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Abstract: Recent development in micro energy and micro chemical systems has produced a need for
greater understanding of fluid flow in small size channels. This paper investigates using a fourth order
finite difference scheme for high subsonic and very low Reynolds number gas low through micro chan-
nels. The working fluids are nitrogen, hydrogen and helium. A two dimensional finite difference based
micro scale flow model has been developed to predict efficiently the overall flow characteristics assum-
ing isothermal first order slip flow. Reynolds numbers are very small of the order of 10° to 107 for the
flows simulated; they can be safely assumed to be laminar. Based on this model, it has been concluded
that the slip conditions results in a larger axial velocity than no slip conditions as the slip conditions

implies less shear stress against boundaries.

Introduction:

Micron size mechanical devices are be-
coming more prevalent, both in commercial
and in scientific industry. Applications of
micro technology must utilize components
or systems with micro scale fluid and heat
transfer, There are several factors making the
fluid flow and heat transfer behavior differ-
ent in micro channels from that of normal
sized channels. They can be largely summa-
rized as:

(i) The compressibility and compressibil-

ity induced flow acceleration should
be considered in evaluating the fluid
flow characteristics in micro channels
1, 2).
The surface roughens, has a great in-
fluence on the flow and heat transfer
characteristics for laminar flows as
well as turbulent flows [1, 2].

The gas rarefaction. The degree of rar-
efaction is measured by the Knudsen
number (Kn). The effect of rarefaction
will lower the apparent viscosity and
consequent friction factor as Kn is
larger than 0.01 [2].

(it)

(iif)

A large number of recent investigations
have undertaken to study the fundamentals
of micro channels. To analyze micro scale
gas flows, various analytical and numerical
studies have been performed [1-5]. Most
numerical tools used in the literature include
the Direct-Simulation-Monte Carlo (DSMC)
or Navier-Stokes methods with slip bound-
ary conditions. However, DSMC is still be-
lieved to be ineffective tool for low speed
micro scale gas flows, due to its massive
computational load and large unavoidable
statistical fluctuations [3]. On the other hand,
the Navier Stokes approach along with ap-
propriate slip boundary conditions may ana-
lyze the velocity slip at wall surface and other
characteristics in a most economical way
without losing any accuracy of the flow
modeling [3-5].

Since the mid 1980s, studies that came
out of conventional methods started to
emerge. The pioneer experimental investi-
gation on gas flow in micro channel was done
by Tuckerman and Pease [3]. This work has
been considered as a major milestone in the
development of micro scale heat sinks. Since
that time, this technology has received con-
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siderable attention in micro electronics and
other major application areas, such as fuel
cell systems and advanced heat sink designs.
Slip flow, thermal creep, rarefaction, viscous
dissipation, compressibility, intermolecular
forces and other unconventional effects may
have to be taken into account, preferably
using only first principles such as conserva-
tion of mass, Newton’s second law, conser-
vation of energy, etc.

Governing Equations:

The standard two dimensional time de-
pendent, compressible Navier-Stokes equa-
tions and energy equation has been used. The
pressure is defined from equation of state.
The governing equations are nonlinear in
nature.

Conservation of mass:
a o o
Conservation of X-momentum:
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Conservation of Y-momentum:
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The pressure is defined using the per-
fect gas law:
p=pRT 4
Boundary Conditions:

At the inlet a uniform velocity profile is
assumed. Therefore &y /ax =0 and v=0. The
pressure at the inlet is specified by pressure

ratio. The temperature at the inlet is assumed
to be same as the wall temperature.

At the outlet, the axial gradients of the
flow variables are set to zero.

Slip Flow:

Slip flow occurs when gases are at low
pressure or for flow in extremely narrow
passages. The characteristics length scale of
a micro channel is typically of the order of a
few micrometers. We know that, mean free
path of any gas generally varies from 10 to
100 7m, resulting in Knudsen number is in
the slip flow regime (0.001<Kn<0.1) and is
characterized as so called high Knudsen
number flows. At high Knudsen number the
Reynolds number is typically very small and
has generally been recognized that the layer
of gas immediately adjacent to the solid sur-
face is no longer at rest relative to the solid
surface but has a finite slip velocity. The
continuum assumptions are not valid near
the solid boundaries. Therefore slip flow
which represents the rarefaction effects is
modeled. In the presence of wall-normal and
tangential temperature gradients, for an ideal
gas the complete slip-flow (first order) will
be in non-dimensional form [4]:

. . 2-0y .. 0ll.
- = K,,l
Wgas — Wyall 7y . 0 ] (5)
For continuum flow, Kn'!0, above equa-

tion reduces to the familiar no-slip condi-
tions.

The temperature jump boundary con-
dition is:

Tn Tt 2"6)' 27 Ki éf"
gas mlP'; y+1|P @; (6)
Ty =1 ‘
where, 7v = , Tangential momen-

-ty !

tum accommodation coefficient (TMAC).
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coefficient.

Subscripts 7,7,w stands for incident, re-
flected and solid wall conditions respectively,
ris a tangential momentum flux. dE is the
energy flux.

For real walls, a portion of the momen-
tum of the incident molecules is lost to the
wall and a portion is retained by the reflected
molecules. TMAC is defined as the fraction
of molecules reflected diffusively.

Methodology:

The governing equations are nonlinear in
nature. The numerical computation was car-
ried out by solving the governing equations
along with boundary conditions by forth or-
der accurate finite difference implicit scheme
with uniform grids. Convergence and accu-
racy were obtained by MacCormack multi
step (intermediate step between n and n+1)
scheme. Stability has been checked for ev-
ery grid points for each iteration by follow-
ing empirical formulas.

Ng.a_(f‘_‘b'l_
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The flow is assumed to be two dimen-
sional and does not varies in z-direction is
assumed negligible. The governing equations
for this study are the continuity equation,
unsteady two-dimensional compressible
Navier-Stokes equation and the equation of
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state. Two sets of boundary conditions on
the channel wall, a slip wall and a no-slip
wall are employed in the simulation to study
their effects on the results. The solution pro-
cedure starts by applying the initial guess
values and obtaining a converged solution
by iteration. The iterations were continued
until the sum of residuals for all computa-
tional cells became negligible i. e. max

I{vm»l o3 un)/"nﬂ

the velocity in the x direction and n denotes
the number of the time steps. The distribu-
tion of cells in the computational domain was
determined from a series of tests with a dif-
ferent number of cells in axial and transverse
directions. A uniformly distributed 5000x30
grid is found to be adequate and has been
used throughout the study. Accuracy of the
scheme has been studied by varying the grid
dimensions up to 6000 x 50.

<1073

is satisfied, where u is

Model Dimensions:

Several experimental and numerical re-
sults have been documented for this popular
geometry [4]. Table 1 lists the dimensions
of the micro channel.

Table 1: Model dimensions:

Length L 3000 ym

Width W 40 um

Height H 12 ym
Results and Discussions:

Gas flows are flows of compressible fluid
that flow under conditions of expansion with
changes in its density, pressure, velocity and
temperature along the axial direction. In
micro channel flows, the velocity of the
molecules near the wall decreases and the
molecules near the centerline accelerates to
keep the mass flow rate constant. Figure 1
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shows the axial velocity at three different
axial locations with a pressure ratio Pr=2.65.
The axial velocity has been non-
dimensionalized with the velocity of sound.
To check the accuracy of the present work,
the fully developed velocity profile has been
compared with the numerical results of Chen
et al. [4). It is important to note that Chen ef
al. utilized an explicit finite difference
method on a 6000 x 23 grids, while 5000 x
30 grids have been used for this present nu-
merical simulations. An accommodation co-
efficient o, =0.85 has been incorporated.

It is visible from figure 1 that at down-
stream velocity increases with a correspond-
ing increase in wall velocity due to slip ef-
fect. In order to satisfy the conservation of
mass along the channel, in the direction of
flow, the flow is accelerated to make up the
change in density that result from the de-
crease of the pressure. In case of compress-
ible flow the velocity is obviously acceler-
ated because local bulk density decreases due
to low local pressure there and the average
velocity increases. This is due to the volume
expansion of the gas caused by the pressure
drop. Consequently fully developed flow
never occurs due to this compressibility ef-
fect even if the micro channel is very long.
The present model, it has been assumed that
if the axial velocity gradient is less that 10,
the flow is fully developed. From this figure
it is also clear; velocity slip increases in the
downstream direction.

The dependence of velocity distributions
on the increase of Knudsen number is plot-
ted in figure 2. It has been observed from
this figure that, as the Knudsen number in-
creases, the maximum velocity at the centre
of the duct decreases and the shape of ve-
locity distributions are getting flatter, but the
tangential slip velocity at the wall increases.
The local maximum velocity is reduced while

slip velocity gets higher with the increase of
Knudsen number. Four separate Knudsen
numbers (Kn=0.0. 0.05, 0.10 and 0.15) have
been considered and Reynolds number for
the numerical simulation has been taken as
100. To get the longest hydrodynamic length
Re=100 has been chosen. From this figure it
is also depicted that, for the fully developed
flow, the traditional parabolic curve is still
obtained. It is well known that for fully de-
veloped flow the axial velocity gradi-

ou
ent-&=0, and that transverse compo-

nenty =¢. It has been observed from figure
2, that at Kn=0.0, wu_ =1.5. This implies
no slip at the wall. As the Knudsen number
increases u/u_, decreases. This is due to slip
condition. As Kn increases slip length also
increases. From this figure it is also seen that
non-dimensionalised velocity remains invari-
ant with respect to Knudsen number at two
different locations A and B at y/H = 0.4,
Noting that with the present slip flows at the
wall, the velocity is no longer zero near the
wall. The slip condition results in larger axial
velocity than the no slip condition as slip
condition implies less shear stress against the
wall. That is why fully developed flow has
occurred much earlier. This shows that as
Kn increases rarefaction effects become
more pronounced.

The effect of slip and no-slip boundary
conditions on centerline of the channel (at
y=0) is shown in figure 3 for four different
pressure ratios. The slip condition solutions
consistently show a higher magnitude of ve-
locity than no-slip condition. Thisis expected
since the slip condition implies less shear
stress against the wall, It is seen from this
figure that at lower pressure ratio for
(Pr=1.35) the centerline velocity distribution
is almost linear. As the pressure ratio in-
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creases, the centerline velocity distribution
becomes nonlinear. It is seen that the non-
linear distribution of the velocity is depen-
dent on the pressure distribution and hence
varies for different pressure ratios. As the
pressure ratio increases, the nonlinearity of
the streaming velocity distribution becomes
prominent. Clearly, an increase in pressure
ratio shows increasing divergence in the pres-
sure distribution between the slip and no-
slip wall solutions. The effect is the most
prominent for Pr=2.65 where the maximum
percentage difference in the pressure distri-
bution between two predictions is near about
12%.

Wall slip depends on Knudsen number and
molecular mean free path(4). Comparisons
of slip length between nitrogen and helium
have been made in figure 4. It is evident from
this figure that slip length of helium is larger
as compared to nitrogen. This is because of
molecular mean free path. It is also observed;
as Knudsen number increases, slip length also
increases almost linearly, but the rate of in-
crease is more for helium flow. Slip length
also depends on wall roughness. As rough-
ness increases, momentum accommodation
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coefficient also increases. Figure 5 represents
slip length for different accommodation co-
efficient. It is evident from this figure that as
o, increases, slip length decreases.

Conclusions:

Rarefaction and compressibility are re-
lated and have a pronounced effect on fluid
flow characteristics. The effect of rarefac-
tion and compressibility are a function of
Reynolds number. For lower Reynolds num-
bers, the effect of Knudsen number is domi-
nant and for higher Reynolds number, the
effect of Mach number is more important.
Due to small characteristic length, the de-
parture from continuum becomes more pro-
nounced and there exists a finite slip veloc-
ity at the wall. The mean free path becomes
larger with a reduction in pressure and
Knudsen number becomes higher. As
Knudsen number increases, the departure
from continuum becomes significant. As
Knudsen number increases, rarefaction ef-
fects become more important and slip length
increases. Due to molecular mean free path,
slip length of helium is more as compared to
nitrogen. As surface roughness increases, slip
length decreases
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