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Unsteady Flow Rate Measurement of Air using Isothermal
Chamberf

Kenji KawasHiMA*, Toshinori FusitA* and Toshiharu KAGAWA*

It is difficult to measure the flow rate of compressible fluids, because the volume of compressible fluids changes
with temperature. Therefore, there is no easy and effective method on the unsteady flow rate measurement of
compressible fluids. We have proposed a simple method to measure instantaneous flow rates of air using an
isothermal chamber. In this paper, a simple method to measure the unsteady oscillating flow rate of air using the
chamber is proposed. The isothermal chamber can almost realize isothermal condition due to larger heat transfer
area by stuffing steel wool in it. Therefore, the flow rate of air discharged from the chamber is obtained only by
measuring pressure in the chamber. The unsteady oscillating flow rate is generated by a servo valve installed on
the chamber. At first, the measurement error of the method is examined. Then, the unsteady oscillating flow
rate was measured by the proposed method against several frequencies. It became clear from the experiment
that the proposed method can measure the unsteady oscillating flow rate up to 40[Hz] within 7% of errors.
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1. Introduction

It is difficult to measure the flow rate of compressible
fluids such as air, because the density of them changes
not only by pressure but also by temperature. Especially,
the unsteady flow rate measurement of gases is very diffi-
cult. Effective method is yet to be established ¥ ). Cal-
ibration method of gaseous flow meters is defined in the
JIS standard®. However, the method is defined only on
the steady flow. Therefore, the dynamic characteristics of
flow meters are impossible to measure.

On the making process of the semi conductors, the gas
flow control is needed. The dynamic characteristics of
the flow meter become very important. Also there is a
respirator which feedbacks the flow rate¥. A flow meter
with a high response is demanded. Moreover, on the re-
cent pneumatic servo systems, high response flow control
valves are used. On designing the control system, it be-
comes very important to know the dynamic response of
the flow control valves. In such cases, unsteady oscillatory
flow measurement is needed. There exist many other cases
needed to measure the dynamic characteristics of gaseous
flow meters. From these circumstances, it is demanded to
establish a simple method to measure the unsteady flow
rate of compressible fluids.

We have already proposed a chamber which could al-
most realize an isothermal condition during air charge or
discharge by stuffing steel wool into a normal chamber.

We call this chamber an isothermal chamber. Moreover,
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we have confirmed that the steady flow rate charge or dis-
charge from the chamber could be measured within 1% of
errors from measuring the pressure change in the cham-
ber ?.

In this paper, we propose a simple method to measure
the unsteady oscillatory flow using the isothermal cham-
ber. Firstly, the measurement error of the unsteady flow
measurement of air using the isothermal is estimated. As
the amplitude of the pressure becomes the measurement
error, the selection of the tank volume is investigated.
Secondly, since the temperature change in the chamber
becomes the measurement error, characteristics of the
isothermal chamber are calculated with simulation. Af-
ter investigating the measurement errors, the effectiveness
of the proposed method is confirmed experimentally. Fi-
nally, we show that the proposed method can measure the

unsteady oscillatory flow rate of air up to 40Hz.
Nomenclature

A : average opening of the servo valve [m?]

B :amplitude of the opening to the servo valve [m?]
C, specific heat of air [J/(kg - K)]

f :input frequency to the servo valve [Hz]

G :mass flow rate [kg/s]

h :heat transfer ratio [W/(m? - K)]

k : conversion factor [m?®/kg]

K :proportional constant

m :mass of the steel wool [kg]

R : gas constant [J/(kg: K)]

P :pressure in the isothermal chamber [Pa)
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P, :supply pressure [Pa]

Q :flow rate obtained from the chamber [m?/s]
Q; :flow rate obtained from the valve displacement [m®/s]
S :heat transfer area [m?]

S, :effective area of the servo valve [m?]

t :time [s]

T :thermal time constant [s]

v :displacement of the servo valve [V]

V :tank volume of the isothermal chamber [m?]
W :mass of air [kg]

6 :average temperature in the chamber [K]

0o : room temperature [K]

2. Unsteady flow Rate Measurement us-
ing Isothermal Chamber

2.1 Principle
The principle of the proposed method is as follows: the

state equation of compressible fluids in a chamber can be

written as
PV =WR§ ey
Then, following equation is derived by differentiating
Eq.(1).
dp ~ df
= = ua 2
| 7 GRO+WR 7 (2)

If the state of air in the chamber while charge or dis-
charge remains isothermal, next equation is obtained from
Eq.(2).
V dP
= R, di ®)
It is clear from Eq.(3) that if the volume of the isother-

mal chamber V and the room temperature 6, is known,
we can obtain the mass flow rate G by measuring the pres-
sure and differentiated the pressure. Then, the mass flow
rate G is converted to the volumetric flow rate @ on the

standard condition by the conversion factor k.
Q=kG (4)

2.2 Experimental Apparatus and Procedure

The experimental apparatus of the unsteady flow rate
measurement is shown in Fig.1.In this research, we used
the isothermal chamber which 0.25[pm] diameter steel
wool was stuffed 300[kg/m?].

Firstly, compressed air at 500[kPa] is charged to the
isothermal chamber and shut the hand valve. Secondly,
opening the solenoid valve, the compressed air is discharge
to atmosphere. At that time, unsteady oscillatory flow is
generated by oscillates the servo valve using a function

generator. The displacement of the spool of the servo

valve could be measured as a voltage from 0~10[V]. Mea-
suring the pressure during discharge and fed into a per-
sonal computer through an AD converter. The flow rate
discharged from the chamber was obtained from Eq.(3).
A semi conductive type pressure sensor was used on the
measurement. The resolution of the sensor is 0.1[kPa]. On
differentiating the pressure, 5 points of data was used. A
low pass filter was used to smooth the pressure curve.
The cutoff frequency of the filter was 2.5 times larger
value than that of the input frequency. The sampling
time was changed owing to the input frequency but at
least 80 points data were measured in a cycle. The di-
ameter of 6[mm]| nylon tubes were used to connect each
element.

Measurement method of the unsteady flow rate of com-
pressible fluids is yet to be established. Therefore, we
compared the proposed method with the flowing method
which could be the standard value. The method is to mea-
sure the flow rate from the displacement of the spool of
the servo valve and the pressure difference. The relation
between the spool displacement and the effective area of
the servo valve was measured in advance defined in the
ISO standard®. A area type flow meter which accuracy
is 2% was used in the measurement. The experimental
result is shown in Fig.2. The black dots in the figure are
the measured points. The solid line in the figure is a fit-
ting curve with the third order function obtained from the
least square method.

Measuring the pressure P during discharge and the
spool displacement of the servo valve v, then using the
solid line in Fig.2 the effective S.(v) was obtained. Then
on the choke condition, the flow rate is obtained from the

following equation.

Q=Ks.()Py |22 )

It is clear from Eq.(5) that the temperature term was in-

cluded. Therefore the temperature of air which passed
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Fig.1 Experimental Apparatus of the Unsteady Flow Rate
Measurement
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Fig. 2 Static characteristics of the servo valve

through the servo valve must be measured. However, on
the isothermal chamber, the air is almost same as the
room temperature. Even if there is decrease in temper-
ature of 3[K], the measurement error remains less than
0.5%. Hence, the temperature of the air is assumed to be
room temperature and obtained the flow rate. The total
measurement errors of the method are considered to be
less than 3%.

3. Investigation of the Measurement Errors

3.1 Factors of Measurement Errors

The factors of measurement errors of the proposed
method is considered to be as follows:

1) Measurement error of the tank volume.

2) Measurement error of the room temperature.

3) Measurement error due to pressure sensor’s accuracy
and resolution.

4) Measurement error due to temperature change in the
isothermal chamber.

The factor 1) and 2) are independent from the fre-
quency. The errors due to 1) and 2) are considered to
be less than 0.3% and 0.1% respectively®. On the un-
steady flow rate measurement, the factor 3) effects larger
compared with the steady flow measurement. The rea-
son is that when the same amplitude voltage was input to
the servo valve, as the frequency becomes faster the am-
plitude of the pressure during discharge becomes smaller.
Therefore, the measured flow is affected by the resolution
of the pressure sensor. On the proposed method, the tank
volume must become smaller as the frequency of the os-
cillatory flow becomes faster. Then, next the factor 3)
is discussed and an index to select the tank volume is
investigated.

3.2 Error due to pressure measurement

The noise level of the pressure sensor used in this ex-

periment is smaller than the resolution and the linear-
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Fig.3 Indexes to select the volume of the isothermal chamber

ity is very high. Therefore, the measurement error due
to pressure measurement is mainly the effect of the res-
olution. The effect is discussed in the following. The
pressure during discharge can be written as follows from
Eq.(3),(4) and (5) assuming that the chamber is perfectly
isothermal condition and the valve opening is given by
Se = A — Bsin(2n ft).

e PSeK’f"Ga /35 (AtJrfL,:;f(cos(wat)—l)) (©)

Hence, the amplitude of the pressure AP is given by the

next equation.
KROq /273 B_
AP:PS(l—e’“V 9a2"f) (M)

From the above equation, it is clear that the pressure

amplitude is given by the amplitude of the valve opening
B, frequency of the unsteady oscillatory flow f and the
volume of the isothermal chamber V.

In this experiment, we used the pressure sensor which
resolution is 0.1[kPa] so that to keep the error lower than
0.5%,1% and 2%, the pressure amplitude of at least 2,1
and 0.5[kPa] is needed respectively. Consequently, in-
dexes of selecting the tank volume of the chamber are
obtained from Eq.(7). The results are shown in Fig.3.
The higher the frequency f becomes and smaller the in-
put amplitude B becomes, the smaller volume is needed.

3.3 Error due to temperature change

To investigate the measurement error due to the tem-
perature change, characteristics of the isothermal cham-
ber was calculated numerically. On the numerical analy-
sis, we assumed that the heat conductivity rules the heat
transfer characteristics. Then we calculated with the nu-
merical model proposed in the previous paper ®.

Fig.4 shows the comparison of the experimental and the
calculated results. Experiment was done using the appa-
ratus shown in Fig.1. The volume of the chamber used

in the experiment was 0.2x107%[m?]. The input voltage
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Fig.4 Comparison of pressure and temperature curves be-
tween simulation and experiment

to the servo valve was 0.75 — 0.5sin(27 ft) and using the
stop method % the average temperature in the chamber
was measured. The room temperature was 293[K] at the
experiment. Fig.4 shows the results at the frequency of
40Hz. The lateral axis shows the time from the begin-
ning of discharge. The upper figure indicates the pressure
curves and the lower figure shows the average tempera-
ture in the chamber. In the lower figure, the black dots
show the experimental results and the solid line shows
the calculated result. It is clear from Fig.4 that as the
pressure decrease becomes larger the temperature drop
becomes larger. On the other hand, when the pressure
decrease is small the temperature rises. The temperature
decrease is less than 1[K] on the whole, which suggests
that the chamber remains almost isothermal condition.
The experimental results and the calculations show good
agreements that indicate the effectiveness of the simula-
tion.

We confirmed that the simulation is effective so that
the error due to the temperature change is estimated us-
ing the simulation’s results. The flow rate obtained from
Eq.(2) Qo which considered the temperature change us-
ing the results shown in Fig.4 and the flow rate Q which
obtained using Eq.(3) are compared. The ratio of @ and

Qo is given by the following equation.

2_ 1
T Y (R YTy ®

Fig.5 shows the compared results between Qo and Q.
The upper figure shows the flow rates and the lower fig-
ure shows the error due to the temperature change against
the average flow rate Q.. As the flow rate Qo obtained
from Eq.(2) and Qs shows good agreement, in the figure
Qs is shown.

It is clear from Fig.5 that as the flow rate becomes larger
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Fig.5 Estimation of error according to temperature change

the error becomes larger. It is obvious from Eq.(8) that to
neglect the temperature drop is to estimate the flow rate
larger than the real value. It is also seen at the bottom
of the oscillatory flow, since the temperature rises, the
opposite phenomena could be seen. Even the maximum
error against the average flow rate is 7%, the error against
the maximum flow rate is less than 5%. From the above
investigation, it is known that the total error is governed
by the error due to the temperature change.

It is clear from Eq.(8) that the error due to the tem-
perature change is determined by the ratio of the pressure
change and the temperature change. Therefore, it became
clear that the error is almost the same even the tank vol-
ume is changed. Although, as the tank volume becomes
smaller decrease in the flow rate becomes faster, the larger
tank volume is recommended. The size of the tank volume
is determined by Fig.3. It became clear from the simu-
lations that the maximum error due to the temperature
change is determined by (A + B)/A and f.

Fig.6 shows the maximum error due to the temperature
change determined by (A + B)/A and f. The error is ob-

tained using the calculated results. Since the error of the

f=20[Hz]
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@ f=40 [Hz] |
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Fig.6 Relation between frequencies and errors according to
temperature change
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Fig.7 Unsteady flow rate measurement with the normal
chamber

proposed method is governed by the temperature change,
the total error of the proposed method is considered to
be evaluated by the temperature change. The maximum
error becomes larger as the amplitude of the valve open-
ing becomes larger which means the larger flow rate is
measured. Also the error becomes larger as the frequency
becomes higher. Even though the method is effective on
practical use as the error is less than 5%

From the above investigation, when the input frequency
was less than 10[Hz] the input to the servo valve was
given as 0.75 — 0.25sin (27 ft) and a 1 x 10~*[m?] isother-
mal chamber is used. When the input frequency was
higher than 10[Hz] the input to the servo valve is given
as 0.75 — 0.5sin(27ft) and a 0.2 x 10~3[m?] isothermal

chamber was used.

4. Experimental
Results and Discussions of Unsteady
Flow Rate Measurement

4.1 In the case of normal chamber

To confirm the effectiveness of the isothermal chamber
when the unsteady flow rate is measured from the pres-
sure change using the normal chamber is investigated. If
the discharge from a normal chamber is assumed to be
polytropic, the phase would not show any delay even in
a normal chamber. However, it is known that the dis-
charge of air from the chamber is not always a polytropic

7) 8)

process The energy equation is given as follows in a

normal chamber.
cvwg — GRA + hS(6. — 6) 9)

Since the heat is transferred with heat convection and con-
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Fig.8 Unsteady flow rate measurement with the isothermal
chamber( f=40[Hz])

duction in the normal chamber, energy equation is given

using the heat transfer ratio h. Here, as the heat transfer

ratio depends on the shape of the chamber and discharge

speed, the value is not constant. The transfer function

from the pressure change to the flow rate is given as fol-

lows from Eq.(2) and Eq.(9).
V Ts+1 dP

T ROKTs+1 dt
Here k=14 and T = C,W/(h-S). T is called the thermal

time constant®. It is clear from Eq.(10) that the trans-

(10)

fer function is a phase delay system. Therefore, if the
unsteady flow rate is measured using Eq.(3) in a normal
chamber, it is considered not only the amplitude but also
the phase would become different from the real value.

The unsteady oscillatory flow rate is measured using
Eq.(3) with a normal chamber which volume is 0.2 x
1073[m®]. The result at the frequency of 40[Hz] is shown
in Fig.7. The lateral axis shows the time from the begin-
ning of discharge. The upper figure shows the pressure
curve and the displacement of the spool of the valve and
the lower figure shows the flow rates. The dotted line
shows the flow rate obtained using Eq.(5). At this time
the temperature is assumed to be the room temperature.
In practical, the temperature decreases about 25[K] owing
to the sudden expansion of air during discharge. There-
fore the dotted line includes the error due to the temper-
ature change. Even though, there is no delay in phase
with the real value because @) is obtained from the spool
movement.

When we focus on the lower figure of Fig.7, the solid
line and the dotted line shows the phase difference. That
is the solid line is the phase delay system as Eq.(10). Also
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the flow gain becomes larger. This is because the flow rate
given as solid line neglected the temperature change. It
is clear from section 3.3 that to neglect the temperature
decrease is to estimate the flow rate larger than the real
value. It became known that when the flow rate is mea-
sured from the pressure change with a normal chamber,
not only the gain but also phase shows big error.

4.2 In the case of isothermal chamber

The measured result of the unsteady oscillatory flow us-
ing Eq.(3) with the isothermal chamber is shown in Fig.8.
The figure is at the frequency of 40[Hz].

When we focus on the lower figure of Fig.8, there is
a little difference in flow rate at the top and the bottom.
The difference between @ and Q; is about 7% at the max-
imum. The difference is almost the same as the measure-
ment error due to the temperature change as shown in
Fig.5. Therefore the difference is considered to be of the
temperature change. Although, when we compare the re-
sult with the result of the normal chamber shown in Fig.7,
there is no phase delay in Fig.8. The effectiveness of the
isothermal chamber on the unsteady oscillatory flow mea-
surement is evident.

From the result shown in Fig8, it became clear that
the unsteady oscillatory flow rate up to 40[Hz] could be

measured using the isothermal chamber.
5. Conclusions

The following have been accomplished as a result of this
study:

(1)Measurement method of the unsteady oscillatory
flow rate of air using the isothermal chamber is proposed
and the measurement errors are investigated.

(2)The problem of the unsteady flow rate measure-
ment from the pressure change with a normal chamber is
pointed out and by comparing the result using the isother-
mal chamber, the effectiveness of the isothermal chamber
became clear.

(3)The proposed method has been shown to be effec-
tive on the unsteady oscillating flow rate up to 40[Hz| by

experiments.
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