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of the mass-flow-rate
characterization parameters
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slide valves
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The mass-flow-rate characteristics of high-pressure pneumatic servo valves (HPSVs) have an
important effect on the dynamic performance of high-pressure servo systems. However, these
characteristics are difficult to obtain by theoretical calculations and flowmeter measurements owing
to the compressibility of high-pressure gas. In this paper, a new measurement method of the mass-
flow-rate characterization parameters of HPSVs is proposed based on the principle of the series
connection sonic discharge of valve orifices. The effective cross-sectional area and critical pressure
ratio of the servo valve orifices can be accurately and efficiently determined by connecting two valve
orifices in series and exchanging the flow sequence of the two valve orifices. The two assumptions
including the sonic and adiabatic discharge of the proposed measurement method were verified. A
comparison between the test and simulation data showed that the accuracy of the measured effective
cross-sectional area and critical pressure ratio of the HPSV was high. The measured critical pressure
ratio ranged from 0.46 to 0.50, and the flow coefficient represented by the effective cross-sectional
area variation decreased with increasing valve opening. These findings have general implications for
the accurate design, analysis, and control of high-pressure pneumatic servo systems.

A high power ratio and instant expansibility of high-pressure gases can effectively improve the dynamic char-
acteristics, increase the inherent frequency, and improve the response speed of pneumatic systems. At the same
time, high pressure can enable miniaturization of the components, thus saving installation space and costs.
Therefore, high pressure is applied in specialized fields, such as aviation, aerospace, military equipment, and
drilling platforms!-3.

The performance of high-pressure pneumatic servo valves (HPSVs) is critical for system design, system
control, and evaluation and optimization of the system performance*®. Servo valves usually have a slide valve
structure, and their flow characteristics are the basis for those of the entire high-pressure pneumatic servo
system®®. Many experts and researchers have been investigating the measurement of the flow characteristics of
pneumatic components for many years, and have developed numerous flowmeters and measurement methods.

The flow characteristics of the servo valve are measured using different flowmeters depending on the magni-
tude of the flow rate. A precision hydraulic motor or vortex meter is used for testing at high flow rates, while a
hydraulic cylinder is used for testing when the flow rate is not high'’. In this method, the density and viscosity
of the fluid have greatly affect the measurement results, and therefore, this method is more suitable for liquid
media or low-pressure gases that exhibit little change in density. The ISO 6358 test method using sonic con-
ductance and critical-pressure-ratio characterization of the mass flow rate can also achieve measurement of the
flow characteristics''. However, this method has many provisions, stringent requirements for the accuracy of
the test device and measurement instrumentation, and high test-gas consumption and cost'*>!*. Kuroshita and
Oneyama'* proposed a hybrid method for measuring flow characteristics based on ISO 6358 and JIS B 8390"*
that can measure parts with large apertures using small devices. However, for components with relatively small
critical pressure ratios, the errors in the measured sonic conductance are large, and this method cannot fully
describe the mass flow rates of pneumatic components. Kawashima and co-workers'®!” proposed a method to
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measure the flow characteristics using an isothermal chamber. However, the method is influenced by the density
of the filler, the isothermal chamber is difficult and expensive to fabricate, and the isothermal performance of
the chamber is difficult to evaluate ''°. Imamura et al. ?° proposed a gravimetric method called SRoGS that can
be used to measure the gas mass flow rate within the range of 0.012-0.062 g/min in a vacuum chamber, but the
measurement error is large at high gas flow rates, and this method requires a strict test environment. Kashan et al.
21 proposed a new mass-flow-rate sensing element that is particularly suitable for low-flow-rate measurement
in vacuum processing systems. These measurement methods suffer from high measurement device require-
ments and difficulty in measurement, and they are only applicable to low-pressure pneumatic components.
High-pressure pneumatic measurements require a simple and efficient measurement method owing to the high
differential pressure, high variation in the gas density, and high flow rate.

The Chinese national standard GB/T 14513 developed the series connection sonic discharge method #. In
this method, the mass-flow-rate characteristics of the component can be obtained indirectly by measuring the
effective cross-sectional area and critical pressure ratio in the choked flow state by using only the specified cavity
with two identical components connected in series in the test system. For components with a critical pressure
ratio greater than 0.25, the effective cross-sectional area and critical pressure ratio obtained from the measure-
ment are more credible, while for small critical pressure ratios and low inlet pressures, the measurement results
will be more inaccurate 2. Therefore, this method is suitable for high-pressure pneumatics and has the advantages
of low test-gas consumption, low cost, and high efficiency ?*. Gao et al. * connected two high-pressure solenoid
valves in series and obtained high-accuracy effective cross-sectional area and critical pressure ratio values by the
series connection sonic discharge method when the discharge time was less than 2 s.

According to the slide valve structure characteristics of the HPSV investigated in this study, the two control
orifices of the servo valve are equivalent to the throttle orifices, which can be used to measure the mass flow rate
by using the principle of the series connection sonic discharge method. Based on the principle of mass conserva-
tion of the gas flowing through the two tandem throttle orifices and making two assumptions, that is, that the
discharge process is adiabatic and that the flow rate at the downstream throttle orifices is sonic, a new method to
accurately and efficiently measure the effective cross-sectional area and critical pressure ratio of the servo valve
orifices is derived from principle. This new method requires only exchanging the flow sequence of two valve
orifices and then separating the measurement of the gas pressure change and temperature in the chamber. In this
way, the mass-flow-rate characteristics of the HPSV can be indirectly measured. Regarding the assumptions of
the method, computational fluid dynamics (CFD) is used to obtain the internal flow field of the HPSV whose
valve orifice is connected in series to verify the assumption that the downstream throttle flow rate is the sonic
speed. The simulation with no heat exchange and the test results during the discharge process are compared to
verify that the adiabatic assumption holds.

Principle of measurement of the mass-flow-rate characterization parameters
Throttle orifice gas mass flow rate equation. According to the international standard ISO 6358! on
the mass-flow-rate equation equivalent to an elliptic equation, the mass flow rate of gas flowing through each
throttle orifice can be expressed as

kR ki1
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where Q,, is the maximum mass flow rate in the choked-flow state, S is the effective cross-sectional area of the
rectangular valve orifices, d,, is the critical pressure ratio in the choked-flow state, p; is the upstream pressure,
D, is the downstream pressure, T is the upstream temperature, R is the gas constant (R=287 J/(kg-K)), and k is
the adiabatic index (k=1.4). From Egs. (1) and (2), the mass-flow-rate characteristics of the HPSV can be fully
expressed by using two characteristic parameters: the effective cross-sectional area S and the critical pressure
ratio in the choked-flow state o,,.

HPSYV structure and measurement method. The HPSV investigated in this study was a three-position
five-way valve, which contains five valve orifices, two of which are the main control orifices (valve orifices A and
B). Based on an analogy to four-sided slide valves, the servo valve orifices are equivalent to the throttle orifices.
After passing through valve orifices A and B, the high-pressure gas can then be discharged into the atmosphere
from the chamber according to the series connection sonic discharge method. The equivalent schematic of the
series connection sonic discharge method is shown in Fig. 1.

Assumptions.  (a) Sonic assumption. Valve orifices A and B are connected in series, and the through-flow
areas are the same or very similar to ensure that the high-pressure gas is subsonic in valve orifice A and sonic in
valve orifice B; that is, the critical section is at valve orifice B.

(b) Adiabatic assumption. Under the condition that the frictional heat exchange between the gas and the tube
wall is ignored and the discharge time is as short as possible, the temperature inside the chamber is maintained;
it is the same as that of the outside environment (i.e., Tc and Tt) during the discharge process.
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Figure 1. Equivalent schematic of the HPSV series connection sonic discharge method.

Effective cross-sectional area S.  The effective cross-sectional area of high-pressure pneumatic compo-
nents S is measured by the series connection sonic discharge method. S is calculated by considering the thermo-
dynamic equations of the adiabatic-discharge process and isovolumetric process, and the gas dynamics equation:

1V 273 (¢
S=261/ % [(Poo) 1} 3)

Critical pressure ratio g.,. The mass flow rate through the valve orifices is

Pc
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where Q,, 45 is the mass flow rate in the case of throttle orifices A and B in the series connection, Q,,; is the mass
flow rate of throttle orifice B, S, is the effective cross-sectional area in the case of throttle orifices A and B in the
series connection, and Sy is the effective cross-sectional area of throttle orifice B. From the continuity equation,
Quuas = Q,p is obtained, and according to the adiabatic assumption, T, = T, is obtained. Thus,

QmAB == 00404SAB
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From the international standard 1ISO6358!!,
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Similarly, the continuity equation gives Q4 = Q, SO
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Thus, from the above equation,
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Equation (9) shows that the effective cross-sectional area of the series gas circuit is related only to the char-
acterization parameters of the series-connected components, and it is independent of the pressure ratio between
their two ends. The above equation then gives

2
SAB:\/I_ (pi“/pf_“f‘") (10)
Sa 1 —ocacr

Substituting Eq. (6) into Eq. (10) gives

_ 2
Sap _ \/1 3 <SAB/SB UAcr> (11)
Sa 1 — opcr

The critical pressure ratio of throttle orifice A is then
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Figure 2. Schematic of the measurement of mass-flow-rate characterization parameters of the HPSV.
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Exchanging the positions of throttle orifices A and B, the same critical pressure ratio of throttle orifice B can
be obtained:

(12)

opey — S8A/S4 = V1 — (Spa/Sp)”
1— V1 - (Spa/Sp)*

Based on the sonic discharge method, the pressure change and steady-state temperature of the gas in the
constant-volume cavity are measured separately, and the effective cross-sectional area of each valve orifice S can
be derived from Eq. (3) by considering the thermodynamic equations of the adiabatic-discharge process and
isovolumetric process and the gas kinetics equation. From Egs. (12) and (13), two characterization parameters,
the effective cross-sectional area S and critical pressure ratio o,,, can completely express the mass-flow-rate
characteristics of the HPSV.

(13)

Test measurements. Based on the method, a test rig was designed, the schematic diagram of which is
shown in Fig. 2. The chamber pressure sensor was used to measure the pressure of the constant-volume chamber,
the chamber temperature was room temperature, the different valve orifices of the HPSV were connected with
the chamber by the solenoid switch valve, the displacement sensor was used to detect the spool displacement of
the HPSV, and the data were collected with an industrial control computer. For measurement, the valve orifices
of the HPSV have two types of series connections, as shown in Fig. 3.

A valve block was designed to connect two valve orifices in series. To reduce manufacturing costs, a one-piece
design was used, and a special threaded plug was designed to accompany this design. For a specific connection,
the other lines were closed by O-ring seals. One of the tandem bridge connection configurations is shown in
Fig. 4.

The test rig was built (shown in Fig. 5) according to the schematic diagram of the measurement system, with
a high-pressure gas cylinder used as the gas source and an industrial control computer used to control the sole-
noid valves and for data acquisition. A spool position fastening device was designed to help stabilize the spool
displacement in the test by means of a positioning screw. The fastening device was mounted on the valve block
and connected to the spool by threads. The list of related components is shown in Table 1.

According to the abovementioned method, the internal pressure values of the pressure chamber after dis-
charging were measured for four connection cases: valve orifice A, valve orifice B, tandem valve orifices A and
B, and tandem valve orifices B and A. The measurement procedure is shown in Fig. 6.
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Figure 3. Schematic of the valve orifice series connection.
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Figure 5. Photograph of the test components for the HPSV mass-flow-rate characterization parameters: (a) the
chamber and test components, (b) high-pressure gas-supplying device.
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Name Main parameters Name Main parameters

HPSV Nominal diameter: 6 mm Pressure sensor | kange: 0-21 MPa
Maximum working pressure: 25 MPa Accuracy: 0.1%
Resolution: 16 bits - Range: 0-3 mm

PCL-816 Accuracy: 0.003% FS+1 LSB Position sensor Accuracy: 0.1%

Nominal diameter: 8 mm
Solenoid valve | Response time: <150 ms
Maximum working pressure: 18 MPa

Maximum working pressure: 24 MPa
Chamber Volume: 1.6 L

Table 1. Parameters of the test components.

Record the pressure and temperature in the chamber |
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Record the pressure in the chamber after it has stabilized | |

Repeat three times and take the average |

|
Figure 6. Test measurement procedure.
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Figure 7. Effective cross-sectional area: initial pressure of the chamber is (a) 5 MPa; (b) 15 MPa.

A discharge time of 2 s can be considered an adiabatic process®. The test was conducted at initial chamber
pressures of 5 and 15 MPa, and the mass-flow-rate measurements were repeated several times for valve openings
of 0.1-1 mm. The effective cross-sectional areas of each valve opening under the two pressure conditions were
calculated according to Eq. (3), where S, Sp, Sx5, and Sp, are the effective cross-sectional areas of valve orifice A,
valve orifice B, tandem valve orifices A and B, and tandem valve orifices B and A, respectively, as shown in Fig. 7.
The flow coeflicient C, is the ratio of the effective cross-sectional area to the geometric cross-sectional area, and
it is an important parameter for evaluating the flow capacity of control valve orifices:

S

Cyg=—
d 4bx,

(14)
where b is the side length of the rectangular orifice (b=5 mm in this study) and x, is the opening of the valve
orifice. The flow coeflicients of valve orifices A and B measured under the two pressure conditions are shown in
Fig. 8. Based on the value and the law of the flow coefficient, the measurement of the effective cross-sectional
area is more accurate.

According to calculations with Egs. (12) and (13), the critical pressure ratios of valve orifices A and B were
obtained under two pressure conditions (Fig. 9). The test critical pressure ratio was between 0.46 and 0.50,
which is in line with the critical pressure ratio rule for general pneumatic components. Under the two pressure
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Figure 8. Flow coefficient: initial pressure of the chamber is (a) 5 MPa; (b) 15 MPa.
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Figure 9. Ciritical pressure ratio: initial pressure of the chamber is (a) 5 MPa; (b) 15 MPa.
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Figure 10. Mass-flow-rate characteristics: initial pressure of the chamber is (a) 5 MPa; (b) 15 MPa.

conditions, the P,/P, values were both less than the test critical pressure ratio. Therefore, the measured effective
cross-sectional areas S, and Sp were substituted into Eq. (1) to obtain the mass flow rate of the two valve orifices
(Fig. 10).

Assumption verification. Verification of the sonic assumption. For the assumption that the flow velocity
at the downstream valve orifice is the speed of sound in the mass-flow-rate characterization parameters meas-
urement method of HPSVs, the CFD method was used to study the gas flow through the two valve orifices®.
CFD is known as a robust method for predicting fluid dynamics parameters and the most common software is
ANSYS/fluent 2%, As shown in Fig. 11, the geometric areas of valve orifices A and B in the model were the same.
The results showed that under the two pressure conditions, the gas flow at valve orifice A was subsonic (the high-
est velocities were 186 and 197 m/s) and that at valve orifice B was sonic (flow rates of 325 and 323 m/s). Here,
it should be noted that the high-velocity jet at the valve orifice causes a drop in temperature, so the local sonic
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Figure 11. Gas flow contour of the tandem valve orifices: inlet pressure is 5 MPa, (a) velocity contour, (b)
temperature contour; inlet pressure is 15 MPa, (c) velocity contour, (d) temperature contour.

speed is reduced. According to the temperatures (263 and 260 K) at valve orifice B, the sonic flow rates at these
temperatures were 325 and 323 m/s, respectively; that is, the flow velocity at valve orifice B reached sonic speed.
After passing through valve orifice B, the flow rate reached supersonic speed because of the expanded through-
flow area, similar to the Rafael nozzle structure. Therefore, the sonic assumption is valid.

Verification of the adiabatic assumption. To verify the accuracy of the mass-flow-rate test results of the HPSV
and the assumption of adiabatic heat inside the chamber during the discharge process, the pressure change
inside the chamber during 2 s discharge was investigated by MATLAB/Simulink. The pressure and temperature
variation of high-pressure gas inside the chamber can be written as follows,

dp RTdm pdl  RT pdrT
o vatTtaT vt (15)
dT  hy - A(T,—T) (k—DT

dr b AT =T (k=DT 16

dr C,-m m

where A is the heat transfer area, h is the heat transfer coefficient, T, is the chamber wall temperature, T is the gas
temperature in the chamber, Cy is the specific heat at constant volume, and  is the gas mass. From Egs. (15) and
(16), it can be seen that during the discharge process, the variation in the pressure and temperature of the high-
pressure gas are affected by the mass flow rate Q,, and the heat transfer coeflicient h,, and if this process is very
short, it can be considered an adiabatic process. According to this assumption, the heat-transfer coefficient inside
the chamber during the discharge process was 0. In performing the simulation, the test critical pressure ratio
and effective cross-sectional area were substituted for the theoretical values. The test data of the pressure change
inside the chamber during the discharge process were compared with the simulated data; if the results are very
close, the heat transfer coefficient can be considered to be 0, which means that the adiabatic assumption is valid.

Comparing the pressure changes for valve openings of 0.3, 0.5, and 0.8 mm, the results showed that the simu-
lated data were in good agreement with the test data when the discharge time was 2 s under an initial pressure of
5 MPa (Fig. 12). The test data values were slightly smaller than those of the simulated data under an initial pres-
sure of 15 MPa for less than 1.6 s, and higher after 1.6 s. The heat transfer between the high-pressure gas inside
the chamber and the chamber wall during discharge can be expressed based on the mixing theory of natural and
forced convection *-3'. When the pressure inside the chamber increases, the heat-transfer coefficient accordingly
increases, and the convective heat-transfer intensity in the chamber increases. Therefore, the discharge time can
be slightly reduced to ensure that the adiabatic assumption holds.

The simulation and test results of the residual pressure after discharge for 2 s are compared in Fig. 13. The
simulation results were in good agreement with the test results, and the maximum relative error was 0.05.
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Figure 13. Residual pressure in the constant-volume chamber after discharge: initial pressure 5 MPa (a) valve
orifice A; (b) valve orifice B; initial pressure 15 MPa; (c) valve orifice A; (d) valve orifice B.

Therefore, the adiabatic assumption holds, and the effective cross-sectional area and critical pressure ratio have
high accuracy.

Discussion

This paper presents a test method to determine the mass-flow-rate characterization parameters of a slide-valve-
type HPSV. The test results are shown in Figs. 7, 8, 9 and 10. The relationship between the valve opening and mass
flow rate (Fig. 10) was that the mass flow rate increased at a decreasing rate as the valve opening increased. In
particular, the mass-flow-rate increase significantly decreased when the valve opening was greater than 0.5 mm.
The reason is that the flow coeflicient is smaller and the gas flow force is larger for a larger orifice opening *.
When the mass flow rate at the valve orifices increases to the power domain limit at the moment of discharge,
the gas flow force acting on the spool increases to a level comparable with the electromagnetic force of the motor.
This phenomenon makes the spool appear uncontrollable for a short time, and the gas flow force will make the
valve orifices smaller, resulting in a reduced flow rate through the orifices. Although a fastening device was added
to help the spool compensate for some of the gas flow force, the gas flow force still has a large effect on the spool
displacement when the valve opening is large, as shown in Fig. 14.

As a servo valve is a high-precision control element, its mass-flow-rate characteristics are very important.
The measured mass-flow-rate characteristics help to further optimize those nonlinearity by improved control
algorithms. It was found that the gas flow force significantly affects the spool position, which can be reduced by
further optimizing the control algorithm to improve the servo valve’s resistance to gas flow force. In addition, in
the high-pressure pneumatic servo system, the influence of the nonlinearity of the mass flow rate on the system
control performance can be analysed, and the control compensation method can be studied.

Conclusion

The new measurement method proposed in this paper is based on the series connection sonic discharge method,
where two valve orifices are equated to two throttle orifices. The effective cross-sectional area and the critical pres-
sure ratio can be obtained by exchanging the flow sequence of the two valve orifices, and these two parameters
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Figure 14. Spool displacement monitoring for different valve openings: (a) 0.8 mm; (b) 0.9 mm; (¢) 1.0 mm.
Discharge starts at 1 s.

are used to characterize the mass flow rate of a slide-valve-type HPSV. A three-position five-way HPSV is used
for the test.

According to the test data under two pressure conditions, the flow coefficient decreased with increasing
valve orifice opening, and the flow coefficients were very close for the same valve opening. The critical pressure
ratio ranged from 0.46-0.50, which is in accordance with the critical pressure ratio rule of general pneumatic
components. The measured mass flow rate and valve opening showed a nonlinear relationship owing to the dif-
ferent orifice resistance values at different openings and the influence of the instantaneous aerodynamic force
of the discharge.

The measurement method has two assumptions: the sonic assumption and the adiabatic assumption. The
sonic assumption was verified by CFD, and the simulation data were compared with the test results to confirm
that the adiabatic assumption holds for the 2 s discharge. It was found that under high-pressure conditions,
the discharge time needs to be reduced accordingly to ensure the adiabaticity of the discharge process, and it is
recommended to reduce the discharge time to 1.6 s in the high-pressure measurement.

The proposed method for testing the mass-flow-rate characterization parameters of high-pressure pneumatic
servo slide valves is effective and feasible. This method has the advantages of a simple structure, low test-gas cost,
high efficiency, and energy savings. This measurement method is also applicable to other slide-valve-type high-
pressure pneumatic valves. It is recommended to consider the influence of the gas flow forces during the meas-
urement, and more accurate measurements can be obtained by increasing the valve’s resistance to interference.
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