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Choked gas flows in the microchannel were studied. With use of the direct simulation Monte Carlo
�DSMC� method, a serial of microchannels �length L=10, 100, and 200 �m� was simulated and
gained a flow-field evolutional trend with pressure ratio. Also, the effects of the boundary condition
setting on the mass flux and static pressure distribution were analyzed during the nonequilibrium
flows. It is shown that for the microchannel, the sonic point �Ma=1� only appears at the center point
of the outlet section when it is choked. Finally, this paper compares the mass flux between the
isothermal limiting Navier-Stokes �NS� and DSMC results, and it is concluded that the limiting NS
result can be used to estimate the mass flux when the length of the channel is very long �the ratio
of length to height is larger than 1000�. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2408510�

I. INTRODUCTION

Since the 1980s, great progress has been made in micro-
electromechanical systems �MEMS� technology. Researchers
have been drawn to this technology not only for the potential
of the MEMS process, but also because of its many charac-
teristic physical phenomena. The microchannel with a rect-
angular section is one of the main geometrical units in
MEMS, and its gas flows have attracted the attention of
many researchers.1–11 Their work has been focused mainly
on the isothermal �e.g., flow Mach number Ma�1� gas
flows, the heat transfer between gas flow and channel walls
when there was a temperature difference, and the nonisother-
mal effect that comes from high-speed flow �Ma�0.3�. Gen-
erally, the following two points have been widely accepted.
�i� Because the ratio of surface area to volume increases
rapidly with the decrease of device dimension, the interac-
tion between the fluid and wall should be important. For
microchannel gas flows, it embodies the strong friction that
wall hold back gas movement. So even if the average flow
speed is very small �less than 1 m/s�, there should be an
obvious compression of fluid. �ii� When the characteristic
dimension H �the height of the channel in the microchannel�
of a microdevice can compare with the mean free path � of a
gas molecule, then the rarefied gas effect should appear
gradually, such as, e.g., the phenomena of velocity slip and
temperature jump at walls. For those phenomena, the as-
sumption of a continual medium should break down
gradually.13 In the rarefied gas dynamics field, one important
nondimensional Knudsen number is defined by

Kn = �/H . �1�

The above two factors created many new phenomena of mi-
crodimensional gas flows.

The flows driven by pressure that are added to the inlet
and outlet of the microchannel have some interesting char-

acteristics that differ from the macroscopic channel. As is
well known, the flow velocity should increase with the in-
crease of the pressure ratio. For the macroscopic channel, the
pressure can drive the velocity to the local sonic speed
�Ma=1� at the outlet section �except the near wall� of the
channel. Then if one again increases the pressure, the back
conditions will not change the inner flow character of the
channel, and the mass flux will achieve its maximum. This
kind of phenomenon is known as choked flow, and all of the
inner channel flow is subsonic. Some researchers have ana-
lyzed this flow in the microchannel.9–11 In this paper, the
short �channel length L=10 �m� and moderately long �L
=100 �m and L=200 �m� two-dimensional microchannel
gas flows are studied. By always setting the total pressure to
about 1.01�105 Pa in the region of the inlet and reducing it
from 1 atm to 100−1000 Pa at the region of the outlet, we
observed the evolutional process of choking. This kind of
flow can usually be found in the emission of the micromass
of reactive gas, which is a process of functional material and
of some gas in the outer space. It may also appear in mass
transmission and heat transformation of MEMS. At the same
time, this work observes the effect of the boundary condition
setting on the results, and illustrates that the boundary setting
is pivotal when the flow occurs in a choked state with
nonequilibrium.

II. SIMULATIVE CONDITIONS AND METHODS

Because of the large ratio of the channel’s width W to
height H �W /H�50� �Refs. 1–5� in practical usage, the
three-dimensional rectangular channel can be simplified as a
two-dimensional model �in length and height�. Figure 1
shows a two-dimensional sketch of the simulative channel.
Line AA�B�B is the outline of the microchannel, AB is the
inlet, and A�B� is the outlet. EFCD and F�E�D�C� are the
neighboring regions of the inlet and the outlet, respectively,
and the lines AA�, AF, A�F�, BB�, BC, and B�C� are walls.
OO� is a symmetrical line of the whole channel. For isother-a�Electronic mail: ChongXie@263.net
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mal flow in the setting of the flow boundary, see Refs.
14–16. For choked flow, the variety of temperature should be
evident. When the simulated region is limited within
AA�B�B, if one applies the flow boundary condition by ex-
trapolation, it may distort the physical reality and lessen the
precision of the results. To overcome this, in this paper we
add two buffer regions EFCD and F�E�D�C�, and set the
flow boundary condition at CDOEF and C�D�O�E�F�. With
the proper geometrical choice of the buffer region, the simu-
lative gains �for example, static pressure and temperature�
will match the setting ones consistently. Initially, the total
pressure pi

* and po
* is set at two ports, after which gas starts to

flow from left to right. To observe the difference in the re-
sults with and without the buffer regions, the latter must also
be simulated to ensure the same total pressure at inlet AB.
When the simulated molecules enter into the calculational
region, the assumption of equilibrium �e.g., Maxwell’s dis-
tribution� is used. The free flow gas and walls have the same
temperature, 295 K, and the fluid is argon or air. Finally, in
thinking about the symmetry of geometry, only the underside
region of line OO� is simulated.

Since the 1970s, the direct simulation Monte Carlo
�DSMC� method12 has been developed extensively. It is now
widely used in many flow problems with the rarefied gas
effect, so it can be used reliably to deal with the near sonic
speed microchannel choked flows. The main DSMC methods
in this paper are according to Refs. 14–16. Because of the
lower change of temperature in the whole flow field, the
collision model VHS �Ref. 12� was used. The choice of col-
lision pair adopts the NTC �Ref. 12� method.

III. RESULTS AND ANALYSIS

To explain the difference between factual choked flow
and the isothermal assumption, we use Arkilic et al.’s ana-
lytical resolution,3 which considers the NS equation adding a
one-order velocity slip boundary condition. By reducing the
two-dimensional isothermal steady NS equations and using
the boundary condition at the wall,

�u�w = �2 − �

�
��� �u

�y
�

w
, �2�

the velocity distribution in the whole microchannel and the
pressure distribution along the flow direction can be gained.
Then with the product of velocity and density along the flow
direction, we get the mass flux expression,

Q =
H3po

2

24�LRT
��2 − 1 + 12

2 − �

�
Kno�� − 1�� . �3�

�= pi / po is the static pressure ratio of inlet to outlet. The
subscript o represents the outlet of the channel, and � is the
TMAC �tangential momentum accommodation coefficient�,
which shows �from the view of statistics� the degree of ac-
commodation when incident molecules collide with the wall
and then reflect from it. It may be valued from 0 �mirror
reflection� to 1 �diffuse reflection�. Considering the broad
usage of diffuse reflection in the field of engineering and the
good results that are achieved when applying it to the micro-
channel’s low-speed flow, the diffusion reflection �=1.0 is
used in the DSMC and NS results. �, R, and T are the vis-
cous coefficient, gas constant, and temperature, respectively.
Interestingly, the mass flux in formula �3� will not increase
much and it has a limiting mass flux expression when pi is
fixed and po goes to zero. Conveniently, formula �3� can be
changed to

Q =
H3pi

2

24�LRT
	�1 −

1

�2� + 12
2 − �

�

Kno

�

1 −

1

�
�� , �4�

when �→ +� and considering the mean free path expres-
sion of the hard-sphere molecular model,12,13

�o =
16

5

 kT

2	m

�

po
. �5�

The limiting expression of mass flux is

�Q��→+� =
H3pi

2

24�LRT
�1 + 12

2 − �

�

�

piH

16

5

 kT

2	m
� , �6�

where m is the molecular mass and k is Boltzmann’s con-
stant. Because the mass flux increases monotonously with
the increase of �, formula �6� is the isothermal maximum of
mass flux.

Figure 2 shows the evolution of mass flux versus ratio of
pressure. At the inlet section AB, all the methods �NS,
DSMC that only simulated the channel’s region AA�B�B, and
DSMC that included the two buffer regions� have the same
average total pressure. In this serial of cases, the channels
L=10 �m, H=2 �m, and the gas is argon. The abscissa of

FIG. 1. Sketch map of computational regions.

FIG. 2. Comparison of mass flux of choked gas flows in a short channel.
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Fig. 2 is the ratio of the inlet’s total pressure to the outlet’s
static pressure. The figure displays clearly the discrepancy of
the mass flux of the three methods when flow moves gradu-
ally into the choked state. Compared with the isothermal NS
results, the choked rarefied gas flows included two main
characters as follows: �i� With a decrease of the outlet’s static
pressure, under some conditions the Knudsen number, which
will increase near the outlet, can reach the transition regime
of near free molecular flow. �ii� According to the accelerated
flow, the static temperature of the gas will vary, e.g., the
transform between kinetic and inner energy. At the same
time, the viscous dissipation will be strengthened. From the
existing conclusion about low-speed rarefied gas channel
flow,1–5,8 the rarefied effect can admit more mass flux than
the NS result. This is contrary to the relation in Fig. 2, so it
implies that viscous dissipation plays a dominant role in this
choked flow. Also, we take notice of the smaller difference
�relative error about 8%� between the two DSMC results in
Fig. 2. The possible reasons for this will be proposed in the
next paragraph.

Figure 3 shows a serial of contours of the physical field
when choked flow occurred. All results are derived from
DSMC with buffer regions. Line y=1 is symmetrical to line
OO�. Figure 3�a� is Mach contour, and similar to the macro-
scopic choked channel, the position of Ma=1 appears at the
outlet section. But because of the strong wall’s friction that
held back flow in spite of the strong velocity slip at the wall,
the ultimate sonic speed only appears at the center point of
the outlet. After the gas passes through the outlet, it will
undergo a process of expansion �like a vacuum plume�. This
phenomenon can be explained by Fig. 3�f�. In this simulated
case, the static pressure of C�D�O�E�F� was set to 5000 Pa,
however at the outlet the average static pressure is about
21000 Pa. In other words, the total difference in pressure
cannot be attributed entirely to the whole channel after the
gradual appearance of choked flow. This phenomenon is im-
portant when dealing with the microdevice experimental
data. Limited by the geometry of microdevices, it is incon-
venient to place many sensors in them. In most cases, the
data measured near the outlet are regarded in the same way
as the data of the outlet section. This can sometimes lead to
errors and even wrong conclusions when choked flow ap-
pears. Figure 3�b� shows the distribution of the average
translational kinetic temperature. According to the maximal
Mach number, the temperature falls to the minimal value.
Figure 3�e� shows the mass density distribution. Due to
nonisothermal flow, at the same x position the density varies
with y. From the above analyses, we can suggest some rea-
sons to explain why the two DSMC method’s results �with
and without buffer regions� differ �see Fig. 2�. First of all, the
outlet’s static pressure for the single channel’s DSMC �with-
out buffer regions� can be set to any value, but practically it
only reaches some limiting value. The set pressure �less than
that limiting value� would decrease artificially the molecule
numbers that should enter the simulative domain from the
outlet. Second, at two ports of the channel, especially at the
outlet’s neighborhood, there exist larger grades of physical
variables �velocity, temperature, and pressure�. It forms a
nonequilibrium relaxation phenomenon. the setting of the

equilibrium Maxwell condition cannot describe boundary
flows accurately. Figures 3�c� and 3�d� show translational
kinetic temperatures at the x and y directions, respectively.
They provide proof of the nonequilibrium of gas flows.

To explain further the effect of the boundary condition
on the results, we also compare the static pressure distribu-
tion of small-channel choked flows.10,11 In Ref. 11, the tested
channel has length L=150 mm, width W=32 mm, and
height H=0.7 mm. The gas is air. By turning the vacuum
valve, the total pressure of the channel inlet can be set to any
value, and the outlet is connected to a very low constant
pressure vacuum tank. This small channel �H=0.7 mm� can
have a similar Knudsen number to the microchannel �H
�O�1 �m�� region. Reference 10 compared the simulative

FIG. 3. Flow-field variable contours gained from a simulated short channel
with buffer regions. �a� Mach number contour, �b� average translational
kinetic temperature contour, �c� X-directional translational kinetic tempera-
ture contour, �d� Y-directional translational kinetic temperature contour, �e�
mass density contour, and �f� static pressure contour.
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pressure distribution with experimental data. In Ref. 10, the
authors simulated only a single channel �i.e., without buffer
regions�. In order to obtain the desired results, the finite
backpressure po was set artificially at the outlet section. In
Fig. 4, the results of two experimental cases �inlet total pres-
sure 1 and 10 Torr, respectively� are shown. In the figure, the
present DSMC used buffer regions, and the outlet region
C�D�O�E�F� �in Fig. 1� was set to absolute vacuum �0 Pa�.
The good agreement shows that the present DSMC can gain
flow character naturally.

Generally, the experimental and engineering microchan-
nels have a very large length. If the main flow region in the
channel is isothermal and belongs to the regime in which the
continuum model is valid, then the isothermal NS model can
be used as an engineering reference. To validate the above
analysis, Fig. 5 shows the averaged Mach number �geometric
mean at every section� along the length; the three simulated
choked cases �L=10, 100, and 200 �m� were compared.
From this figure, we can see that for the 200 �m length case
the high-speed �Ma
0.3� domain is only limited to the very
small region near the outlet. Thus the temperature change
caused by the violent viscous dissipation and acceleration
only takes place in that area. The main region �from the inlet
to near the outlet� should be low-speed isothermal flow. The
main decrease of pressure also takes place in that low-speed
flow region. If someone wants to know the choked mass

flow, the isothermal NS limiting result �formula �6�� can be
used as a reference. As proof, in the above three cases the
mass flux was also compared. Using formula �6� as QNS, the
relative error ��QNS−QDSMC� /QNS� is 45.7% for L=10 �m,
it falls to 11.2% if L=100 �m, and it falls to 5.7% if L
=200 �m. By extrapolation we can predict that the relative
error can be controlled under 2% if L is larger than
1000 �m. With use of experimental data, the above conclu-
sion can be accepted as evident. For Refs. 17 and 18, the test
microchannel L=39.9 mm, H=7 �m, and W=1000 �m.
The degree of roughness of the surface is 2%. As a result of
the very large ratio of width to height, the two-dimensional
model should be proper. The inlet pressures were set to 130,
250, and 320 kPa, respectively, and the outlet connects to the
vacuum system. The vacuum system can offer a backpres-
sure environment that falls gradually to 10 kPa. Even if the
outlet’s pressure is equal to 10 kPa, the Knudsen number in
the whole channel would be less than 0.1, so the results with
the assumption of a continual medium can be used. The ex-
periment measured the mass flux and pressure distribution
along the channel. Figure 6 compares the measured choked
mass flux with the results of the NS method �also using
formula �6��. All relative errors are less than 2%.

FIG. 4. Comparison of Ilgaz et al.’s DSMC, present simulation, and experi-
mental data for static pressure distribution. �a� Inlet total pressure is 1 Torr.
�b� Inlet total pressure is 10 Torr.

FIG. 5. Average Mach number along non-dimensional flow direction for
short and moderate long micro-channels.

FIG. 6. Comparison of experimental choked mass flux with Arkilic et al.’s
limiting results.
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IV. CONCLUSIONS

The detailed field distributions of microchannel choked
gas flows were studied. As a result of the pressure difference,
for the constant section microchannel, the maximum Ma=1
only appears at the center point of the outlet when the
choked flow appears. The increase of velocity in the non-
equilibrium phenomenon at the port region cannot be ig-
nored. The region that has an obvious nonisothermal effect is
near the outlet of the channel, and for a very long microchan-
nel, the isothermal NS results can be used as an approximate
reference �relative error less than 2%�.
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