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Abstract
Flows over micro-scale airfoils are investigated using both

particle and continuum approaches. An implementation of the
information preservation technique based on the direct
simulation Monte Carlo method is used to simulate flows over a
flat plate of zero thickness at low Reynolds number (Re<100),
and good agreement is obtained comparing with experimental
data and theoretical results. Investigation shows that the
aerodynamics of a 5% flat plate at Re=4 is quite different from
that at Re=4,000 that were measured experimentally. A
continuum approach with slip boundary conditions predicts a
similar basic flow pattern as the IP method with differences in
details, which may indicate that continuum approaches are not
suitable for this kind of flow because of rarefied effects.

1. Introduction
Gas flow around micro-scale structures forms an integral

part of many applications of MEMS including micro-turbines,
chemical sensors, micro-propulsion for spacecraft, flow control
devices, and gaseous chromatographs. Experimental study of
micro-scale gas flows is made inherently difficult by the small
physical dimensions and has been mainly limited to flows in
simple micro-channels and nozzles (Pong et al., 1994; Arkilic et
al., 1997). While there has been a number of recent numerical
studies of gas flows in micro-channels (Oh et al., 1995;
Mavriplis et al, 1997; Cai et al., 2000), there has been almost no
investigation of gas flows over external bodies at micro-scale.
This forms the subject of the present numerical investigation.

Gas dynamics can be classified into continuum, slip,
transition, and free-molecular flow regimes. The basic
parameter defining these regimes is the ratio of the molecular
mean free path (1 , at standard pressure and temperature, the
mean free path of air is about 0.06 micron) to the smallest
significant physical dimension characterizing the flow ( L , can
be around 1 micron or smaller for MEMS structures), namely
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the Knudsen number (Kn = Ji/L)- For such flows, the Knudsen
number may be larger than 0.01, which places the flow in slip
(0.01< Kn<0.l) or transition (0.l<Kn<W) regime. In these
flows, the air in contact with the body surface may have a non-
zero tangential velocity relative to the surface (slip), and
collisions between molecules and collisions of the molecules
with the wall have the same order of probability (transition).
These rarefied phenomena must be included in any computer
model designed to simulate these flow conditions.

Unfortunately, traditional computational fluid dynamics
(CFD) techniques are only valid for the continuum regime
(A>z<0.0l), and acceptable for the slip regime if a slip wall
condition is adopted instead of non-slip boundary condition.
Then molecular-based numerical schemes, such as the direct
simulation Monte Carlo (DSMC) method (Bird, 1994), are more
physically appropriate for rarefied gas flows in micro-scale
flows. However, the disadvantages of the DSMC method are
obvious for micro-flows (Beskok, 2001). It is very difficult for
DSMC to isolate the useful signal from the "noise" in low speed
flows (micro-flows are usually low subsonic flows). The
macroscopic flow velocity is sampled from the velocity of
simulated microscopic particles (v=V-/N) and the statistical
scatter (<j'=a/<JW) is based on the sampling size. Here, v is
the macroscopic flow velocity, V. is the velocity of an
individual particle, N is the sample size for the cell, a is the
physical statistical scatter (a = J2RT , R is the specific gas
constant, T is the temperature, and <7 is about 400m/s for air at
standard temperature) and a' is the final numerical statistical
scatter. If we suppose the sample processes in DSMC are totally
independent from step to step, then a sample size of 1.6xl05 is
needed to control the statistical scatter within 1 m/s, and a
sample size of 1.6xl07 for the scatter to be within O.lm/s!
Hence, few micro-flows can be simulated due to the limit of
CPU time (Oh et al., 1995).

An alternative approach is the information preservation (IP)
method (Fan and Shen, 2001), which is very effective in
reducing the statistical scatter in the DSMC method for low-
speed, constant density flow systems. The IP method preserves
macroscopic information as well as microscopic information in
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simulated particles as the particles move and interact with each
other and the domain boundaries. Recently, a 2D IP code was
implemented and several cases were tested for low speed
isothermal flows (Cai et al, 2000; Fan et al, 2001). We also
implemented a 2D IP code that is suitable for flows over
external bodies at the micro-scale. In the new code, the
macroscopic information is updated according to the inviscid
fluid mechanics equations using the Lagrangian description
while collisions are considered between particles and with the
body surface.

In this paper, the goal is to validate the IP code by
simulating flows past a flat plate aligned with the free stream at
low Reynolds numbers (0.1 <Re<100). We also investigate the
aerodynamics of a 5% flat plate at low Reynolds number (Re =
4.0) as a function of angle of attack using the IP method and a
continuum approach with slip boundary conditions.

2. Information preservation method
It is generally assumed that each particle simulated in the

DSMC method represents an enormous number (108-1025) of
real molecules, and these particles possess random thermal
properties according to certain distributions (they are
Maxwellian distributions for equilibrium gas flows). Hence,
each particle has the microscopic information (molecular
position, velocity, internal energy, etc) and the collective
information of the represented molecules (velocity, temperature,
etc). The information preservation method aims to preserve and
update the collective information of the real molecules,
intending to reduce the statistical scatter inherent in particle
methods. In the paper by Fan and Shen (1999), information
velocity was preserved and updated by collisions between
particles, collisions of particles with the wall and the external
force field (the pressure field when gravity is neglected). Cai et
al. (2000) additionally preserved the number density
information and velocity information for computational cells
when the IP method was extended to 2D isothermal problems.
In our implementation (Boyd and Sun, 2001), number density
information, velocity information and temperature information
for both particles and computational cells are preserved. The
information is updated by collisions between particles,
collisions of particles with the wall, and the inviscid fluid
mechanics equations in the Lagrangian description.

An implementation of the IP method can be summarized as
follows (see also Figure 1):

(1) All the simulated particles and computational cells are
assigned the necessary information after the computational
domain is set up. For each particle, the molecular velocity,
location (x, y) and internal energy are assigned as in the
DSMC method. The number density information (n), velocity
information (VX,V ) and temperature information (7: =/C?)/R,

C is the thermal velocity, i = x,y,z) are assigned to both
particles and computational cells as the initial flow condition.

(2) Move the particles using the molecular velocity with
the same algorithms and models as the DSMC method.

(3) In a time step At, the preserved information may be
changed due to the following causes:

(3a) If there are collisions between particles, a simple
scheme satisfying general conservation laws is employed to
distribute the post-collision information for two collided
particles.

= _ = -U-Lj/2,
" n,' n'2

1(Specific volume v = •

(Conserved momentum in x direction)
\r» -y" -
Vy,l - Vy,2 —

(Conserved momentum in y direction)

£1 =^,i =7Ti =£2 =^,2 =^2 (Conserved energy)

^ +£2 +5.2 ( i
3R

(1)

(2)

(3)

(4)

6 3R 2
where superscripts ' and " denote pre- and post-collision,
subscripts 1 and 2 denote particle 1 and particle 2, and
subscripts x, y or z denote x, y or z direction, respectively.

(3b) If there are collisions of particles with a wall, the
preserved information of collided particles are set in accordance
with the collective behavior of a large number of real molecules.
Namely, the information of the particles is set as the wall
condition if it is a diffuse reflection while the information
velocity component perpendicular to the wall is reversed if it is
a specular reflection.

(3c) If particles reflect from a symmetric boundary, the
information velocity component perpendicular to the symmetric
boundary is reversed.

(3d) If there are new particles entering into the
computational domain, their information is set as the boundary
condition.

(3e) The preserved information of all particles are
updated following the inviscid fluid mechanics equations in the
Lagrangian description:

- I X T -I

(5)

(6)

(7)

dt
dV
dt

dV,

X ___

dt
— = — -

n[ dx dy

n-m dx

n-m dy
2 "

dt

dt n-m
n-k-T^ i = x,y

(8)

(9)

(10)
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cell _

a/
________

ip 1 • dxd y
I = x or (11)

In the above equations, m is the mass of molecules, k is the
Boltzmann constant, d__ is the full derivative and _d_ is the

dt 3r
partial derivative. However, it is difficult to calculate the
derivatives of the information for discrete particles. The
preserved information of the cell is then used when calculating
the derivatives on the right hand side of Equations (5)-(9) using
Equation (11). If the number density tt on the right hand side of
Equations (5)-(9) is replaced by the ratio of the number of
represented molecules in the cell to the volume of the cell, the
conservation properties can still be guaranteed. Notice that the
concept of number density is not good for a single particle, so
the number density information of a particle takes the value for
the cell.

(4) The preserved information of computational cells is
calculated from the particles.

= x,y

= x,y,z

(13)

(14)

is theHere, subscript c denotes the cell information and
number of particles in the computational cell.

(5) Compute macroscopic quantities based on the
preserved information. The macroscopic quantities are set to
zero before sampling. For field data, those quantities are
accumulated by adding the preserved information of the cell for
every sampling step. Then the quantities divided by the number
of sampling steps are the final sampled macroscopic quantities.
For surface quantities, free molecular theory is employed based
on the pre- and post-collision information of particles collided
with the wall since there is no collision between particles
happened during this process. Equations (15) and (16) describe
the pressure information p and shear stress information T for
the collisions between particles and the wall. In these equations,
subscripts i and r denote pre- and post-collision, u3 is the
information velocity component perpendicular to the surface of

(15)i IT
••-n^T, ^K*3'<J ' I 1/ T, I

= Pi+Pr>

(16)

the incident particle, ut is the information velocity component
parallel to the surface, and erf ( ) is the error function.
Approximately, T can be regarded as the average of the
component temperatures in three directions. Like field
quantities, surface quantities are sampled by adding the
information of collisions between particles and the wall for
every incident particle. The final sampled surface quantities are
obtained as the accumulated surface quantities divided by the
total number of incident particles.

(6) For steady flows, repeat steps 2-4 until the flow
reaches a steady state. Then repeat steps 2-5 to sample and
obtain the macroscopic quantities of the flow.

Set up cell network and
set initial particle and cell states

_L
Distribute particles into cells with their

initial position, velocity and information

*~

Lagrangian
step

( for both
DSMC

and IP )

I Select collision pairs
I

Perform binary collisions
I

Inject new particles
i

Move particles and compute
interactions with boundaries

I———————

Eulerian
step for IP

Update particle information
i

Update the cell information

stop
—-———-

Figure 1. DSMC-IP flowchart
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The above implementation of the IP method can greatly
reduce the statistical scatter for low subsonic flows. In DSMC,
the statistical scatter comes directly from the thermal movement
of particles. In IP, the thermal movement of particles causes the
statistical scatter only at the information level. Hence the
statistical scatter of the information cannot be larger than the
variation of the information in the whole flow field. Therefore,
the IP method can greatly reduce the statistical scatter and hence
the computational cost for low speed flows. The simulation of
many practical micro-scale gas flows becomes possible. Another
advantage of the IP method is that the preserved information of
computational cells has small statistical scatter, and this can
help apply effective boundary conditions for the DSMC method
for low-speed flows. However, the IP method has
disadvantages. One is that the IP method requires more memory
(Cai et al., 2000). Another is that the current implementation of
the IP method cannot recover the kinetic result for energy flux.
Additional models may be required to address this issue.
However, for low-speed flows over external bodies at micro-
scale, the temperature variation is not large and this effect is
negligible.

3. Numerical simulation of gas flows over flat plates
In this section, we aim to investigate the aerodynamics of a

5% flat plate airfoil at low Reynolds number flows with the IP
method and a continuum approach with slip boundary
conditions. Before the investigation, the skin friction of a flat
plate with zero thickness at low Reynolds number flows is
compared among the IP method and other techniques, in order
to check the validity of the IP implementation for flows over
external bodies at the micro-scale.

3.1 Flow over a flat plate with zero thickness
The problem of rarefied flow past a two-dimensional flat

plate aligned with the free stream is one of fundamental interest
since it generates a wide range of basic flow phenomena. As the
Reynolds number decreases at a fixed Mach number, the nature
of flow changes from continuum to free molecular. Schaaf and
Sherman (1954) investigated flows over a flat plate
experimentally and theoretically in the range of 34<Re<2020
for 2.5<M<3.8 and 3<Re<500 for M about 0.2 and 0.6. Other
theories (Mirels, 1951; Dennis and Dunwoody, 1966; Tamada
and Miura, 1978) are also available for flows from the slip
regime to the free-molecular regime. However, theories for
flows in the slip and transition regions can only predict flows
qualitatively due to the approximations made. The IP method,
on the other hand, can simulate the flows at different Reynolds
number.

Consider airflow past a flat plat with a finite length of 20
microns. The free stream velocity is about 69m/s and the Mach
number of the free stream is 0.2 with a temperature of 295K.
The free stream density is determined from the Reynolds
number based on the length of the plate. Figure 2 shows the
computational domain used in the simulation. The whole
domain is divided into 4800 non-uniform structured cells that

are clustered to the plate. On average, 50 particles are located in
each cell. When the Reynolds number is larger than 10, a
subcell technique is employed with more simulated particles in
each cell. For each case, the time step is smaller than the mean
collision time of molecules. Finally, the given results are
sampled after the skin friction reaches a constant value.

symmetric boundary flat plate symmetric boundary

Figure 2. Computational grid
for flow over a flat plate without thickness

Figure 3 shows the drag coefficient of the plate for both
sides at low Reynolds numbers from several techniques. The IP
results approach the free molecular theory (Gombosi, 1994)
(CD=1.35/M, M is the Mach number) when the Reynolds
number becomes small (Re<0.2) and are close to the numerical
solutions of the full Navier-Stokes equations of incompressible
flows (Dennis and Dunwoody, 1966) when the Reynolds
number is greater than 10. The following expression was
derived by Tamada and Miura (1978) for the flat plate drag
coefficient in slip flow on the basis of the Oseen-Stokes
equations of motion:

where y = 0.57722... is Euler's constant and k is the slip
coefficient. If we take k in Equation (17) as the Knudsen
number based on the length of the plate, the theory predicts
similar results as the IP method for Reynolds number around 1
and 2. The experimental data from Schaaf and Sherman (1954)
shown in Figure 3 were measured at a Mach number around 0.2
except that the case for the Reynolds number of 3.15 was
measured with Mach number of 0.167. Good agreement is
obtained between the experimental data and the IP results
except for Reynolds number of 3.15. The difference here
probably occurs since the Mach number of the flow is another
important parameter for the drag on the plate at low Reynolds
number. The incompressible experimental data of Janour (1951)
is also plotted in Figure 3. It seems when the Reynolds number
is larger than 10, the difference between the results from the
compressible and incompressible flow is very small. Obviously,
the Blasius solution of the boundary layer theory (Churchill,
1988) is not valid for low Reynolds number flows.

American Institute of Aeronautics and Astronautics
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Figure 3 Drag coefficient of a finite plate
at low Reynolds numbers

The local variation of skin friction over the plate is plotted
in Figure 4. The skin friction increases and approaches the free
molecular limit 3.375 (c =0.675/M) as the Reynolds number
decreases. This is quite different from the incompressible flow
(Dennis and Dun woody, 1966) where the combination of skin
friction and the Reynolds number c -/ReL increases from the
Blasius solution to infinity when the Reynolds number
decreases. Generally, there is an obvious effect of the leading
edge and trailing edge on the skin friction. Both ends of the
finite plate have larger skin friction than the average, and this
difference tends to vanish when the Reynolds number is smaller

-0.5 -0.25 0
X / L

0.25 0.5

Figure 4 Skin friction of a finite plate
at low Reynolds numbers

0.6
0.5
0.4
0.3

0.2

>
co

-0.5 -0.25 0
X / L

0.25 0.5

Figure 5 Slip velocity of a finite plate
at low Reynolds numbers

than 1. The slip velocity Vs (Figure 5) on the plate shows
similar behavior as the skin friction, which can be predicted by
kinetic theory. If the plate is assumed as a fully momentum
accommodated plate, the shear stress can be expressed as
Equation (18) from the implementation of the IP method:

(18)

For low-speed flows (s is small, then S3 is much smaller), the
density variation and temperature variation are small, so the
skin friction can be approximated as Equation (19). Hence the
skin friction is proportional to the slip velocity.

/ _ \ rr

(19)
K,

3.2 Continuum approach with slip boundary
conditions

Few experimental data or theoretical results are available
for external flows at low Reynolds number (Re<100). We seek
to use a continuum approach with slip boundary conditions to
compare with the IP method for low Reynolds number flows.

The continuum approach solves the compressible Navier-
Stokes equations using the preconditioning approach of Merkle
et al. (1995). This approach is used because of the very large
disparity between the velocity magnitude and the speed of
sound in these flows. The preconditioning rescales the
eigenvalues so that the convection speed is of the same order as
the effective speed of sound. In addition, the Merkle approach
improves the convergence of highly viscous flows. This results
in a much better conditioned system that can be solved more
easily. The steady-state solution does not depend on the
preconditioning of the eigenvalues (Merkle, et al., 1995).

American Institute of Aeronautics and Astronautics



(c)2001 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)' Sponsoring Organization.

An O-grid of dimension 186x60 is used for the flow over a
5% flat plate. The grid is exponentially stretched to the airfoil
surface and extended 10 chord lengths from the airfoil. We find
that significantly better convergence is obtained by slightly
rounding the corners of the rectangular cross-section airfoil.
Thus, a radius of 0.1 micron is added at each corner to reduce
the cost of the calculations. In comparison with solutions from
an incompressible Navier-Stokes equations solver (McGrattan
et al., 2000), this modification of the geometry is
inconsequential.

The slip boundary conditions are implemented with the use
of the Maxwell-type slip velocity expression (Schaaf and
Chambre, 1958):

0.75

2- (

where the mean free path X is given by ^ _

(20)

with viscosity

of the gas //. We include a similar expression for the surface
temperature slip, but at these low speed conditions, there is only
a very small variation in temperature. Thus, the temperature slip
is unimportant. The slip velocity in the direction tangent to the
surface is computed with the above formula, and the normal
direction velocity is set to zero. In keeping with the DSMC/IP
calculations, the accommodation coefficient a is set to 0.85.

3.3 Flow over a 5% flat plate
The measurements of Sunada et al. (1996) showed that a

5% flat plate has a much larger lift coefficient than NACA
airfoils at Re=4,000 for incompressible flows. However, flows
over micro-scale structures are usually at much lower Reynolds
number. Hence it is of interest to investigate the aerodynamics
of a 5% flat plate at lower Reynolds number since the airfoil
performance depends on the Reynolds number.

The 5% flat plate is placed at certain angles of attack in an
otherwise uniform stream of gas. The free stream condition is
listed in Table 1, and the chord length of the plate is 20 microns.
Figure 6 displays a part of the structured grid for the IP method
from a computational domain that extends 5 chord lengths from
the airfoil. For the IP method, a total of 11,200 cells is used and
about 50 particles are located in each cell. The total sampling
size is about 5,000,000 particles per cell after 300,000 iterations
are executed with a time step of 2xlO"n s. Figure 7 shows the
pressure history at several locations near the plate for the case
with the angle of attack of 10°. With the given sampling size,
the fluctuation of pressure is within 2 Pa, hence the numerical
error of the pressure coefficient is smaller than 0.04 or 4%.

Table 1. Free stream conditions
) T^ (K) U

0.087 4.0 0.1176 295 30.0

-0.75

Figure 6 Part of computational grids
for flow over a 5% flat plate
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9400

9200 100000 200000 300000 40000<
time step

Figure 7 Pressure history at several locations near the plate

Consider the case for the angle of attack of 10°. The
pressure contours are plotted in Figure (8) for both the IP
method and the continuum approach. Figure (9) shows the
velocity contours for both methods. Roughly speaking, the
simulated flow fields from the two methods exhibit similar basic
features. There is a high-pressure region around the leading
edge and a low-pressure region around the trailing edge, which
yields part of the drag on the plate. The pressure below the plate
is higher than the pressure above the plate that generates the lift
for the airfoil. The flow transfers part of its momentum to the
plate, which decreases its velocity around the plate and
increases the drag on the plate as another main factor. However,
differences between the two solutions are also obvious. The
variation of pressure from the IP method is smaller than that
from the continuum approach. Namely, the pressure in the high-
pressure region from the IP method is smaller than that from the
continuum approach, and the pressure in the low-pressure
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region from the IP method is higher than that from the
continuum approach. Also, the continuum approach predicts
smaller velocities around the airfoil than the IP method does.
These differences are much clearer from the surface properties
shown in Figures (10) and (11). There is some difference of the
pressure coefficient on the airfoil between the two solutions, and
the shear stress on the airfoil from the IP method is much larger
than that from the continuum approach. However, there are no
theoretical results for this airfoil at this Reynolds number, and
the results here will be compared with an experiment that is
being planned (Martin et al., 2001). In order to compare with
the results in Figure 3 when the free stream Mach number is
0.087, we consider the flow over the 5% plate with no angle of
attack. The average skin friction for the 5% flat plate is about
1.37 from the IP method, and it is about 1.52 for the plate with
no thickness (this value is larger than 1.26 from Figure 3 when
Re=4.0 because the Mach number is decreased). The average
skin friction from the continuum approach, however, is too
small at about 0.61. We also notice that the thickness of the
plate will affect the skin friction on the surface. For free
molecular flow, the ratio of the drag on the 5% flat plate
(CD=18.29) to the drag on the plate with no thickness
(CD=15.51) is about 1.18. When Reynolds number is 4,000, the
ratio of the drag on the 5% flat plate (CD=0.057, Sunada et al.,
1996) to the drag on the plate with no thickness (CD=0.0478,
Dennis and Dunwoody, 1966) is about 1.19. Considering the
measurement errors (±9%) in Sunada's experiment (1996), then
the ratio ranges from 1.08 to 1.30. Finally, when the Reynolds
number is 4.0, the ratio of the drag on the 5% plate (CD=3.38,
IP) to the drag on the plate with no thickness (CD=3.04, IP) is
about 1.11. This is a reasonable value compared with the free
molecular theory and the experimental data. Again, the ratio
from the continuum approach is unusual since the value is less
than 1. It may be that the slip boundary conditions are not
enough for these flows. Perhaps additional terms must be

incorporated into the Navier-Stokes equations, such as in the
Burnett equations. Another possible reason is that the continuum
approach is not valid for a very small region, but this affects the
whole flow since the equations are elliptic.

The aerodynamic characteristics of the 5% flat plate are
plotted in Figure (13) when the Reynolds number is 4.0. For
comparison, the aerodynamics of the plate are plotted in Figure
(12) for free molecular flows and in Figure (14) when the
Reynolds number is 4,000 (Sunada et al., 1996). Clearly, the
aerodynamics at Re=4.0 is closer to that of free molecular flow
than that when Re=4,000, although the values are much smaller.
The ratio of lift to drag is less than 1 when Re=4.0, which
agrees with Miyagi's result (1964). From the IP results, the lift
slope is about 3.82, which is smaller than 5.8 when Re=4,000.
The same trend exists for NACA0009 airfoil at higher Reynolds
numbers (Sunada et al., 1996) with 2.9 at Re=4,000 and 5.5 at
40,000.

4. CONCLUSIONS
The information preservation method is a good tool to

investigate gas flows over micro-scale airfoils that range from
near-continuum flow to transition flow. Good agreement is
obtained among the IP method and other techniques for the drag
on a flat plate with no thickness in low Reynolds number flows.

The aerodynamics of a 5% flat plate at Re=4.0 is quite
different from that at Re=4,000. The lift slope of the plate at
Reynolds number of 4.0 is about 3.82, and the ratio of lift to
drag is less than 1. This may be one reason that small insects
flap their wings in order to increase the lift. In addition, the
continuum approach with slip boundary conditions predicts
similar basic flow patterns as the IP method, but there are
differences in details. This may indicate that continuum
approaches are not suitable for this kind of flow because of
rarefied effects. Additional terms may need to be incorporated
into the Navier-Stokes equations to address this problem.
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Figure 8 Pressure field (left: IP; right: continuum)
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Figure 10 Pressure distributions along the plate surface (left: IP; right: continuum)
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Figure 12 Characteristics of 5% flat plate at Re~0 from free-molecular theory (left: a-CL, right: CD-CL)
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Figure 13 Characteristics of 5% flat plate at Re=4.0 from the IP method (left: oc-CL, right: CD-CL)
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