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In this article, the authors measure throughput of sonic diamond microtubes and micronozzles that
can work as passive gas flow controllers and flow meters under choking conditions. The behavior
of the outlet pressure through the microdevices using an experimental setup with constant volume
and constant temperature was determined in order to obtain the critical throughput, the critical mass
flow rate, and the discharge coefficients of the diamond sonic microdevices. © 2007 American

Vacuum Society. �DOI: 10.1116/1.2790924�
I. INTRODUCTION

The micromachining technology and flow metrology re-
search area have promoted major advances on flow rate
meter fabrication, specially designed to operate under small
flow for several technological applications.1 Classical small
restriction elements in the milimetric range such as thin cir-
cular orifices and classical Venturi tubes operating in mo-
lecular and viscous regimes to measure small flow has been
analyzed previously.2,3 Recent works have shown that micro-
metric restriction elements such as microtubes and micron-
ozzles operating under choking conditions can be used as
passive flow controllers and flow meters because of precise
flow control without moving parts, avoiding wear effects and
thermal perturbation.1,4–7 The choking conditions are
achieved when the flow velocity in the throat nozzles is
equal to the local speed of sound and the mass flow rate
becomes constant despite the outlet pressure variation. The
critical flow parameters are those related to the choking con-
ditions. In previous works, we showed a method to fabricate
diamond sonic microtubes and micronozzles by replication
of tungsten molds.5–7 We discussed in these works that the
strategic choice of diamond to fabricate the microdevices is
an important step toward achieving properties such as me-
chanical stability, precise temperature control, usability in
corrosive environments, and stability of the opening size and
throat diameter for a large temperature range.8,9 In this ar-
ticle, we determined the behavior of pressure through the
microdevices as a function of time taking constant volume
and temperature to obtain the throughput, the critical mass
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flow rate, and the discharge coefficients of the diamond sonic
microdevices operating under choking conditions.

The throughput �Q� of gas �PV value of the gas per time�
under constant volume and temperature is determined by

Q =
d

dt
�PvcVvc� = Vvc

dPvc�t�
dt

, �1�

where Pvc and Vvc are the pressure and volume of vacuum
chamber discharge.10,11

The mass flow rate �ṁ� �mass per time� using a Boyle-
Mariotte approach is determined by

ṁ =
dm

dt
=

M

RT
Vvc

dPcv�t�
dt

=
M

RT
Q , �2�

where M is the molar mass, R is the universal gas constant,
and T is the absolute temperature of the gas.10–13

The discharge coefficient Cd is dimensionless and deter-
mined by

Cd =
ṁexpt

ṁideal

, �3�

where ṁexpt is the experimental mass flow rate and ṁideal is
the mass flow rate for an ideal gas flux given by

ṁideal = A*C* P0

�RT0

M

�g/s� , �4�

where A* is the throat area, C*=0.6847, P0 and T0 are the
pressure and temperature in the inlet region �stagnation con-

ditions�, R is the universal gas constant, and M is the mo-
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lecular mass, following the ISO 9300 form.14 A discharge
coefficient different from unity indicates that the viscous ef-
fects near the walls affect the actual mass flow. For instance,
for a smaller than 1 discharge coefficient, mass losses are
present in the flow field �friction losses at the walls�, when
compared to the predicted flow behavior.12–14

II. EXPERIMENTAL PROCEDURES

The method used to fabricate diamond sonic microtubes
and micronozzles has been described previously.5–7 One of
the diamond sonic micronozzle fabricated and tested in this
work is shown in a scanning electron micrograph in Fig. 1.
This is a device with a total length of 4810 �m, the
convergent-divergent nozzle length is 700 �m, with inlet and
outlet diameters �d� of 500 �m and a throat diameter �d*� of
160 �m. The production of diamond micronozzles was
based on the molding process. The fabrication technique be-
gins with a tungsten wire chemically etched in order to ob-
tain the convergent-divergent geometry that is later used as a
mold for the diamond coating. The final step is to etch the
sacrificial tungsten material, leaving the self-standing dia-
mond micronozzles.5–7 We characterized three tubes and
three micronozzles where their geometric parameters can be
seen in Table I. Our devices have a flow restriction area with
diameters in the range of 1300–160 �m. Device dimensions
were measured by scanning electron microscopy of the
molds used to fabricate the diamond microdevices.5–7,15

FIG. 1. Scanning electron micrograph of a convergent-divergent shaped
tungsten wire coated with a diamond film.
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The experimental setup used to test the microdevices is
shown in Fig. 2. The gas used to perform the flow measure-
ments was nitrogen �N2� and the temperature, the inlet pres-
sure, and the discharge volume were maintained constant
during the experiments. Three vacuum chambers were used
to perform the experiments. The vacuum chamber CV1 po-
sitioned in the inlet region �upstream� was used to control the
flow coming from the N2 gas cylinder and to adjust the inlet
pressure. The flow parameters in the inlet region can be con-
sidered as in stagnation conditions. In the outlet region
�downstream�, we have two vacuum chambers, CV2 to per-
form big flow rates and CV3 to perform small flow rates.
There are several shut-off valves along the line to select a
convenient flow experiment for each microdevice. The dis-
charge chambers �CV2 and CV3� were pumped by a me-
chanical vacuum pump, with the final pressure equal 2
�10−2 torr, and selected shut-off valves were activated to
start the gas expansion. Two types of pressure meters �Pirani
and Hg column� were used to monitor the gas expansion
along the line. The volumes of the discharge chambers CV2
and CV3 were measured by a direct measurement method
where the dimensions of the pipeline and pressure meters
were considered. The volumes of the chambers are V2

=61.8±0.4 l and V3=2.08±0.05 l. The microdevice charac-
terization as flow controllers and flowmeters was performed
under choking conditions. Outlet pressures as function of
time were measured for each microdevice for three different
inlet pressures 0.5, 1, and 1.5 atm. We plotted outlet pressure
as function of time to fit and to determine the slope in the
constant region of the curve. The linear region of the curve
describes the operation in choking conditions. We used the
Boyle-Mariotte approach to determine the critical throughput
and the critical mass flow rate and we used the ISO 9300

TABLE I. Geometric parameters of the microdevices.

Devices

Length
of devices

��m�

Length
of nozzle

��m�

Inlet or outlet
diameter �d�

��m�

Throat
diameter

�d*�
��m�

Tube01 47 000 ¯ 1300 ¯

Tube02 49 000 ¯ 612 ¯

Tube03 5 000 ¯ 500 ¯

Nozzle01 4 740 490 500 410
Nozzle02 4 770 760 500 240
Nozzle03 4 810 700 500 160

FIG. 2. Experimental gas flow test
setup.
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approach to determine the discharge coefficients of each
microdevice.10–14 The Boyle-Mariotte approach is based on
an experimental procedure using a vacuum chamber with a
constant volume in which the pressure changes with respect
to time. This situation can be described by Eq. �1�.

The important region of the curves for the application of
these microdevices as passive gas flow controllers and flow-
meters is the one with constant slope. In this case, the
throughput is constant and can be calculated considering the
slope of the curve of outlet pressure versus time. With this
method, it was possible to determine with good precision the
critical throughput and the critical pressure ratio.

III. RESULTS AND DISCUSSION

The behavior of the outlet pressure �P� as a function of
time for the smallest micronozzle �Nozzle03, with d*

=160 �m� in the three different conditions of the inlet pres-
sure is shown in Fig. 3. The linear part of the curves shows
the operation in choking conditions. We can see that the
slope of the curves �source of the choking parameters� in-
crease with the inlet pressure.

The choking conditions for several microdevices can be
clearly seen with the average behavior of throughput as a
function of pressure ratio �P / P0� shown in Fig. 4. As we can
see, the choking conditions are obeyed for all microdevices
and the throughputs increase with the diameter of the mi-
crodevices. We fitted the linear part of the curves of outlet
pressure for all samples in the three different inlet pressure
conditions in order to determine the slope of the curves to
calculate the critical flow parameters related to the choking
conditions. The critical throughput �Q*�, the critical mass
flow rate �ṁ*�, the critical pressure ratio �P / P0�, and the
discharge coefficient �Cd� calculated can be seen in Table II.
Note that the critical throughput and the critical mass flow
rate decrease with diameter reduction but increase with inlet
pressure enhancement. The critical pressure ratios increase
with diameter reduction and inlet pressure enhancement,

FIG. 3. Outlet pressure as a function of time for the smallest micronozzle
�d=160 �m�.
varying from 0.56 �Tube01� to 0.63 �Nozzle03� for the
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smaller inlet pressure �0.5 atm� and varying from 0.67
�Tube01� to 0.69 �Nozzle03� for the higher inlet pressure
�1.5 atm�. The discharge coefficients have the same behavior
as the critical pressure ratio, varying from 0.772 �Tube01� to
1.23 �Nozzle03� for the smaller inlet pressure �0.5 atm� and
varying from 0.830 �Tube01� to 1.32 �Nozzle03� for the
higher inlet pressure �1.5 atm�. Our experiments were per-
formed with the Reynolds number in the order of magnitude
of 103.12–14 The throat geometries of the micronozzles do not
obey the ISO 9300 �Ref. 14� and, because of that, our dis-
charge coefficient is not necessarily expected to be close to
1. Our purpose was to determine the experimental param-
eters of flow choking conditions in order to show that our
devices can work as passive gas flow controllers and flow-
meters. The studies of the discharge coefficient with the ex-
act geometry samples described in the ISO 9300 can be seen
in recent works.16–19

IV. CONCLUSIONS

Diamond microtubes and micronozzles have been charac-
terized as flow passive devices using nitrogen gas in a setup
with constant volume and temperature. The critical param-
eters such as critical throughput, critical mass flow rate, and
discharge coefficient were determined for all devices. The
experimental results showed that the critical throughput and
the critical mass flow rate decrease with the diameter reduc-
tion but increase with the inlet pressure enhancement. The
critical pressure ratios increase with diameter reduction and
inlet pressure enhancement. The discharge coefficients have
the same behavior as the critical pressure ratio, varying from
0.772 �Tube01� to 1.23 �Nozzle03� for the smaller inlet pres-
sure �0.5 atm� and varying from 0.830 �Tube01� to 1.32
�Nozzle03� for the higher inlet pressure �1.5 atm�. These re-
sults show that the diamond microtubes and micronozzles
can work as flow controllers and flowmeters under choking

FIG. 4. Throughput as a function of pressure ratio for several microdevices
�inlet pressure P0=1 atm�.
conditions.
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