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Abstract

In this paper, a three-dimensional numerical model of transient incompressible gaseous flow in microchannels was
established. The influence of changing the inlet velocity on the transient fluid flow is analyzed — using finite volume software
(Fluent 6.3). The study showed that the transient period is decreased when the inlet velocity is increased, the maximum
velocity is almost twice the entrance velocity, and the pressure has a small variation in the entrance of the channel and after
that it becomes constant. It was concluded that despite of the fact that the transient behavior in micro systems is usually
neglected due to its quick response, the transient terms of the Navier Stokes equations should be taken into consideration
when dealing with flow behaviors that may occur in micro or nano seconds.
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Nomenclature Subscripts
Dh  hydraulic diameter (Im) w wall
h channel height (Im) in inlet
T temperature (K) out outlet
t Time (Second)
a E:i)ne?‘?ir(]:tiﬁ:t momentum accommodation 1. Introduction
I dynamic viscosity (N/m2 s) Microchannels are considered the very elementary
Re  Reynolds number structure of all micro and/or nano systems that include the

. . process of fluid flow. Several researchers studied the
¢ specific heat ratio (J/(kg K)) microchannels and found out that the both flow and heat
Kn  Knudsen number characteristics differ from that in the classical systems;
these different characteristics are detailed in the paper of
Mohamed GH in 1999 [1].

c specific heat ratio Rarefaction, viscosity heating, surface roughness and
compressibility significantly affect the flow and heat

leff  modified dynamic viscosity (N/m2 s)

P pressure (Pa) characteristics in the gaseous flow; either of these issues
f Dancy friction factor are considered separately or simultaneously [2]. In
uv reference to Knudsen number Kn, Beskok and Karniadakis
w x y z-axes velocity (m/s) [3] classified the gas flow in microchannels into four flow
U averaged velocity (m/s) regimes: cont_in_u_um flow regime (Kn < 0.001) at Which
] the compressibility plays a key role, slip flow regime
q density (kg/m3) (0.001 < Kn < 0.1), transition flow regime (0.1 < Kn < 10)
Uc centerline Velocity (m/s) and free molecular flow regime (Kn > 10)
. . The effect of microchannels in continuum region was
Us  slip velocity (m/s) studied by Asako et al [4,5] without handling the effect of
Uw  wall velocity (m/s) rarefaction where it is found that both friction factor and

Reynolds number in quasi-fully developed region are
functions of Mach number; and they set these correlations
there. Numerical analysis of fully developed laminar slip
flow and heat transfer in trapezoidal microchannels had

k mean free path (Im)
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been studied by Bin et al. [6] with uniform wall heat flux
boundary conditions. In their investigation, the
compressibility effect was neglected. The influences of
velocity slip and temperature jump on friction coefficient
and Nusselt number were investigated in detail. Orhan and
Mete [7] analyzed laminar forced convective heat transfer
of a Newtonian fluid in a micropipe where they took into
account the viscous dissipation effect, the velocity slip
and the temperature jump at the wall.

Wei et al. [8] investigated the steady-state convective
heat transfer for laminar, two-dimensional, incompressible
rarefied gas flow by the finite-volume finite difference
scheme with slip flow and temperature jump conditions.
Several boundary conditions were considered, and flow
and heat transfer characteristics were studied systemically.
Nishanth et al. [9] provided solution of the Navier-Stokes
equations for gaseous slip flow in long microchannels with
a second-order accurate slip boundary condition at the
walls.

The compressibility effect had been taken into account
in their analysis, which is usually neglected. They pointed
out that the compressibility effect can not be neglected in
rarefaction flow. Recently, T.T. Zhang [2] performed a
study of compressibility effect combined with rarefaction
effect on local friction factor in slip region.

It was noted that there is no study made previously on
the transient fluid behavior in microchannels, due to the
fact that most of the used applications occur in a relatively
large time scale. But what if we are dealing with a very
rabid system that deals with nanoseconds for example!
Towards this end work had handled here showing some of
the air behaviors in microchannels and analyzing the fluid
flow in the transient region.

2. Model Setup

The work in this research intends to investigate the
transient hydrodynamics behavior of fluid flow in
microchannels by adopting the continuum approach but
with no-slip flow boundary conditions. In order to verify
the validity of the continuum approach with no-slip flow
boundary conditions we refer to the Knudsen number
which is defined as the mean free path for the particle
dynamics divided by the hydraulic diameter of the
microchannel. The Knudsen number must have a value
less than 0.001 for our approach to be valid. The mean free
path for the particle dynamics in the atmosphere, and
assuming standard temperature and pressure, i.e. 25 °C and
1 atm, is L = 8 x 10—10 m, or approximately 2.6 x 10-9 ft.
The hydraulic diameter of the channel used is 20 x 10—6
m. Therefore, the knudsen number is equal to 4 x 10-5
which is less than 0.001 and consequently Navier stokes
equation with no-slip conditions shall be used.

In this paper, a square-cross sectional microchannel is
analyzed, as shown in Fig. 1. The length of channel is L
and the hydraulic diameter
is D, = 4><cross—s_ect|0nalarea . In our case, Dy, equals

perimeter
the height of the square.

The simulations are performed based on the
following assumptions:

e The governing equations based on Navier-Stokes
equations with no-slip boundary can be used to
describe the physical processes.

e  The flow is laminar (very small Re number, in our
case the maximum Re = 137.5).

e Incompressible fluid (Ma <0.3)

e The body forces and the effect of viscosity heating
are neglected.

e The heat transfer is not considered in the
calculation.

The resulting governing equations are
Continuity equation:

D DU DV P _,

a & & a

Momentum equations:

Du (-d(p) ou 0°u °u, My O(0u v ow
— = [ty GG )| ot —
Dt OX ox® oy oz 3 ox\ox oy oz
_ 2 2 2
pOV_(Z0B)), O O Oy st 00U v ow
Dt oy ox® oy° oz 3 ox\ox oy oz
Dw (—6(p)) o'W 8w AW, My 00U v ow
—= Ul (= =)+ —| =+ —+—
Dt oz ox®  oy° oz 3 ox\ox oy oz
Ideal gas law:
P = pRT
Variation in diffusion coefficient peg is given by:
__ M
Het =14 Kn)

The boundary conditions of the above described
problem are expressed as follows

On the wall: y =+0.5h — U,, = 0.0.

At the inlet: x = 0.0~ U = Constant (different three
inlet velocities are considered).

Atthe outlet: x =L, P = Pgy.

May 12, 2
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Figure 1: Meshed 3-dimensional microchannel used for
analysis.
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3. Numerical Method

The governing equations with boundary conditions as
described in the previous section were solved by the CFD
code, CFX-ACE. The equations were discretized by means
of a fully implicit second-order finite-volume
approach with second-order upwind advection scheme.
In this work, the grid points used in the X, y, and z
directions were selected to be 20, 20 and 200 respectively
as this channel size achieves the best performance [2].

Fluent (finite volume method based software) is
used to get the results. The numerical solution is
obtained by an explicit iteration procedure and the
solution converges when the maximum residuals of
continuity equation was less than 10 *°.

4. Results and Discussion
4.1. Velocity distribution with time:

The center line velocity distribution versus the time are
presented in Figs 2, 3, 4 and 5 for the case of Dh = 20 um,
inlet velocities of 0.1, 1.0 and 10 m/s respectively and for
incompressible flow. Note that the center line velocities
increase with time. The time needed for the transient
period shrinks as the inlet velocity increases.

Liag

ime (s)

Figure 2: Velocity magnitude versus time at the centerline of the
microhannel when the inlet velocity is 0.1m/sec.
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Figure 3: Velocity magnitude versus time at the centerline of the
microchannel when the inlet velocity is 1.0m/sec.

FLUENT 6.3 (3d. pbns, gr‘

Figure 4: Velocity magnitude versus time at the centerline of the
microchannel when the inlet velocity is 10 m/sec.

4.2. Velocity distribution along the Microchannel:

The variation of the velocity along the channel for the
three above mentioned velocities is shown in Figs 5, 6 and
7 respectively at which the velocity vectors are displayed.

Figure 5: Velocity vectors along the microchannel when the
inlet velocity is 0.1 m/sec.

Figure 6: Velocity vector along the microchannel when the inlet
velocity is 1.0 m/sec.
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Figure 7: Velocity vector along the microchannel when the inlet
velocity is 10m/sec.

From all of the above figures it is clear that all the
percentage of the maximum velocity over the inlet
velocity is almost constant with an average factor of
2.03, that is U, =2.03xU,, . This implies that the

maximum velocity is twice the entrance velocity in the
transient region.

4.3. Pressure distribution along the Microchannel:

From the pressure contours shown in Figs 8, 9 and 10,
it is clear that the upstream pressure can have small
variation from one point to another at the same cross-
section. Going a small distance to the downstream
direction, it is clear that the pressure becomes constant
across the same cross section.

o

FLUENT 6.3 (3d. pbns. lam, unsteady
Figure 8: Pressure contours along the microchannel when the
inlet velocity is 0.1m/sec.

Figure 9: Pressure contours along the microchannel when the

inlet velocity is 1.0m/sec.
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Figure 10: pressure contours along the microchannel when the
inlet velocity is 10m/sec.

It can be clearly noted from Figs 7,8 and 9 that the
maximum pressure occurs at the walls of the channel at
the inlet, where also and the maximum inlet velocity and
the maximum wall pressure occur. The relationship of
the maximum pressure with the inlet velocity is linear
while fixing the cross-sectional area and is found as

P, =373.7U, —46.7

The maximum pressure in the microchannel is
important since the fluid particles could be pressure
sensitive and may be destroyed if exposed to high values
of pressure.

5. Conclusion

Although the transient behavior of fluids in
microchannels was not a spot of concern to many
researchers before, the transient behavior and transient
terms of Nevier-Stokes equations shall be taken in
consideration when dealing with applications that occur in
a micro and/or nanoseconds. Both of the maximum
channel velocity and the maximum channel pressure have
linear relationships with the inlet velocity which was
proven and derived in this work based on numerical
solution and computer simulation.
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