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Numerical Simulation of Gas Flow over Microscale Airfoils

Quanhua Sun* and Tain D. Boyd'
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Flows over microscale airfoils are investigated using both particle and continuumapproaches. Animplementation
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 < 1 X 10?), and good agreement is obtained
comparing with experimental data and theoretical results. Investigation shows that the aerodynamics of a flat plate
with thickness ratio of 5% at Re = 4 is quite different from thatat Re = 4 X 10° that were measured experimentally.
A continuum approach with slip boundary conditions predicts a similar basic flow pattern as the information
preservation method with differences in details, which may indicate that continuum approaches are not suitable

for this kind of flow because of rarefied effects.

Nomenclature

= thermal velocity of particles
drag coefficient

skin friction

Knudsen number
Boltzmann constant
physical dimension

Mach number

mass of molecules
sampling size

number of particles in computational cells
number density

pressure

specific gas constant
Reynolds number
normalized velocity
temperature

time

velocity

physical location

Euler constant,0.57722,. ..
time step

accommodation coefficient
slip coefficient

mean free path

viscosity of gases

density of gases

physical statistical scatter
numerical statistical scatter
shear stress

= specific volume
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Subscripts and Superscripts

= cell information

incident state

reflect state

surface

component parallel to the surface
wall surface

componentin x, y, or z direction
particles 1 and 2 in a collision pair
component normal to the surface
precollision state

postcollision state

freestream
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Introduction

AS flow around microscale structures forms an integral

part of many applications of microelectromechanicd sys-
tems (MEMS),! including microturbines, chemical sensors, micro-
propulsion for spacecraft, flow control devices, and gaseous chro-
matographs. Experimental study of microscale gas flows is made
inherently difficult by the small physical dimensions and has been
mainly limited to flows in simple microchannelsand nozzles>* Al-
though there have been a number of recent numerical studies of gas
flows in microchannels*~° there has been almost no investigationof
gas flows over external bodies at microscale. This forms the subject
of the present numerical investigation.

Gasdynamics can be classified into continuum, slip, transition,
and free-molecularflow regimes. The basic parameterdefining these
regimes is the ratio of the molecular mean free path A (at standard
pressureand temperature, the mean free path of airis about0.06 .m)
to the smallest significant physical dimension characterizing the
flow L (which can be around 1 um or smaller for MEMS struc-
tures), namely, the Knudsen number (Kn=1/L). For such flows,
the Knudsen number may be larger than 0.01, which places the flow
in the slip (0.01 <Kn <0.1) or transition (0.1 < Kn < 10) regime.
In these flows, the air in contact with the body surface may have a
nonzero tangential velocity relative to the surface (slip), and colli-
sions 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 (Kn < 0.01)
and are acceptable for the slip regime if a slip wall condition
is adopted instead of nonslip boundary condition. In general,
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molecular-based numerical schemes, such as the direct simula-
tion Monte Carlo (DSMC) method,” are more physically appro-
priate for rarefied gas flows at microscale. However, the disadvan-
tages of the DSMC method are obvious for microflows.® It is very
difficult for DSMC to isolate the useful signal from the noise in
low-speed flows (microflows are usually low subsonic flows). The
macroscopic flow velocity is sampled from the velocity of simu-
lated microscopic particles (V =V;/N) and the statistical scatter
(0'=0//N,o0 =+/Q2RT), where o is about 400 m/s for air at
standard temperature) is based on the sampling size. If we suppose
the sample processesin DSMC are totally independentfrom step to
step, then a sample size of 1.6 x 10° is needed to control the statisti-
cal scatter within 1 m/s and a sample size of 1.6 x 107 for the scatter
to be within 0.1 m/s. Hence, few microflows can be simulated due
to the limit of CPU time.*

An alternative approach is the information preservation (IP)
method,” which is very effective in reducing the statistical scatter
in the DSMC method for low-speed, constantdensity flow systems.
The IP method preserves macroscopic information as well as mi-
croscopic information in simulated particles as the particles move
and interact with each other and the domain boundaries. Recently, a
two-dimensional IP code was implemented, and several cases were
tested for low-speed isothermal flows.®' We also implemented a
two-dimensional IP code that is suitable for flows over external
bodies at microscale based on a DSMC code.!' In the new code, the
macroscopic information is updated according to the inviscid fluid
mechanicsequationsusing the Lagrangiandescription,whereas col-
lisions 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 freestream at low Reynolds
numbers (0.1 < Re < 100). We also investigate the aerodynamics
of a flat plate with thickness ratio of 5% 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.

IP Method

It is generally required that each particle simulated in the
DSMC method represents an enormous number (108-10%%) of real
molecules, and these particles possess random thermal properties
according to certain distributions (they are Maxwellian distribu-
tions for equilibrium gas flows). Hence, each particle has the micro-
scopic 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 inherentin par-
ticle methods. In the paper by Fan and Shen,'? information velocity
was preserved and updated by collisions between particles, colli-
sions of particles with the wall, and the external force field (the
pressure field when gravity is neglected). Cai et al.® additionally
preserved the number density information and velocity information
for computational cells when the IP method was extended to two-
dimensionalisothermal problems. In our implementation,'* number
densityinformation,velocity information,and temperatureinforma-
tion for both particles and computational cells are preserved. The
informationis updated by collisions between particles, collisions of
particles with a wall, and the inviscid fluid mechanics equations in
the Lagrangian description.

An implementation of the IP method can be summarized as fol-
lows (see also Fig. 1):

1) All of the simulated particles and computational cells are as-
signed the necessary information after the computational domain
is set up. For each particle, molecular velocity, location, and in-
ternal energy are assigned as in the DSMC method. The number
density information, velocity information, and temperature infor-
mation (7; = (C,.Z)/R, i =x,y,z)are assigned to both particles and
computationalcells 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:

Set up cell network and
set initial particle and cell states
|
Distribute particles into cells with their
initial position, velocity and information

>
]

| Select collision pairs |

Lagrangian
step | Perform binary collisions |
(for both | Inject new particles |
DSMC T
and IP) Move particles and compute
interactions with boundaries
I
Eulerian | Update the information I
[
step for IP I Sample the cell information |
| Sample flow properties |
No

Output result

Fig. 1 DSMC-IP flowchart.

a) If there are collisions between particles, a simple scheme satis-
fying general conservationlaws is employed to distribute the post-
collision information for two collided particles. The preserved in-
formation of the two particles is set to be the same after collisions
because collisions lead particles to be in an equilibrium state:

Conserved volume v=1/m - n,

1/n =1/n] = /0| +1/n})/2 )

Conserved momentum in x direction,
Vx//l = Vx//z = (Vx/.l + Vx'/,Z)/z 2

Conserved momentum in y direction,
V=V, =W ,+V,/2 (3)

Conserved energy,

"o it i
Tx.l_Ty.l _Tzl_T T'Z_TZ.Z

x2 7 Ty,

= (Tx/.l + T\/l + Tz/.l + Tx/z + Ty/.Z + Tz/.z)/6

+ABR)-[(V, = VLD + (V] = V] )?] /4 @)

b) If there are collisions of particles with a wall, the preserved
information of collided particles are set in accordance with the col-
lective 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, whereas the information velocity component per-
pendicular to the wall is reversed if it is a specular reflection.

¢) If particlesreflect from a symmetric boundary, the information
velocity component perpendicular to the symmetric boundary is
reversed.

d) If there are new particles entering into the computational do-
main, their information is set as the boundary condition.

e) The preservedinformationof all particlesare updated following
theinviscidfluid mechanicsequationsin the Lagrangiandescription:

V., av,
dit/n] _ 1[3 . }}

nlox oy

dr n )
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dv, 1 dp;
— — _ —_x 6
dr n-m ox ©)
dv, 1 ap,
dr n-m 9y
dER-T 4+ V2/2] 1 aip. Vi ©
dr T on-m 0x
d[{R -7, +v?/2] 1 dlp, Vi
= pron ©
dr n-m oy
pi=n-k-T, i=x,y (10)

In the precedingequations,d/dt is the full derivative,and /9t is the
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 Eqgs. (5-9) using Eq. (11). If the number density n
on the right-hand side of Eqgs. (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, and
so the number density information of a particle takes the value for
the cell. The preceding equations are solved using a finite volume
method. For example, Eq. (6) is solved as

At
Vi V= —— fpxdy/ fdxdy an

cell edges cell edges

The information on the cell edges is linearly interpolated by the
information of the neighboring cells.

4) The preserved information of computationalcells is calculated
from the particles:

1 = (1n
n_c_Z(Tc) (12)

j=1

j=1

j=1

i=x,y (13)

[=x,52 (14)

5) Macroscopic quantities are computed based on the preserved
information. The macroscopic quantities are set to zero before sam-
pling. 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 provide the
final sampled macroscopic properties. For surface quantities, free-
molecular theory is employed based on the pre- and postcollision
information of particles collided with the wall because there is no
collision between particles during this process. Equations (15) and
(16) describe the pressure information and shear stress information
for the collisions between particles and the wall. In these equations,
erf () is the error function. Approximately, 7 may be regarded
as the average of the component temperatures in three directions.
Like field quantities, surface quantities are sampled by sampling the
information of collisions between particles and the wall for every
incident particle. The final sampled surface properties are obtained
as the accumulated surface quantities divided by the total number
of incident particles:

pi = kT {(s3 /7)™ + (% + 21 + erf(s3)1}
pr = 2k T/ (T, T e + Vass[l + erf(sy)1}

P =Di +pr7

T = n,-kT,-s,_,-{eﬂ»ﬁz/«/; + s3[1 + erf(s3)]}
T = nkTis,, {e ™5 [T + 5301+ erf(s)]}

Stiorr = Vl.iorr Vv m/2le orr (16)

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

The preceding implementation of the IP method can greatly re-
duce the statistical scatter for low subsonic flows. In DSMC, the
statistical scatter comes directly from the thermal movement of par-
ticles. 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 infor-
mation in the whole flowfield. Therefore, the IP method can greatly
reduce the statistical scatter and, hence, the computational cost for
low-speed flows. The simulation of many practical microscale gas
flows becomes possible. Another advantage of the IP method is that
the preserved information of computational cells has small statisti-
cal scatter, and this can help the application of effective boundary
conditions for the DSMC method for low-speed flows. However, the
IP method also has disadvantages.One is that the I[P method requires
more memory.® Another is that the current implementation of the
IP method cannot recover the kinetic result for energy flux.!* Ad-
ditional models may be required to address this issue. However, for
flows over external bodies at microscale, the temperature variation
is not large, and this effectis negligible.

T=1-1,

Continuum Approach with Slip Boundary Conditions

Few experimental data or theoretical results are available for ex-
ternal flows atlow Reynoldsnumber (Re < 1 x 10?). 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
equationsusinga finite volume formulation. The fluxes are evaluated
with a second-orderaccurate modified Steger-Warming flux-vector
splitting approach (see Ref. 14), and an implicit Gauss-Seidel line-
relaxation method is used for the time integration (see Ref. 14). At
the low Reynolds numbers of interest in this work, the method con-
verges to a steady state very slowly. However, with a large number
of time steps (typically about 1,000,000), the calculations reach a
steady-state result.

The slip boundary conditions are implemented with the use of the
Maxwell-type slip velocity expression (see Ref. 15):

2—60 03V
V, = —A— 17)
6 on "

where the mean free path A is given by A =2u/p{c). We include
a similar expression for the surface temperature slip, but at these
low-speed conditions there is only a very small variation in temper-
ature. Thus, the temperature slip is unimportant. The slip velocity in
the direction tangent to the surface is computed with the preceding
formula, and the normal direction velocity s set to zero. The accom-
modation coefficient 6 is set to the same value as in the DSMC/IP
calculations.

Numerical Simulation of Gas Flows over Flat Plates

In this section, we aim to investigate the aerodynamics of a flat
plateairfoil with thicknessratio of 5% atlow Reynoldsnumberusing
the IP method and the continuum approach with slip boundary con-
ditions. 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, to check the validity of the IP
implementation for flows over external bodies at the microscale.

Flow over a Flat Plate with Zero Thickness

The problem of rarefied flow past a two-dimensional flat plate
aligned with the freestream is one of fundamental interest because
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it generates a wide range of basic flow phenomena. As the Reynolds
number decreases at a fixed Mach number, the nature of the flow
changes from continuum to free molecular. Schaaf and Sherman'®
investigated flows over a flat plate experimentally and theoreti-
callyintherangeof 3.4 x 10! < Re <2.02 x 10*for2.5 <M <3.8
and 3 < Re <5 x 10% for M about 0.2 and 0.6. Other theories'’~2
are also available for such flows from the slip regime to the free-
molecularregime. However, theories for flows in the slip and transi-
tion regions can only predict flows qualitatively due to the approx-
imations made. The IP method, on the other hand, is designed to
simulate flows at different Reynolds number from free-molecularto
near-continuumconditions.

Consider airflow pasta flat plat with a finite length of 20 um. The
freestream velocity is about 69 m/s and the Mach number of the
freestream s 0.2 with a temperature of 295 K. The freestream den-
sity is determined from the Reynolds number based on the length of
the plate. Figure 2 shows the computationaldomainused in the sim-
ulation. The whole domain is divided into 4800 nonuniform struc-
tured 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.

Figure 3 shows the drag coefficient of the plate for both sides
at low Reynolds numbers from several techniques. The IP re-
sults approach the free-molecular theory?' (Cp, =1.35/M) when
the Reynolds number becomes small (Re < 0.2) and is close to the
numerical solutions of the full Navier-Stokes equations of incom-
pressible flows'® when the Reynolds number is greater than 10.
DSMC results are also shown in Fig. 3. However, the DSMC sim-
ulations show larger statistical scatter when the Reynolds number
is smaller. The following expression was derived by Tamada and
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Fig. 2 Computationalgrid for flow over a flat plate with zero thickness.
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Fig. 3 Drag coefficient of a finite plate at low Reynolds numbers.

Miura'® for the flat plate drag coefficientin slip flow on the basis of
Oseen-Stokes equations of motion:

Cp

87 4k 2/ +y +1 (18)

R{t(16/R) — y + 1} 7 b(16/R) —y + 1
If we take k in Eq. (18) 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'® shown in Fig. 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 occurs because
the Mach number of the flow is another important parameter for the
drag on the plate at low Reynolds number. The incompressible ex-
perimental data of Janour?” are also plotted in Fig. 3. It seems when
the Reynolds number is larger than 10, the difference between the
results from the compressibleand incompressibleflow is very small.
Obviously, the Blasius solution of the boundary layer theory (see
Ref. 23) is not valid for low Reynolds number flows. To evaluate the
implementation of the slip boundary conditions for the continuum
approach, the results from this approach are also plotted in Fig. 3.
As can be seen, the continuum approach predicts very good results
when the Reynolds number is large than 10.

The local variation of skin friction over the plate is plotted in
Fig.4.The skin frictionincreases and approachesthe free-molecular
limit 3.375 (C, =0.675/M) as the Reynolds number decreases.
This is quite different from the incompressible flow'® where the
combination of skin friction and the Reynolds number C;./(Re;)
increases from the Blasius solution to infinity when the Reynolds
number decreases. Generally, there is an obvious effect of the lead-
ing edge and trailing edge on the skin friction. Both ends of the
finite plate have larger skin friction than the average when the
Reynolds number is larger than 1. In addition, the skin friction does
not approach a constant value as the Reynolds number approaches
zero. The slip velocity V; (Fig. 5) on the plate shows similar behav-
ior 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 Eq. (19) from the implementation
of the IP method:

= Ltmn,Vie){e s [T + 531 + erf(sy)]}

(c) = /8KT; /wm (19)

Skin friction coefficient, C,
// :
N - o P

50
100
TN NN NN NN [N TN SO SN NS [ SN A )

0.5 -0.25 0
X/L

Fig. 4 SKin friction of a finite plate at low Reynolds numbers.
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Table 1 Freestream conditions

Parameter Value
My 0.087
Reo 4.0
Poo» kg/m? 0.1216
Tw,K 295
Uso, m/s 30.0
0.6
05 0.2
0.5
04 1.0 M‘—"
0.3 A’/V-/\/‘/_.»/‘
2.0
0.2 N—//
5'0‘«/"/
30.1 10
z B
>¢)
i 20
50
| 100
Re =
[ S R N T AN NN S NN TR TR W SN NN S N SN
-0.5 -0.25 0 0.25 0.5
X/L

Fig. 5 Slip velocity of a finite plate at low Reynolds numbers.

For low-speed flows (if s is small, then s3 is much smaller), the den-
sity variation and temperature variation are small, and so the skin
friction can be approximated as Eq. (20). Hence, the skin friction
is proportional to the slip velocity. For very low Reynolds number
flows (Re < 1.0), the slip velocity also does not approach a con-
stant value. This is because the ends of the plate act as stagnation
points, so that the velocity is relatively small around the ends of the
plate:

Flow over a Flat Plate with Thickness Ratio of 5%

The measurements of Sunada et al.* showed that a flat plate with
thicknessratio of 5% had a much larger lift coefficient than NACA
airfoils at Re =4 x 10° for incompressible flows. However, flows
over microscale structures are usually at much lower Reynolds num-
ber. Hence, it is of interest to investigate the aerodynamics of a 5%
flat plate at lower Reynolds number because the airfoil performance
depends on the Reynolds number.

The 5% flat plate is placed at different angles of attack in an
otherwise uniform stream of gas. The freestream conditionis listed
in Table 1, and the chord length of the plate is 20 um. For the
continuum approach with slip boundary conditions,an O grid of di-
mension 186 x 60 cells is used. The grid is exponentially stretched
to the airfoil surface and extends 10 chord lengths from the airfoil
surface. The grid is also stretched near the corners of the airfoil
to resolve the large gradients there. Grid convergence studies were
performed to verify that the results are grid independent. Figure 6
displays a part of the structured grid for the IP method from a com-
putational 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 2 x 107! s. Figure 7 shows the pressure history at several
locations along the plate for the case with a 10-deg angle of attack.
With the given sampling size, the fluctuation of pressure is within

0.75

05 e

.25 H

| 111

& y/chord _
o

N
(4]

-1 0.5 0 0.5 1
x/ chord

Fig. 6 Partof computational grids for flow over a flat plate with thick-
ness ratio of 5%.
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9400
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9200 100000 200000 300000 400000

time step

Fig. 7 Pressure history at several locations along the plate.

2 Pa, hence, the numerical error of the pressure coefficientis smaller
than 0.04, or 4%.

Consider the case for the angle of attack of 10-deg. The pressure
contours are plottedin Fig. 8 for both the IP method and the contin-
uum approach. Figure 9 shows the velocity contours for both meth-
ods. Approximately speaking, the simulated flowfields from the two
methods exhibit similar basic features. There is a high-pressurere-
gion around the leading edge and a low-pressure region around the
trailing edge, which yields part of the drag on the plate. The pres-
sure below the plate is higher than the pressure above the plate that
generates the lift for the airfoil. The flow transfers part of its mo-
mentum 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 varia-
tion of pressure from the IP method is smaller than that from the
continuum approach. Namely, the pressure in the high-pressurere-
gion from the IP method is smaller than that from the continuum
approach, and the pressure in the low-pressure 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
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Fig. 8a Pressure field from the IP method.
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Fig. 8b Pressure field from the continuum approach.
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Fig. 9a Velocity field from the IP method.
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Fig. 9b Velocity field from the continuum approach.
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Fig. 10a Pressure distributions along the plate surface from the IP
method.

the surface properties shown in Figs. 10 and 11. There is some dif-
ference 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.

Comparison is also made among the solutions from IP, DSMC,
and continuum approach for the shear stress on both main sides of
the plate (the sides of the plate are defined as left, right, lower, and
upperside, accordingto its positionwhen the angle of attack is zero).
The DSMC results are much closer to the IP results than the contin-
uum solutions, although the DSMC results exhibit large statistical
scatter. Again, because of the large statistical scatter, the pressure
coefficient distribution from the DSMC method is not shown here
because 1% variation of the pressure will result in 2.0 variation of
pressure coefficient. Unfortunately, there are no theoretical results
for this airfoil at this Reynolds number, and the results here will
eventually be compared with an experiment that is being planned 23
To compare with the results in Fig. 3 when the freestream Mach
number is 0.087, we consider the flow over the 5% plate with zero
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 zero thickness. (This value is larger than 1.26 from Fig. 3
when Re = 4.0 because the Mach numberis decreased.) The average
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skin friction from the continuum approach, however, is too small
at about 0.81. 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 (Cp = 18.29) to the drag on
the plate with zero thickness (Cp, =15.51) is about 1.18. When the
Reynolds number is 4 x 103, the ratio of the drag on the 5% flat
plate (Cp =0.057, Ref. 24) to the drag on the plate with zero thick-
ness (Cp =0.0478, Ref. 18) is about 1.19. When the measurement
errors (£9%) in the Sunada et al. experiment24 are considered, then
the ratio ranges from 1.08 to 1.30. Also, when the Reynolds num-
ber is 4.0, the ratio of the drag on the 5% plate (C =3.38, IP) to
the drag on the plate with zero thickness (Cp = 3.04, IP) is about
1.11. This is a reasonable value compared with the free-molecular
theory and the experimental data. Again, the drag coefficient on
the 5% plate from the continuum approach is too small at about
2.63. It may be that the slip boundary conditions as implemented
are not appropriate for these flows. Perhaps additional terms must
be incorporated into the Navier-Stokes equations, such as the
Burnett equations. Another possible reason is that the continuum
approach is not valid for a very small region, for example at the
body surface, but this affects the whole flow because the equations
are elliptic.
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periment.

The aerodynamiccharacteristicsof the 5% flat plate are plottedin
Figs. 12a and 12b when the Reynolds numberis 4. For comparison,
the aerodynamics of the plate is plotted in Figs. 13a and 13b for
free-molecular flows and in Figs. 14a and 14b when the Reynolds
number is 4 x 103 (Ref. 24). Clearly, the aecrodynamicsat Re =4 is
closer to that of free-molecular flow than that when Re =4 x 10
although the values are much smaller. The ratio of lift to drag is
less than 1 when Re =4, which agrees with Miyagi’s result.?® From
the IP results, the lift slope is about 3.82, which is smaller than 5.8
when Re =4 x 10°. The same trend exists for NACA0009 airfoil
at higher Reynolds numbers** with 2.9 at Re =4 x 10* and 5.5 at
4 x 10%,

Conclusions

The information preservation method is used to investigate gas
flows over microscale airfoils under conditions that range from
near-continuumflow to transitionflow. Good agreementis obtained
between the IP method and other data (both experimental and
computational) for the drag on a flat plate with zero thickness in
low Reynolds number flows across all flow regimes.

The aerodynamics of a flat plate with a thickness ratio of 5% at
Re =4 was investigatednumerically and found to be quite different
from that at Re =4 x 10°. The lift slope of the plate at Reynolds
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number of 4 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 to
increaselift. In addition, the continuumapproach with slipboundary
conditions predicts similar basic flow patterns as the IP method, but
there are differences in details. This may indicate that continuum
approachesare not suitable for this kind of flow because of rarefied
effects. It may be necessary to incorporate additional terms into the
Navier-Stokes equations to address this problem.
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