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DETERMINATION OF FLOW RATE CHARACTERISTICS FOR
PNEUMATIC VALVES

Zdenék VARGA, Petri KESKI-HONKOLA®

Abstract: The standard ISO 6358 is often used for describing flow rate of
pneumatic valves. This standard uses sonic conductance and the critical pressure
ratio to calculate mentioned flow rate. Different valves can be compared by these
two parameters and an accurate mathematical model of flow rate can be created
for an actual valve. The presented work is based on the measurements of the
charge and the discharge of a tank through a valve. Downstream pressure,
upstream pressure, temperature for both supply air and pressurized air inside the
tank are monitored. The sonic conductance and the critical pressure ratio are
obtained from this process as inverse models for two valves.

1. INTRODUCTION

For this research of pneumatic valves flow rate characteristics a standard proportional
pressure regulator VPPM-6L-L-1-G18-0L10H-A4P-S1C1 was selected. Same valve is used
another research work of the authors involving an artificial pneumatic muscle. The vale
supplied pressurized air to the muscle and the contraction of the muscle depends on the
amount of the pressurized air. For creating a mathematical model of the whole system it
is important to describe flow rate through the valve, which was the reason for
formulation of the flow rate characteristic for our valve.

In this case flow rate through the valve is described by the sonic conductance C and the
critical pressure ratio b. This description of flow rate through the screening is taken from
the ISO standard 6358 and for mathematical model of the pneumatic valve these two
constants must be determined. First attempt to determine these two constants was made
by measuring flow rate through the valve while increasing upstream pressure. The first
measurement showed that precision was lost by the influence of special measuring
equipment.

An alternative method of measuring flow rate characteristics is described in this paper
and is referred as second method. The second method is based on the charge and the
discharge of a tank through the valve while downstream pressure, upstream pressure,
temperature for supply air and for pressurized air inside the tank is monitored. In this
paper the second method is applied for determination the sonic conductance and the
critical pressure ratio. Determination of the flow rate characteristic is done to two types
of valve; VPPM-6L-L1-G18-0L6H-V1P-S1C1 and VPPM-6L-L-1-G18-0L10H-A4P-S1C1 for
reasons of comparing the valves and verification of the applied method.
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2. METHODS

In the introduction of this paper two methods to determinate flow rate characteristic
were mentioned. The first of the methods is based on increasing upstream pressure while
the pressurized air goes through a mass flow sensor. This method is explained in detail in
the standard ISO 6358. Next two equations which describe the flow rate through the
orifices can be found in this standard ISO 6358 [1].

T,

g, =Cp,p, .| =~ for  Lr<p choked flow (1)
T P
T

q, =Cp.py. |~ for  L25p subsonic flow (2)
T Py

Custom equipment was manufactured for measuring the flow rate characteristics based
on ,increasing the upstream pressure”. Part of the valve holding the valve nozzle was
replaced with the special equipment. With this setup it was possible to set the nozzle to a
required fixed position. Without modifications this could not be done.

Figure 1 a) shows the measuring station which was used for measurement and figure 1
b) shows the curvature of dependence flow rate on the upstream pressure. This method
has been applied only on valve VPPM-6L-L1-G18-0L6H-V1P-S1C1 because preparing
special equipment for holding the nozzle in a constant position is very expensive and
work intensive.
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Figure 1: Measuring flow rate characteristic by increasing upstream pressure
a)schematic of measuring station (1 - pressurized air source, 2 — pressure regulator, 3 -
pressure sensor ,4 — pressure sensor, 5 - flow meter) b) Dependence flow rate on the
upstream pressure
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The second method is based on the charge and the discharge of a tank. In this method
an isothermal process is assumed when the state equation of ideal gases (3) is used.

pv=mrT (3)

Equation (3) is used together with equations (1) and (2). Equations (4) and (5) can be
obtained from these and they express a derivative of pressure continuance p, in the
tank. These equations were used for creating simulation model of charge and discharge
of a tank.

= for  Prgp choked flow (4)
Py

) P, i

p, = for —=>b subsonic flow (5)
P

Picture of measuring tank and schematic of measuring equipment used in the experiment
implementing the second method can be seen in Figure 2 a) and b).

a) b)
Figure 2: Measuring flow rate characteristic by charge and discharge of a tank a) The
measuring tank b) Measuring schematic (1 -Central compressed air supply, 2 - Filter
regulator with backflow function AW30K-F03, 3 - Temperature sensor, 4 — Pressure
sensor, 5 - Proportional pneumatic valve VPPM, 6 - Pressure tank, 7 — Data acquisition
card, 8 - Computer)
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For creating a simulation of charge and discharge of a tank, MATLAB® Simulink was used.
It makes possible to compare a lot of measured data with mathematical models, which
was a great contribution to the work. Measurements made with the two valves were
compared to theoretical values.

Figure 3 and Figure 4 show two Simulink models created to determine sonic conductance
C and the critical pressure ratio b from the measured data. This procedure is described in
the next chapter.
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Figure 3: Simulation schematic of a tank charge in Simulink
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Figure 4: Simulation schematic of a tank discharge in Simulink
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3. RESULTS

Two types of measurements were made, firstly, the flow rate characteristic was
measured by increasing upstream pressure as depicted in Figure 1 and secondly, flow
rate characteristic was measured by charge and dischrge of a tank as shown in Figure 2.
The results from the first method are shown in Figure 5. Measured data are represented
as blue circles. Green curvature represents theoretical approximation obtained as a
numerical solution searching sonic conductance C and the critical pressure ratio b.
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Figure 5: Dependence of flow rate to the upstream pressure - data from the first
method measurement

For numerical approximation of the measured data a special program was created in
MATLAB® this program used function fminsearch from the MATLAB® toolbox. The function
fminsearch finds the minimum of a function, in our case function (2) which describes the
flow rate through the orifices for event subsonic flow.

The results from first methods:

C=6,329e-09 [m~"3/(s*Pa)]
b=0,1527 [-]

As mentioned before this method has been applied only on valve VPPM-6L-L1-G18-0L6H-
V1P-S1C1 because preparatio of the special equipment for holding the nozzle in constant
position is very expensive and work intensive.
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The second method of determining the flow rate characteristic uses the results obtained
from the charge and discharge of the tank. In fact this second method is used to describe
the flow rate (constant of sonic conductance C and the critical pressure ratio b)through
the valve in the case when the valve is attached to supply pressure and in the second
case, to ambient pressure. The data from the measurements of charging the tank
through the valve VPPM-6L-L-1-G18-0L10H-A4P-S1C1 are shown in Figure 6, the same
curvature was obtained for the valve VPPM-6L-L1-G18-0L6H-V1P-S1C1lwith first method
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Figure 6: Graph of pressure in a tank on time - data from the measuring charge a tank

The data from the measurement was smoothed by applying the Savitzky-Golay filter and
compared to the theoretical model which is shown in Figure 3.
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Figure 7: Graph of pressure in a tank on time - results from the simulation of charge a
tank in Simulink
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The comparison of measured data and simulation is shown in Figure 7 for the final value
of pressure inside a tank 8kPa - valve VPPM-6L-L-1-G18-0L10H-A4P-S1C1.

Values of critical pressure ratio b for each final pressure in the tank were determined
based on knowledge that the linear part of the curvature of the charge is describe by
equation (1) and the behaviors of flow rate in the second part of the curvature is
described by equation (2). Of note is that the critical pressure ratio b expresses the
divide of the downstream and the upstream pressure which flow becomes choked [1].

For determination of the critical pressure ratio a derivative of smoothed measured data
was made, and the point where the derivative exchanges determines the mentioned
critical pressure ratio. The values of sonic conductance C were determined from the
equation which describes the flow rate through the orifices for subsonic flow. The results
of critical pressure ratio and sonic conductance for different values of upstream pressure
are shown in Table 1 and 2.

Table 1: The values of critical pressure ratio and sonic conductance determined from the
charge of a tank - valve VPPM-6L-L-1-G18-0L10H-A4P-S1C1

Upstream pressure | critical pressure ratio | sonic conductance
p: [kPa] b[-] C [m~"3/(s*Pa)]
200 0,56 0,90 e-8
300 0,41 1,30 e-8
400 0,36 1,55 e-8
500 0,40 1,62 e-8
600 0,44 1,65 e-8
700 0,45 1,65 e-8
800 0,46 1,62 e-8

Table 2: The values of critical pressure ratio and sonic conductance determined from the
charge of a tank - valve VPPM-6L-L1-G18-0L6H-V1P-S1C1

Upstream pressure | critical pressure ratio | sonic conductance
p: [kPa] b [-] C [m~3/(s*Pa)]
200 0,56 1,08e-8
300 0,41 1,43 e-8
400 0,35 1,61 e-8
500 0,37 1,68 e-8
600 0,38 1,72 e-8
700 0,33 1,73 e-8
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A part of the second method of determination, a constant describing the flow rate
through the valve is discharge of a tank. In this method we used a different method of
determination for constant C and b, in the first step we provided the measurements of

the discharge of a tank and we made a visualization of measured data on the graph see
Figure 8.
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Figure 8: Graph of pressure in a tank on time - data from the measured discharge a
tank

As in the charge of a tank the Savitzky-Golay filter was applied for smoothing the
measured data and determination of constantsC and b can be made.
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Figure 9: Graph of pressure in a tank on time - results from the simulation of discharge
a tank in Simulink
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For evaluation of the constant was used a combination of the simulation of a tank
discharge made in Simulink (see Figure 4) and a special program in MATLAB® were used.
This special program uses an fminsearch function for searching the mentioned constants.
The method of discharge of a tank was used for charting of the silencer influence on the
flow rate characteristic (see Table 3 to 5).

Table 3: The values of critical pressure ratio and sonic conductance determined from the
discharge of a tank - valve VPPM-6L-L-1-G18-0L10H-A4P-S1C1 without silencer

critical pressure ratio

b[-]

sonic conductance
C [m~3/(s*Pa)]

0,1178

1,7150 e-8

Table 4: The values of critical pressure ratio and sonic conductance determine from the
discharge of a tank - valve VPPM-6L-L-1-G18-0L10H-A4P-S1C1 with silencer

critical pressure ratio

b[-]

sonic conductance
C [m~"3/(s*Pa)]

0,1017

1,5608 e-8

Table 5: The values of critical pressure ratio and sonic conductance determine from the
discharge of a tank - valve VPPM-6L-L1-G18-0L6H-V1P-S1C1 without silencer

critical pressure ratio

b[-]

sonic conductance
C [m~"3/(s*Pa)]

0,1153

1,5873e-8
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4. DISCUSSION

Results from the first and second methods were verified with mathematic models of
charge and discharge of a tank in Simulink. When results from the second method are
used (see Figures 7 and 9) satisfactory results are obtained. The curvature of the
measured data has a very similar shape to the curvature from the mathematic model.
Nevertheless, when comparing the results from the first method, which was applied only
on valve VPPM-6L-L1-G18-0L6H-V1P-S1C1, we can see a very different value of sonic
conductance can be seen, around one decimal place. The pressure ratio is even more
different but sonic conductance b from the first method is close to the b from the second
method.

Differences between the first and second methods are believed to be caused by the
special equipment for holding the nozzle in a fixed position. If the results from the first
method are used to obtain the mathematic model of charge or discharge, results are very
unsatisfactory.

In the results chapter the determination of the flow rate characteristic from the
measurements was shown with different upstream pressures by charging and discharging
the tank. The first method gives us only results for one flow rate, from supply pressure to
applied load. In the real application pressurized air comes from a central compressed air
supply and the applied load is an artificial pneumatic muscle. The second method gives
better overview of behavior of flow rate for both ways in contrast to the first method.
During the process of determination of the constants C and b the problem of how to find
a derivative while using the second method must be solved. Using the second method to
automatically build the mathematic model in MATLAB® still needs work, but in this case it
main purpose was to help with verification of results.

During the measurements the influence of the silencer/ on flow rate during discharge of
the tank was tested. Due to this experiment it can be understood how the behavior of the
pneumatic circuit during the process of discharge can be biased. The results from this
experiment is noted in Table 3 and 4 and from knowledge gained from measurements
and simulations it can be said that the highest value of constant C is very important for
the time of discharge and the shape of curvature in the case of discharge.

In this paper when it is mentioned that second method provides satisfactory results it is
based on literature research of similar test results. This research uncovered a very
important annotation about the value of constant b. In the rough estimation of the
parameter b (e.g. 0,4 instead of 0,2) results in the error in the valves yields 14% of flow
rate rate [5].

01096-p.10
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5. CONCLUSION

The goal of this work was to find a method that would allow us to describe the flow rate
through the valve. For this method a standard from the ISO 6358 was chosen. Method of
increasing upstream pressure which is named in the first method in this paper was
applied. This method is explained in the standard ISO 6358. Construction of the valve
was a disadvantage for the application of this method for measuring flow rate
characteristic on the valve in both ways of flow, from supply to applied load and from
applied load to the outlet.

The main contribution of this paper is application of the second method where a tank is
charged and discharge. With this method we were able to determine the constants that
allow the description of flow rate both ways. Process of determining the constant from
the charge of a tank is simpler than from the discharge of a tank. Additionally, continued
testing of the second method is easier due to the lack of special equipment for holding a
nozzle in fixed position needed in the first method.

Nevertheless, for the mathematic model of valve it is still required to determine the C
and b as a function of valve nozzle position. The functions which will be designed from
measurements presented in this paper will help in identifying the flow rate in the whole
range of movement of the nozzle which is necessary for mathematical model needed in
pneumatic muscle research. The aim of this paper was only to present how the
measurements were made but the results build a foundation for the future work with
construction of functions C and b and their dependence on the nozzle position.
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7. NOMENCLATURE

b critical pressure ratio [-]

Cc Sonic conductance [m3/(s.Pa)]
P1 Absolute upstream pressure [Pa]

P2 Absolute downstream pressure [Pa]

dm Mass flow [kg/s]

r Gas constant [1/(kg.K)]
To Temperature - standard reference condition [K]

T Temperature — upstream condition [K]

v Volume of chamber [m°]

Po Air density [ka/m?3]
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