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Reconsideration of Low Reynolds Number
Flow-Through Constriction Microchannels

Using the DSMC Method
Alina A. Alexeenko, Sergey F. Gimelshein, and Deborah A. Levin

Abstract—Gaseous flow through a microchannel is treated
numerically and analytically in order to assess pressure and mass
flow losses due to a constriction of a finite length. Numerical
modeling of two-dimensional (2-D) microchannel flow in the slip
and transitional regimes is carried out using the direct simulation
Monte Carlo (DSMC) method. The prediction of pressure losses
and mass flow based on a simple analytic model for constriction
microchannel flow are found to be in excellent agreement with
DSMC simulations. Constriction has a dramatic effect on pressure
loss and mass flow rate for the considered cases. The DSMC results
indicate that the flow in the constriction microchannel separates
in the transition section, but the separation does not significantly
impact pressure distributions. [1189]

Index Terms—Fluid flow, gases, losses, microfluidics, modeling,
Monte Carlo methods, numerical analysis, pressure effects,
separation.

NOMENCLATURE

Speed of sound, m/s.
Mass flow rate, kg/s.
Viscosity coefficient, kg/m s.
Pressure, Pa.
Inlet to outlet pressure ratio.

-component of velocity, m/s.
-component of velocity, m/s.

Gas constant, J/kg K.
Temperature, K.
Density, kg/m .
Accommodation coefficient.

Subscripts
int Interior cell.
e Boundary.
in Inlet.
out Outlet.

I. INTRODUCTION

EXPERIMENTAL and numerical studies of micro- and
nanoscale flows have drawn much attention over the last

few years. Most of the areas of interest are related to microchan-
nels, micropumps, and micronozzles, with their subsequent
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application to propulsion devices, chemical and pressure sensors,
and laminar flow control ([1] provides a comprehensive review
of the field). A channel with constrictions and contraction/ex-
pansion transitions is an important geometry that is a common
integral part of many micromechanical devices. The goal of this
paper is the modeling and simulation of flows in microchan-
nels with an emphasis on studying the impact of constrictions
in microchannels on the mass flow rate and pressure losses in
nonreacting, subsonic flows in the slip and transitional regime.

The study of flows through microchannels with constrictions
has been discussed by a number of researchers. Karniadakis
and Beskok [2] (see also [1]) studied the flows over a back-
ward facing step, through a grooved channel, and into a cavity.
Zohar et al. [3], [4] measured pressure and mass flow rates
through microchannel devices with contraction and expansion
sections as well as constrictions. Beskok et al. [5] discussed
the rarefaction and compressibility effects in microflows em-
phasizing that both need to be considered if one is to correctly
model the physics of microflows. Although the specific con-
figurations of the microchannel devices differ among these re-
searchers [1]–[5], the flows share common features in that they
were subsonic, of relatively low Reynolds number, and had a
Knudsen number in the slip-flow regime (typically between 0.01
and 0.5). It was recognized that in this range of Knudsen num-
bers, the flow field macroparameters, such as, pressure, tem-
perature, and mass flow rate, could not be calculated with the
standard continuum, Navier–Stokes formalism. However, the
Navier–Stokes equations may be used with reasonable accuracy
if the surface velocity-slip conditions are appropriately modi-
fied. In terms of kinetic approaches, analytic formulas for the
free molecular regime are also not generally applicable [6].

The direct simulation Monte Carlo (DSMC) method [7] is
based on a kinetic formulation and therefore is valid for the entire
range of Knudsen numbers. The DSMC approach enables the
study of gas-surface interactions and the phenomena of velocity
slip. For this reason, DSMC calculations were performed [1]
for selected microchannel configurations, with the primary em-
phasis of these calculations being to validate slip-flow correction
models. Finally, the analytic expressions of Arkilic et al. [8]
for mass flow rate and pressure that include rarefaction effects
such as velocity and temperature jump conditions at the gas-wall
boundary and compressibility effects were used to interpret full
numerical simulations as well as experimental data [3]–[10].

The prediction of mass flow rate and pressure through mi-
crochannel systems is critical if one is to establish design cri-
teria similar to that of macrodevices. In macrosystems the total
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head loss for a system of components with straight and bent
or branching portions is well established in terms of tabulated
major and minor losses. A concern exists in the design of mi-
crodevices that if the flow physics is not entirely understood,
it may be difficult to predict whether a specific configuration
(composed of straight sections coupled to sections containing
constrictions) is optimized from the point of view of minimizing
pressure losses. Based on the macrosystem analog, flow sep-
aration in microsystem flows containing constrictions or bend
components could potentially cause large mass flow or pressure
losses [4]. Hence, more detailed knowledge about the microflow
in terms of accurate velocity fields that illustrate the occurrence
of flow separation and the formation, extent, and structure of re-
circulation zones is crucial.

To that end, the nature of flow separation and recirculation
that occurs in low Reynolds number, subsonic to transonic flows
in microdevices was studied. The flow separation is understood
to be steady and due, in some nature, to the need for the flow
to turn to accommodate a sharp corner (“geometric”) [1], [2],
[4]. During this process an adverse pressure gradient can de-
velop, creating a flow condition that may precede separation.
However, it was also noted that for such low Reynolds numbers
the flow should exhibit ideal, Hele-Shaw type, features with no
flow separation even from sharp corners [11]. Simulations pre-
dicted flow separation in shear-driven, grooved microchannels,
[5] and a backward step [2] even for low Reynolds numbers,
but direct experimental evidence with particle velocity imaging
techniques was ambiguous. Hence, it has been difficult to sort
out the effects of rarefaction and compressibility factors that
may lead to flow separation and the degree of flow recircula-
tion. An important reason for performing DSMC calculations is
that the gas-surface interaction may be specified and controlled
to allow one to assess the impact of rarefaction on recircula-
tion. It will be shown by the DSMC calculations of this work
that for subsonic flows, recirculation will occur due to classical
boundary layer arguments.

A series of investigations were undertaken to assess “minor”
losses in microflows through nonparallel plate channel config-
urations [3]–[10]. The work of Zohar et al. [3]–[10] combined
MEMS microchannel component fabrication with measure-
ments of not only mass flow rate, but pressure as well. These
two simultaneous measurements provide the modeler with im-
portant, redundant data that allows one to check for consistency.
In particular it was found that in constriction microchannels,
the pressure just downstream of the constriction decreased to a
level much larger than predicted values [4] and an explanation
for the discrepancy was not provided. The calculations shown
in this work predict that the flow separates and the pressure
decreases, but the flow separation region has little impact on
the degree of pressure drop. A simple model will be proposed
to analyze the pressure distributions for a microchannel with
constrictions and its accuracy will be assessed by comparison
with DSMC simulations.

II. DSMC METHOD

The DSMC method [7] has been applied in this work to ob-
tain numerical solutions for low Reynolds number microchannel

flows. The DSMC method is a numerical approach that is feasible
for solving the Boltzmann equation in the near continuum to free
molecular flow regimes. The DSMC method is the direct statis-
tical simulation of the molecular processes described by the ki-
netic theory. This method treats a gas flow in physical terms as a
collection of particles. The fundamental principle of the DSMC
method is the splitting of the continuous motion of gas molecules
during a time interval into two sequential stages: free-mole-
culeflightandbinarycollisions.IntheDSMCmethodthephysical
flow domain is discretized into a grid of cells. Structured and un-
structured grids can be used in DSMC calculations. In both cases,
thesizeofgridcells shouldbesufficientlysmall so that thechange
ingasdynamicpropertiesacrosseachcell issmall. Inotherwords,
the Knudsen number based on the cell size should be larger than
one to allow accurate calculation of particle collisions. When the
cell size in a simulation is too large, macroscopic gradients are
typically underpredicted and the solution corresponds to an arti-
ficially larger Knudsen number. The time step in the simulation
is usually selected as , where is the mean
time between collisions, is the mean residence time in a cell,
so that the molecules do not cross more than one cell during a time
step. After steady flow is reached, sampling of macroparameters
within each cell is performed for a large number of time steps to
minimize the statistical scatter.

The DSMC method is nonstationary in nature, but can be used
to solve stationary problems with the following procedure. In
the entire computational domain an arbitrary initial state of the
gas is specified and given boundary conditions are imposed. A
steady flow is obtained as the state of the system at large times.
The gas macroscopic parameters such as velocity, density, tem-
perature and others are calculated by DSMC method by aver-
aging the corresponding velocity functions over all particles in
a single spatial cell. For stationary problems like the flow in the
microchannels considered in this paper, the averaging is done
over all particles that have been in a particular cell during the
stationary stage of the calculation.

The DSMC-based software SMILE [12] is used for all com-
putations presented here. The simulation tool uses the majo-
rant frequency scheme [13] for modeling of collisional pro-
cesses and the intermolecular potential is assumed to be the
variable soft sphere model [14]. Energy exchange between the
translational and internal modes is modeled with the Larsen-
Borgnakke model [15] using temperature-dependent and
collisional relaxation numbers and discrete rotational and vibra-
tional energy levels. Note, that vibrational and rotational energy
exchange does not play a significant role for the conditions of
interest here.

A more important physical mechanism in low-speed mi-
crochannel flows is the gas-surface interaction. The Maxwell
model is used here to model the momentum and heat transfer
to the wall. The model assumes that a fraction of
incident particles is reflected specularly while the remaining
fraction experiences a diffuse reflection from the wall.
The parameter may be the accommodation coefficient for
tangential momentum,
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where is the tangential momentum and the subscripts and
refer to the incident and reflected particles, respectively, or the
accommodation coefficient for energy transfer

where is the energy that the reflected molecule would
acquire if there were thermal equilibrium between the wall
and the gas. Diffuse reflection with respect to energy transfer
implies that the particle translational and internal energies are
distributed according to the Maxwell-Boltzmann distribution
governed by the wall temperature and the extent of accommo-
dation, . In this paper, the full accommodation of tangential
momentum, , and energy, , with a constant wall
temperature of 300 K was assumed to be the baseline gas-sur-
face model. To understand the influence of the gas-surface
model on the flow structure, a single calculation was performed
with a specular wall condition , as will be discussed
at the end of SectionV-B.

III. SUBSONIC INLET AND OUTLET BOUNDARY CONDITIONS

A. Implementation

The numerical simulation of a subsonic flow in a pressure-
driven microchannel requires a special treatment of the inlet and
outlet boundary conditions. If the flow is in the subsonic regime
then the one-dimensional (1-D) characteristic theory dictates
that there will be two incoming characteristic lines along which
information propagates at the inlet and one incoming character-
istic line at the outlet. Therefore, only two flow parameters out
of three (pressure, temperature and velocity) can be freely spec-
ified at the inlet and only one at the outlet. On the other hand, in
the DSMC method all three flow parameters must be specified
for incoming molecules at the domain boundaries, i.e., density,
temperature and velocity. In this case, boundary conditions have
to use flow properties in the interior flow domain.

The implementation of subsonic inlet and outlet boundary
conditions for various computational fluid dynamics (CFD)
methods has been intensively studied in the past [16]. The
DSMC method has only been relatively recently applied
for such flow simulations that require an implicit subsonic
boundary conditions treatment. For an inflow boundary, the
most common approach is to determine streamwise velocity
from the information in the interior flow domain. This was first
applied by Ikegawa and Kobayashi [17] when the streamwise
velocity at the inlet was computed based on total particle flux
in the computational domain. Nance et al. [18] employed
particle conservation at each cell to determine the unknown
streamwise velocity at the exit. Finally, several researchers
[19], [20] have implemented and tested a simpler approach in
which the unknown velocity at the inlet has been determined
by extrapolation from the cell adjacent to the boundary. This
treatment of inlet boundary has been adapted in the present
DSMC simulations.

At the microchannel outlet the only known flow property is
pressure. Therefore, temperature and velocity have to be deter-
mined from the information in the interior flow domain. A 1-D

characteristic theory can be applied in the following way. For a
backward-running wave

(1)

where is the speed of sound, . Applying the
definition of the speed of sound in a finite difference form to a
boundary cell, one obtains

(2)

thus, temperature at the outlet can be found from the ideal gas
law. From (1)

(3)

The above equations for determining temperature and velocity
at the subsonic outlet given a pressure value are called Whit-
field’s characteristic formulation [16]. In the present implemen-
tation, the Whitfield characteristic formulation was used in the
cell subject to the condition that the pressure in the cell is larger
than the specified outlet pressure. Otherwise, extrapolation of
velocity and temperature has been applied. The inlet and outlet
conditions used in DSMC are updated based on the above pro-
cedure, every 20 000 time steps to avoid statistical scatter in the
flow macroparameters in the interior cells.

B. Validation

To validate the implementation of the subsonic boundary
conditions in the DSMC method, a test case of nitrogen flow
in a straight microchannel has been calculated and compared
with the analytic approximate solution [8]. The microchannel
aspect ratio is 30 and Knudsen number based on the outlet
conditions and with respect to the channel height is 0.05. The
pressure ratio between the inlet and outlet is 2.47. The inlet
temperature of the gas is 300 K which corresponds to a value
of the viscosity coefficient of kg/m s based on
the hard-sphere model with a viscosity-temperature exponent
of 0.24 and molecular diameter of m. The large
aspect-ratio microchannel is in the slip-flow regime so that
the flow pressures and velocities obtained from the DSMC
simulation may be compared with the approximate analytic
expressions obtained by Arkilic et al. [8].

Application of a numerical method to solve practical prob-
lems requires a reliable way to estimate the accuracy of the
solution. The DSMC numerical solution depends on three pa-
rameters: the cell size , time step , and the number of
particles in a volume with linear size equal to the local mean
free path [21]. In the DSMC algorithm, the cell size has to be
less than the local mean free path and the time step should be
less than the average time between collisions. However, a more
strict requirement is that the number of simulated particles has
to be large enough to make the statistical correlations between
particles insignificant.

The principal objective of the validation study presented
below is to examine the sensitivity of the results to the above
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Fig. 1. Streamwise velocity distribution along the channel, Kn =

0:05;L=H = 30 for different numbers of cells.

numerical parameters of the DSMC simulation and to compare
the computed flow parameters with the analytic predictions.

The calculations with different time steps showed that the re-
sults do not change when is decreased from to

s. The time step of s was chosen for all cal-
culations presented hereafter. The cell size was found to have
a larger impact on the DSMC solution. The influence of the
number of cells on the streamwise velocity profile along the axis
is shown in Fig. 1 for 1.6 million particles. There is a difference
of up to 10% when the number of cells is changed from 50 000
to 100 000. The solution does not change when the number of
cells is further increased to 200 000. Note that the pressure dis-
tribution is less sensitive to the number of cells. As shown in
Fig. 2, the maximum pressure difference for calculations with
different numbers of cells, amounts to less than 1%.

The most important parameter for the accuracy of the DSMC
method is the number of simulated molecules or particles. In
the present validation study, the number of simulated molecules
has been varied from 0.2 to 12.8 million. Similar to the influ-
ence of the number of cells, the pressure distribution is insensi-
tive to the variation of the number of particles. The maximum
difference between the results for pressure for 0.2 and 12.8 mil-
lion particles was less than 2%. Again, the streamwise velocity
is the more sensitive parameter to variations in the number of
simulated molecules. Fig. 3 shows that the streamwise velocity
changes when the number of molecules is less than 3.2 million.
The difference between the solution for 0.2 and 3.2 million par-
ticles is over 20%.

The main reason for the strong dependence of the solution on
the number of particles and cells is related to the correlations
between simulated particles. Such correlations always exist in a
system of finite numbers of particles used in DSMC modeling
[22]. The magnitude of these correlations depends on the total
number of simulated molecules in the system, and generally de-
creases when the number of molecules increases. It is necessary
to estimate the level of statistical dependence between the simu-
lated particles and its contribution to the results of DSMC com-
putation. A significant level of statistical dependence, or particle

Fig. 2. Deviation from linear pressure drop along the channel, Kn =

0:05;L=H = 30 for different numbers of cells.

Fig. 3. Streamwise velocity distribution along the channel, Kn =

0:05;L=H = 30 for different numbers of particles.

correlations, means that the molecular chaos hypothesis, used in
the Boltzmann equation, is no longer valid.

An important criterion that indicates the presence of the sta-
tistical dependence between simulated particles in a computa-
tionally feasible manner is the relative number of repeated col-
lisions [21]. Repeated collisions are collisions between the same
pair of particles during their lifetime in the computational do-
main. The lifetime of a particle in DSMC modeling is deter-
mined by the time the particle was introduced into the compu-
tational domain, or reflected from a diffuse wall, and the time
it left the domain, or collided with a diffuse wall. The number
of repeated collisions was calculated by checking if the current
collision partner of a marked particle coincides with one of its
last four collision partners.

The number of repeated collisions is closely related to the
number of particles in a volume with the linear size equal to
the local mean free path. The condition of is necessary
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TABLE I
PERCENTAGE OF REPEATED COLLISIONS FOR VALIDATION TEST CONDITIONS

for the simulation results to be close to the solution of the Boltz-
mann equation. In addition, the number of repeated collisions
may also depend on the time step and the number of particles
per collision cell.

The flow under consideration is characterized by low average
velocities and, as a result, relatively large particle lifetimes. The
number of repeated collisions may, therefore, be larger than that
in a typical supersonic flow with the same . The results pre-
sented in Table I for the test validation case discussed above
show the average number of repeated collisions for various num-
bers of molecules and cells. This systematic error is due to the
correlations between simulated particles. The correlations are
manifested in the percentage of repeated collisions. It was found
that the fraction of repeated to total number of collisions for sim-
ulations performed with 3.2 and 12.8 million particles was 2%
and 3%, respectively. For these simulations, the solutions are
within 2% of the approximate analytic solution with slip wall
conditions. Hence, to ensure that the results of the calculations
presented in this paper are accurate to within a few percent, the
numerical parameters of the DSMC calculations presented in
the following sections were conducted with the same level of
grid adaptation and as in the validation case of 12.8
million particles and 200 000 cells.

Finally, the calculated DSMC macroparameters are compared
to the analytic solution for a straight microchannel flow [8]. The
total number of cells in the DSMC calculation was 200 000 with
about 12.8 million simulated particles. The pressure distribution
along the channel is given in Fig. 4. The difference between the
two solutions does not exceed 1%. The comparison of DSMC
computed and analytic contours of -component of velocity is
plotted in Fig. 5 which shows excellent agreement.

Fig. 4. Deviation from linear pressure drop along the channel, Kn =

0:05;L=H = 30.

Fig. 5. Streamwise velocity (m/s) contours, Kn = 0:05;L=H = 30.
Analytic solution [8]—dashed lines, DSMC solution—solid lines.

Fig. 6. Schematic of a microchannel with constriction.

IV. MICROCHANNELS WITH CONSTRICTION: THEORY

To obtain the mass flow and pressure distribution in a mi-
crochannel with constriction in the form of a long microchannel
(or a transition section of another shape), one can consider it
as three different flow sections. The first one is a straight mi-
crochannel flow upstream of the constriction, the second one is
the flow in the transition section, and, finally the straight mi-
crochannel flow downstream of the constriction (see Fig. 6).
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TABLE II
GEOMETRIC SETUP

For the flow in a microchannel with constriction, the known
parameters are inlet and outlet pressures, viscosity coefficient
and Knudsen number at the exit, as well as the geometric shape
of the three sections. A schematic of a microchannel with con-
striction and notations used here are given in Fig. 6. The pressure
downstream and upstream of the constriction are unknowns. We
will denote them and (see Fig. 6).

The flow quantity that has to be conserved in all three sections
is the mass flow. The mass flow conservation yields a system of
three nonlinear algebraic equations for the unknown mass flow,

, and two unknown pressures, and . The mass flow in a
dimensional form for a high-aspect ratio straight microchannel
for a given pressure ratio is equal to [8]

L R T
(4)

where are channel height, width, and length, respec-
tively, and is the outlet pressure and is the Knudsen
number based on channel height.

Applying the mass flow formula for each section, we get

(5)

(6)

(7)

where is the Knudsen number at the
location just upstream of the constriction. Similarly,

is the Knudsen number downstream
of the constriction based on the constriction height, and
are defined in Fig. 6.

The nonlinear algebraic system can be solved by an optimiza-
tion method. The least squares method was used and iterations
were carried out until an agreement for mass flow within the
fifth significant digit was reached.

V. MICROCHANNELS WITH CONSTRICTION: SIMULATION

The DSMC calculations of low-speed microchannel flows
with constriction of a finite length have been carried out in order
to study the influence of the constriction on the pressure loss,
mass flow rate and the overall flow structure in the channel. The
mass flow and pressure results of the DSMC simulations are
compared with the simple model of constriction presented in
the previous section. The flow conditions and geometries of the
microchannels are summarized in Tables II and III.

A. Pressure Losses

Let us first consider Case 1 which corresponds to the same
total pressure loss as in the case of a straight microchannel that

TABLE III
SUMMARY OF CASES CONSIDERED

Fig. 7. Comparison of simulated and theoretical pressure distribution (5)–(7)
for Case 1: p =p = 2:47; Kn = 0:05, Shape 1.

Fig. 8. Comparison of calculated and theoretical pressure distribution (5)–(7)
for Case 2: p =p = 2:53;Kn = 0:05, Shape 2.

was used for validation of the boundary conditions. The pres-
ence of the constriction significantly changes the pressure distri-
bution inside the channel. Fig. 7 shows the pressure distribution
along the -axis calculated by the DSMC for a straight channel
and one with constriction, as well as, the theoretical prediction
of (5)–(7). The DSMC calculated pressure distribution agrees
very well with the theoretical prediction. The maximum differ-
ence is immediately downstream of the constriction, but, is still
within 3% of the computed value. Note that the pressure loss at
the constriction section is about 60% of the total pressure loss
and, therefore, cannot be considered a “minor” loss.

Figs. 8 and 9 show the comparison of theoretical and sim-
ulated DSMC pressure distributions along the -axis for the
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Fig. 9. Comparison of calculated and theoretical pressure distribution (5)–(7) for Case 3 and 4. Case 3: p =p = 2:47; Kn = 0:1. Case4: p =p =

1:25;Kn = 0:05.

Fig. 10. Pressure contours for Case 1: p =p = 2:47;Kn = 0:05, Shape 1.

other cases given in Table III. In all three cases, pressure values
predicted by DSMC or (5)–(7) are in excellent agreement.
Therefore, the flow in a microchannel with a constriction of
finite length can be considered as three different microchannels
flows and the system of (5)–(7) can be used to calculate the
pressure loss in the constriction section.

B. Flow Structure

Let us now consider the flow structure near the constriction
section as predicted by the DSMC simulations. Fig. 10 shows
the pressure contours near the constriction section. There is a
small adverse pressure gradient at the corners downstream and
upstream of the constriction. The pressure isolines are normal
to the -axis everywhere in the flow except at the inlet and
outlet of the constriction section where the isolines have a nearly
circular shape as the flow becomes fully developed. Overall,
the flow structure in the microchannel with constriction of a fi-
nite length is very well approximated by three different channel
flows.

The streamlines and contours of the -component of velocity
are shown in Fig. 11 for Case 1. The flow streamlines furthest

from the constriction tend to be parallel to the -axis with a
centerline streamwise velocity of about 12 m/s.

The flow in the microchannel with constriction separates in
the transition section similarly to flows around forward and rear-
ward steps. The two separation zones are clearly identified in
Fig. 11 at the corners immediately upstream and downstream
of the constriction section. The size of the separation zone up-
stream is equal to about half of the constriction height. The sepa-
ration zone downstream is slightly larger due to a larger flow ve-
locity (a region of larger adverse pressure gradient may be seen
in Fig. 10). The velocity in the constriction section increases to
approximately 60 m/s at the centerline. Far downstream of the
constriction the value of the -component of the velocity de-
creases to 22 m/s.

A similar flow structure is observed in the other computed
cases. The streamlines and -component of velocity are plotted
in Figs. 12–14 for Cases 2 through 4. In Cases 2 through 4 the
size of the separation zone upstream of the constriction is less
than in Case 1 due to a much lower velocity.

The flow separation observed in the four cases may be under-
stood in terms of standard boundary layer theory [11]. To illus-
trate this, Case 1 was rerun assuming a fully specular gas-sur-
face interaction for all three channel components. Al-
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Fig. 11. X-component of velocity contours and streamlines for Case 1: p =p = 2:47; Kn = 0:05, Shape 1.

Fig. 12. X-component of velocity contours and streamlines for Case 2: p =p = 2:53;Kn = 0:05, Shape 2.

TABLE IV
THEORETICAL AND CALCULATED MASS FLOW LOSSES

though such a situation is physically unrealistic for gas colli-
sions with silicon surfaces, the simulation provides useful in-
sight into the physics of microchannel flows. Fig. 15 shows that
for this case no flow separation is observed in the upstream
channel near the constriction and the streamlines follow the
corner boundaries. Setting the gas-surface interaction to be that
of frictionless flow and the low flow Mach number in the up-
stream channel creates the conditions for ideal flow. As the flow
enters the constriction, it accelerates to supersonic speeds be-
cause in this case there is no friction. (Note that the streamwise

-velocity component is much larger for this case than the pre-
vious ones.) When the flow enters the downstream channel a re-
circulation region is observed, consistent with Crocco’s theorem

for supersonic, inviscid flows [23]. The calculations suggest that
in the real transitional subsonic microchannel flow, recircula-
tion will occur even for low Reynolds numbers in the upstream
channel. Flow recirculation for supersonic channel flows (pres-
sure difference greater than considered here) will always occur,
but the detailed flow structure will depend on the gas-surface
interaction.

C. Mass Flow Losses

The mass flow of a gas in a microchannel for a specific inlet
to outlet pressure ratio is an important characteristic for the de-
sign of microdevices. The mass flow of a microchannel with
constriction can be significantly smaller compared to that of
a straight microchannel, , for the same pressure ratio. A
monotonic decrease of the mass flow with the decreasing con-
striction-gap width has been observed experimentally [4]. For
the narrowest constriction gap, the measured mass flow rate de-
creased by as much as 45% of the value corresponding to the
straight microchannel.

The comparison of the theoretical prediction of the mass flow
losses with the published experimental data [3], [4] is compli-
cated by the relatively large uncertainty of the mass flow mea-
surements and potentially by the neglect of 3-D effects in the
calculations and theory. The channel height in these experiments
was about 1 micron and the effective height was estimated by
measuring mass flow rate for a straight channel. The estimated
channel height varied from 1.1 micron in [3] to 0.95 micron in
[4]. Since the mass flow rate depends on the third power of the
channel height, a variation in the channel height of 15% leads
to an uncertainty of 52% in the measured mass flow. The error



ALEXEENKO et al.: LOW REYNOLDS NUMBER FLOW-THROUGH CONSTRICTION MICROCHANNELS 855

Fig. 13. X-component of velocity contours and streamlines for Case 3: p =p = 2:47; Kn = 0:1, Shape 2.

Fig. 14. X-component of velocity contours and streamlines for Case 4: p =p = 1:25;Kn = 0:05, Shape 2.

Fig. 15. X-component of velocity contours and streamlines for Case 1, with a specular wall.

in assuming a 2-D model of a 3-D microchannel flow may be
shown from dimensional analysis to be inversely proportional to
the square of the channel aspect ratio (i.e., width-to-height). For
the aspect ratios of 10 and 40-considered in the experimental
work [3] and [4], the error in neglecting the third dimension
is much less than the experimental uncertainties. Hence, until
more accurate data is obtained, only a comparison between the-
oretical predictions of the mass flow rate for constricted chan-
nels and the results of DSMC modeling is meaningful and will
be shown here.

Theoretical and calculated mass flow of a constriction
microchannel divided by that of a corresponding straight
microchannel is listed in Table IV for Cases 1–4. Both theoret-
ical and calculated mass flow in a constriction microchannel
indicate very large mass flow losses compared to a straight
microchannel.

The results of the calculation agree within a few per cent with
the theoretical prediction for Cases 1, 2, and 4. The maximum

difference (18%) between theory and DSMC is in Case 3, where
the flow Knudsen number at the outlet is 0.1 and therefore, the
slip flow approximation used in (5)–(7), may no longer be ac-
curate.

Note that the model can also be used to estimate mass
flow rate and pressure losses in channel in the case when the
constriction has a different geometrical configuration, i.e., if the
constriction was streamlined. For each geometric configurations
of the constriction, the appropriate expression for the mass
flow rate has to be used in (6). Thus, if the constriction was
streamlined to avoid the flow separation the mass flow rate
can still be lower than that in the straight microchannel. Li
et al. [3] studied experimentally the mass flow and pressure
losses for constriction in the form of a Venturi-tube device.
The authors observed a qualitatively similar behavior of the
pressure drop but the actual mass flow rate losses in the
Venturi-tube device was much smaller than for the orifice
type constriction.
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VI. CONCLUSION

The subsonic gas flow through a microchannel with a finite-
length constriction is studied with the goal of elucidating and
predicting the significant pressure and mass flow rate losses ob-
served in earlier experimental studies. An analytic model is pro-
posed that allows one to predict the pressure and mass flow
losses due to the constriction. The model is validated by compar-
ison with the numerical results obtained using the direct simula-
tion Monte Carlo method. The agreement between the predicted
analytic and DSMC solutions is found to be very good with the
maximum difference smaller than a few percent.

The analysis of the sensitivity of the DSMC results to nu-
merical parameters was also conducted, and the large impact
of correlations between simulated particles in the low-speed
flows under consideration was shown. The DSMC results in-
dicate that the flow in the microchannel with constriction sepa-
rates in the transition section similarly to a flow around forward
and rear-ward steps. However, the separation region does not
significantly impact the pressure distribution along the channel.

The pressure loss in the transition section is as large as 60%
and, therefore, cannot be considered a minor loss. The mass flow
rate ratio between the constriction and straight channel varies
from 15% to 40% for the considered cases. Therefore, the con-
striction has a dramatic effect on the major system design pa-
rameters for a pressure-driven microchannel flow.
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