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Abstract

In this paper, a new concept of virtual instrument for acquiring the pressure/flow (P/Q) characteristics of a
pneumatic pressure regulator is proposed. This concept is actually based on the well-known CFD simulations and
dynamic modeling. Generally speaking, to measure the actual P/Q characteristics of a pneumatic pressure regulator, a
real test bench according ISO 6953 has to be utilized. However, such a real test bench may be complicated and expensive.
Therefore, a software virtual instrument is presented in this paper with the intention to replace the hardware test bench. In
details, the commercial CFDRC software is chosen to find the sonic conductive C and the critical pressure ratio b for the
main metering restrictor in the pneumatic pressure regulator according to 1SO 6358. In addition, the 1ISO 6953 standard is
also adopted for further acquiring the P/Q characteristic curve. An efficient MatLab/Simulink dynamic model for the
pneumatic pressure regulator is also established to simulate the P/Q characteristic curve continuously according to
ISO6953. Finally, a real test bench for the pneumatic pressure regulator is constructed to verify the validity of the
proposed concept of virtual instrument. After experiments, it is proved that the concept of virtual instrument is feasible
and may be applied to other fluid power components in the future.

Keywords : Pneumatics, CFD, Pneumatic Pressure Regulator, 1SO6953, 1SO 6358

1 INTRODUCTION

For a pneumatic pressure regulator, the pressure/flow (P/Q) curve is perhaps the most important characteristic. However,
to measure the actual P/Q characteristics of a pneumatic pressure regulator, a real test bench according 1ISO 6953 has to
be utilized. Such a real test bench may be complicated and expensive. In this paper, therefore, a software virtual
instrument is proposed with the intention to replace the expensive hardware test bench. In details, the commercial
CFDRC software is chosen to find the sonic conductive C and the critical pressure ratio b for the main metering restrictor
in the pneumatic pressure regulator according to 1SO 6358. In addition, the 1ISO 6953 standard is also adopted for further
acquiring the P/Q characteristic curve. An efficient MatLab/Simulink dynamic model for the pneumatic pressure
regulator is also established to simulate the P/Q characteristic curve continuously according to 1ISO 6953. Figure 1 shows
the schematic of the chosen pneumatic pressure regulator. The main metering restrictor is shown in Fig. 2. In this paper,
the well-known ISO 6358 standard is utilized to model the mass flow-rate characteristics. Figure 3 indicates a typical
mass flow-rate characteristic of the airflow through a flow restrictor according to 1ISO 6358 [1]. It is observed that the
value of the maximal mass flow-rate of the airflow is a constant and depends on the value of C, which is generally called
the sonic conductance. When the ratio of the outlet pressure to the inlet pressure is small, meaning that the pressure drop
across the flow restrictor is quite large, the airflow through the flow restrictor become a jet with high velocity. The
acoustic velocity, however, physically limits this velocity. This is precisely the reason why the maximal constant
flow-rate exists in the airflow property shown in Fig. 3.

The parameter b, called the critical pressure ratio, is defined as the intersection of the straight flow-rate of so-called
choked flow and the elliptic flow-rate curve of subsonic flow as shown in Fig. 3. For a flow restrictor with a fixed
cross-sectional area, the corresponding two parameters, the sonic conductance, C, and the critical pressure ratio, b, are
constants [2, 3]. In the following, the CFD-modeling of the mass flow-rate characteristic is firstly outlined.
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Fig. 3: The typical airflow property through a pneumatic flow restrictor




2 CFD-MODELING OF THE MASS FLOw-RATE CHARACTERISTIC

To implement the software virtual instrument accurately, the airflow property through the main metering restrictor
(shown in Fig. 2) has to be determined in advance. In this paper, the commercial CFDRC software is used as a tool to
determine the above mentioned air-flow property. The mass flow-rate of airflow through a pneumatic flow restrictor can
be described by the following generalized formulas. [1-3]

Choked flow :
M. =CP, T2 for &sb, (D
T P

Subsonic flow :

&>b. 2)

Since the airflow in the metering restrictor is axis-symmetric, a two-dimensional Cartesian coordinate model of the flow

field is established for the quantitative analysis of the mass flow-rate through the test restrictor (opening width: 1.0 mm)

as shown in Fig. 4.

The initial and boundary conditions for the CFD simulation are:

(1) The input velocity of the airflow is determined by trial-and-error approach to meet the preset air pressure at the inlet.

(2) The airflow is compressible.

(3) The air density is assumed to be 1.189 kg/m® at room temperature.

(4) The dynamic viscosity of the air is setto be 1.789 e® Ns/m® at room temperature.

(5) The room temperature is set to be 20 °C or 293 K.

(6) The reference acoustic velocity of air is assumed to be 340 m/s.

(7) The boundaries of the flow field are considered as the wall, which means that no airflow across the boundaries is
allowed.

The velocity vector diagram for the main metering restrictor is found and shown in Fig. 5. From this velocity vector

diagram and the corresponding numerical velocity data at the outlet, the average mass flow-rate of the air can be derived.

Finally, the mass flow-rate characteristic curves for different opening widths can be obtained as shown in Fig. 6. The

critical pressure ration is found to be 0.291 and the sonic conductance, C, can be calculated by Eq. (3), where y denotes

the opening width (unit: mm). Using the test device described in [5], it is found that the maximal deviation between

simulation and experimental results is around 5.6 %.

C =-0.9608y2 +1.926y ®)

Fig.5 : The velocity vector diagram
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3 EQUATION OF MOTION FOR THE PNEUMATIC PRESSURE REGULATOR

In the previous section, the mass flow-rate model for the main metering restrictor in the pneumatic pressure regulator was
successfully established. In this section, the equation of motion for the poppet in the pressure regulator is derived. Figure
7 shows the scheme of the poppet together with the valve body geometry. It is worth mentioning that the pressure in
chamber A (P,) is actually the controlled output pressure of the pressure regulator. If the pressure P4 is smaller than the
target preset pressure, then the poppet will move downwards to open the metering restrictor. Thus, the output pressure
will increase because of the larger opening area. Similarly, the poppet will move upwards to close the metering restrictor
gradually if the output pressure is greater than the target pressure setting. To change the target output pressure, the
pre-compression of the pressure setting spring has to be adjusted by hand. From Newton’s law, the following two
equations can be obtained.

(1) If the metering restrictor is closed:

=P x A =Py x A+ (Yo, + ¥ — ¥) xk,

4 (4)
(Yot Y) Xk, + M x9.8= M dtf
(2) If the metering restrictor is still open:
=Py x Ay =Py x A + (Yo + Y — Y) xKy ©)
5 .
—(Yop + Y) Xk, + M x9.8= M dtzy

Where M: Mass of the poppet,
Ps:  Supply pressure,
P4 : Pressure in chamber A,
A, : Area of membrane,
A, : Area of the poppet head,
Az : Area of the connecting rod,
Yo1 - Pre-compression of pressure setting spring,
Yoo : Pre-compression of the recovery spring,
y : Displacement of the poppet or the opening width
of metering restrictor,
k; . Pressure setting spring constant,
k, : Recovery spring constant.

The position of poppet decides which one of these two equations should be used. For example, if the metering restrictor
is fully closed, then Eq. (4) should be utilized. Now, it is essential to build a mathematical model relating the pressure
gradient in chamber A to the corresponding net mass flow-rate. To simplify the model, it is reasonable to assume that the
heat-loss term and the kinetic-energy term are both negligible [2, 3]. In addition, the volume of chamber A is a constant
regardless of the airflow. Thus, the simplified differential equation for the pressure gradient in chamber A is obtained as



_ kRT,

VA (ml - mz) ’ (6)

Pa

Where F"A : Pressure gradient in chamber A,
M, : Mass flow-rate into the chamber A,

m, : Mass flow-rate out of the chamber A,

R : Air constant (29.26 m/°K),
T, Room temperature (°K),
Va: Volume of chamber A,

k : Adiabatic constant (k=1.4).

Combining Eq. (1) through Eq. (6) and using MatLab/Simulink software, the overall simulation block diagram can be
obtained as shown in Fig. 8. The simulation and experimental dynamic pressure responses for two different output target
pressure settings are shown in Fig. 9 and Fig. 10, respectively. It is observed that the simulation dynamic pressure
responses agree quite well with the experimental ones. Furthermore, to acquire the P/Q characteristic curves of the
pressure regulator, a stepwise variable input signal of opening width, y, to the dynamic simulation program is utilized as
shown in Fig. 11. Such an input signal represents the stepwise adjustment of output target pressure by hand from
maximal 1.6 bar to minimal zero bar. On the other hand, a real test bench for the pneumatic pressure regulator according
to 1ISO 6953 standard is constructed as shown in Fig. 12. After some experiments, the comparisons between the
experimental and simulation P/Q characteristic family curves of the chosen pneumatic pressure regulator is obtained as
shown in Fig. 13. It can be seen that the simulation results agree very well with the experimental ones. This verifies the
validity of the proposed concept of virtual instrument.
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Fig. 7 : Scheme of the poppet and valve body geometry

Fig. 8 : Dynamic simulation block diagram using MatLab/Simulink
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Fig. 9: Simulation and experimental dynamic pressure response for 1.25 bar output pressure control

3

e Experiment
ol —— Simulation | 4

outlet pressure{bar)

1 1 L L 1 L J
1 15 2 25 3 35 4

Time (s)

Fig. 10: Simulation and experimental dynamic pressure response for 1.6 bar output pressure control
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Fig. 11:  Stepwise variable input signal of opening width for the continuous measurement of the P/Q char. curves

4 CONCLUSION

In this paper, the proposed new concept of virtual instrument to acquire the P/Q characteristics of a pneumatic pressure
regulator is not only proved to be feasible but also successfully realized. After some simulations and experiments, it is
observed that the simulation P/Q characteristic family curves agree very well with experimental ones. A most important
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feature of the proposed new concept is that the complex and expensive real test bench may no longer be necessary as
long as the modeling of the pneumatic pressure regulator is accurate. Therefore, it is expected that such a new concept of
virtual instrument may be applied to other fluid power components in the future.
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Fig. 12: Real test bench for the pneumatic pressure regulator according to 1ISO 6953 standard
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Fig. 13 : Comparisons between the experimental and simulation P/Q characteristic family curves
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