10 to 12 s. Simultaneously, with the increase of «, the
pressure difference decreases with a large slope, indicat-
ing that for the non-leakage chamber, the temperature
after inflation balance and ambient temperature have a
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Figure 3 Relationship of 8 and pressure difference with leakage
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severe impact on the measured pressure drop, which has
a direct impact on the calculation of the leakage, but has
no impact on the measurement time.

When there is a leakage and exploring the influence of
pressure difference of different a, the parameter 1 is set to
1 kPa and S is 0.5. The simulation results of pressure dif-
ference and the time of different « are shown in Figure 5.

As shown in Figure 5, the pressure difference of dif-
ferent a values tends to decrease, and the slope hardly
changes with time. With an increase in a, the slope of the
pressure drop increased continuously. Owing to the effect
of the leakage, the pressure in the chamber decreased
until the leakage ended, and the pressure in the chamber
reached the atmospheric pressure.

Thus, a is not a characteristic parameter of the tank but
a process variable related to the detection process. When
different detection pressures were applied, the values
changed significantly. This characteristic increases the

a=100
— a=500 1
— a=1000
-10 4 — a=2000 4

'
wn
1

-154 2 J

220 Y

Pressure Difference (kPa)

Time (s)
Figure 5 Relationship of a and pressure difference with leakage

difficulty of identification during actual measurements.
To ensure identification accuracy, the tank model 5 value
was first identified, and a value was further determined.

To determine the influence of the leakage parameters
on the pressure drop, it is necessary to fix the inflation
detection process variable a and tank characteristics vari-
able 5. When «a is 1 kPa and f3 is 0.5, the simulation results
of pressure difference with different A at each time are as
shown in Figure 6.

This simulation compared the relationship among the
pressure difference and time when A ranged from 0 to 1.
It can be observed that when A is 0, the pressure differ-
ence first decreases to approximately 4 s, and then tends
to be stable at — 1 kPa. When A is greater than 0, the
overall trend of the pressure difference always decreases
and there is no stable value. With the increase in 4, the
decreasing slope of the pressure difference was also steep.
A’s derivation equation includes not only the volume of
the tested tank but also the leakage. The identification
process should be analyzed according to different tanks
and leakage conditions.

Therefore, f8 is relatively stable during the identification
process. When the initial pressure is fixed, this value is
only related to the tank itself, such as the tank volume,
heat-transfer material, and heat-transfer area. Therefore,
this value is easy to identify. The empirical value meas-
ured in the past or before delivery can be selected and
used as the characteristic parameter of the tank to char-
acterize its heat exchange capacity. The value of a was
sensitive to the charging process. There is no empirical
value for reference, and it cannot be used as a character-
istic parameter of the tested tank. This should be iden-
tified after 8. For the leakage parameters, A is not only
related to the gas tank itself, but is also related to the
actual leakage, which should be identified.
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4 Experiment of Asymmetric Differential Pressure
Method

To further test the effectiveness of the pressure differ-

ence substitute equation proposed above for normal tank

types, the differential pressure signals during charging

and measurement were collected through the data acqui-

sition card for data analysis and identification.

4.1 Introduction of Experimental Equipment

The system used in the experiment is illustrated in Fig-
ure 7. It uses an air compressor, air tank, flow sensor,
pressure sensor, temperature sensor, acquisition equip-
ment, and upper computer and uses a flow proportional
valve to provide leakage. Among them, a 3 L tank (tank 2)
was used for the gas tank to be tested, a 20 L tank (tank
1) was used for the master gas tank, an HFT-800 sensor
provided by ECOSO company was used for the flow sen-
sor, platinum wire in the range of 0 to 50 °C was used as
the thermistor for the temperature sensor, and the cor-
responding resistance value was collected with the bridge
and converted into a voltage signal. The voltage sig-
nal of each sensor was calculated as the actual physical
value in the upper computer using the acquisition board
USB6001 of the NI company. The proportional valve uses
the FESTO-MYPE series three-position five-way voltage-
control valve. The valve has a position control valve core
that converts the analog input signal into the correspond-
ing opening size of the valve output port. The pressure
sensor used was the PSE560 series of the SMC company.
The tank model selected for the experiment was small for
daily use, which is highly representative.

4.2 Experiment and Data Processing

During the experiment, the valve between the air tank
and air compressor was first opened for charging, and
then the valve connecting the two air tanks was opened
to balance the pressure in the two air tanks for a while

Temperature Sensor and
Pressure Sensor of Tank 1
are on the back

Temperature|
Sensor of
Tank 2

Pressure
Sensor of
Tank 2

Valve 2
(back of Valve 4)

Connected to

Air Compressor

Figure 7 Experiment picture
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and then closed. The measurement results can be used
for the leakage calculation.

To more accurately represent the measurement
results and suppress the influence of the random
error, the original pressure data are processed by slid-
ing smoothing in the process of data analysis; that is,
the original pressure non-stationary data are regarded
as nearly stable in appropriate sections and part aver-
aged to reduce the random fluctuation caused by ran-
dom error. In this manner, continuous local averaging
between sections along the full-length data can obtain
smoother measurement results and filter out the ran-
dom error of frequent fluctuations.

Least squares fitting was used in the fitting process.
The least-squares method minimizes the variance
between sample point ¥ and function f (x) by optimiz-
ing function f (x), which is expressed as miny — f(x),.
The parameters of the function can be easily identified
using the least squares method. In this experiment, the
smoothed data were fitted using least squares, and a, 3,
and A were determined. Finally, after replacing the dif-
ferential pressure affected by the temperature, the leak-
age value was consistent with the leakage of the actual
tank.

4.3 Cavity Leakage Detection Results

The 3 L gas tank was used as the gas tank to be tested,
and the collected field data were pretreated with sliding
smoothing, as shown in Figures 8 and 9. In the charging
stage, because the maximum amount was much greater
than the leakage, the pressure of the two chambers
increased synchronously. After reaching approximately
0.5 MPa at 200 s, the air source was closed, and the
valve between the two chambers was opened to balance
for a period of time. The pressure of the tested chamber
decreased sharply owing to leakage, whereas the pres-
sure of the master chamber decreased slowly owing to
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Table 1 Parameter fitting results

a. B A

4.667 0.008115 0.001567

Table 2 Parameter fitting effect

SSE R-square RMSE

04808 0.9996 0.02119

heat dissipation. This makes the differential pressure
have no obvious amplitude in the charging phase but
reduce to — 0.4 MPa in the measurement phase.

The pressure difference in the measurement stage
was selected separately for exponential function fitting.
Within the 95% confidence bounds, it was calculated as
shown in Table 1.

The goodness of fit was obtained as follows in Table 2.

In the charging stage, the temperature first increased
and then decreased slowly, which was due to the rapid
compression of air in the tank during charging and the
increase in molecular heat movement, resulting in an
increase in temperature. With the slowdown of charging,
the heat-transfer system of the tank begins to dissipate
heat to the environment, resulting in a decrease in tem-
perature in the later stage of the inflation stage. During
the measurement stage, the temperature continued to
decrease owing to the leakage. The temperature charac-
teristics of the two stages are listed in Table 3.

Comparing the leakage calculation between the con-
ventional method and the substitute equation method,
it can be observed in Figure 10 that the fitting result
has a good effect and can converge to the correct leak-
age interval without fluctuation. In the early stage of

Measurement
stage

Charging stage

25.67
25.55
2543

2548
25.26
25.03

Maximum value
Average value
Minimum value

measurement, the calculated value of the low leakage is
approximately 7.5 L/min, whereas the leakage calculated
by the differential pressure method is approximately 9.5
L/min, and there is a maximum oscillation deviation of
0.5 L/min during the measurement process.

In Figure 10, it can be observed from the experiment
that using the differential pressure substitute equation
to calculate the leakage can obtain a more accurate value
without large vibrations, and some parameters in the
equation can be obtained from experience. Addition-
ally, some parameters can be obtained by controlling
the charging or measurement methods, which have high
derivability.

5 Conclusions

To solve the problem of pneumatic leakage detection,
a differential pressure fitting method was proposed in
this study. The traditional differential pressure method
mainly compares the air pressure between the master
chamber and test chamber through a specific structure.
In the traditional method, when the pressure sensor has
low accuracy or the interference in the environment is
large, the collected pressure differential data fluctuates,
which cannot respond well to the leakage. The remainder
of this paper was organized as follows.

(1) In this study, the pressure difference was fitted to
an exponential equation to replace the differential
calculation of the pressure difference in conven-
tional leakage detection. It has the characteristics
of small fluctuations, intuitive measurement, and a
fast measurement speed. In the exponential equa-
tion, the characteristic parameters of the chamber,
measurement process parameter, and leakage char-
acteristic parameter affect the value of the pressure
difference in the substitute equation at each time
point.

(2) The influence of the three parameters on the pres-
sure difference and the influence of the actual
physical parameters affecting the three parameters
on the pressure difference were evaluated through
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Figure 10 Comparison of leakage calculation between conventional
method and substitute equation method

simulation, and a sequence scheme for identifying
the parameters was obtained.

(3) The superiority of the pressure difference fitting
equation is verified by experiments.
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