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ABSTRACT

Gas flow through microchannel has fundamental application in micro
electromechanical systems (MEMS). Advancement in microfabrication technology has
enabled the fabrication of simple and complex microdevices which include straight as well as
complex interlinked microchannels. Present investigation involves experimental and numerical
study of gas flow through straight microchannel and most often used complex microchannel

i.e with 90° bend(s).

In the straight microchannel, validity of the continuum approach from slip to early
transition regime was studied with general second-order boundary conditions. The flow
characteristic through a microchannel having aspect ratio of 0.002 was studied along with the
computational validation. Unlike conventional microchannels, analysis of rarefied flow in a
microchannel requires the combination of experimental and numerical methods. The three-
dimensional numerical simulation for the trapezoidal cross-sectional straight channel was
carried out using Ansys fluent 18.1. The exact second order slip model was derived and
implemented on the top and bottom walls of the channel. Also, first order and no-slip boundary
conditions were implemented, and inlet pressure was calculated for comparison of simulation
results. Further to model the rarefied gas flow, slip coefficients are required which were
predicted using neural network analysis. Input and target data sets are required to train a neural
network. The input data set contains different combinations of slip coefficients C; and C». The
target data set consists of deviations in the known experimental value of microchannel inlet
pressure and the values of inlet pressure obtained using simulations assuming different
combinations of C; and C». To obtain the simulation inlet pressure, second order slip velocity
profile based on slip coefficients was generated and implemented in fluent with mass flow rate

as inlet and pressure as outlet boundary conditions.



This trained network was used to predict the best slip coefficient corresponding to minimum
deviation in pressure. It was found that for Knudsen numbers ranging from 0.0667 to 0.405,
the slip coefficient C; was varying between 1.13 to 1.15, which is approximately constant. The
value of C» for Knudsen number 0.0667 was 0.24, and then it became approximately constant
as 0.09. The slip coefficients obtained for Knudsen number 0.405 were further validated with
their values using iterative method proposed by Srinivasan et al. (2017). It was found that the
results based on ANN predicted slip coefficients are closer to the experimental values. Now,
based on ANN, predicted slip coefficient modelling was performed and it was found that for

maximum Knudsen number 0.405, the average deviation in inlet pressure is 0.84%

In the second part of present work, a microdevice consisting of multiple microchannels
with two 90° bends was fabricated and flow behavior through it was studied experimentally
and computationally. Mass flow rate through a single microchannel has same order of
magnitude as range of commercially available mass flow meter. So, to reduce uncertainty in
mass flow rate and to cover wide range of Knudsen number, a set of 20 channels with double

90° bends having common inlet and outlet plenums was fabricated.

In the present case, two 90° bends are required because it is difficult to fabricate an
equal length multi microchannel device with single 90° bend. Bends were located in at suitable
locations in each microchannel. The suitable locations are selected based on two conditions,
namely equal length of all channels and bends are located far form inlet and outlet plenums.
To check the effect of bend location, no slip condition simulation was performed for three
different microchannels. Two channels on either extreme and one channel in middle were
selected since those contained maximum variation in location of bends. The mass flow rate was
calculated using pressure as inlet and outlet boundary conditions and it was found that mass
flow rate in each channel was same for those three microchannels. Based on this result, each

channel was allowing same mass flow rate for given inlet outlet pressures and hence, only



middle channel was selected for further numerical analysis. The microchannel was etched using
KOH etchant and anodic bonding was performed from channel side. The channel had an aspect
ratio of 0.0026. The mass flow rate through the microchannel was obtained for varying pressure
ratios of 1.30 to 1.55, covering the slip regime from Knudsen number from 0.0662 to 0.0805.
To check the slip effect in the measured flow, experimental mass flow rate was compared with
no-slip boundary condition mass flow rate. One interesting point seen in the present analysis is
that with the increase in Knudsen number, the deviation in slip and no-slip condition mass flow
rate reduces continuously. For Knudsen 0.0662, the average deviation was 29.13%, and for

Knudsen number 0.0805, it was 17.66%.

Further to analyze the rarefied flow behaviour, numerical simulation was performed
based on the implementation of first order slip boundary conditions on the channel walls. The
present microchannel is a complex microchannel, and there exist no analytical solution for
flow. Three-dimensional simulation was performed for flow through microchannel with 90°
bends, and inlet pressure of the microchannel was predicted. For the initial slip regime Knudsen
numbers 0.0662 and 0.0682, the model overpredicts the inlet pressure and the average
deviations in inlet pressure of microchannel were 1.32% and 0.73%, respectively. For Knudsen
number 0.0694, it closely resembles the experimental data with deviation of 0.17%. Further
increase in Knudsen number led to under prediction of inlet pressure and for Knudsen number
0.0805, deviation was 3.38%. This over prediction of inlet pressure might be the peculiar

behavior of flow through bends.

A special variable, namely, mass flow rate ratio (Mn/Ms) with Knudsen number for flow
through microchannel with 90° bends. Where, My is mass flow rate through microchannel with
bends and Ms is analytical mass flow rate through a same length straight channel (literature
assumed TMAC=1). In this behaviour of mass flow rate ratio (Ms/Ms) was further investigated

for the TMAC=1.0 and 0.93 (actual value of TMAC for early slip regime). It was found that

Vi



for For TMAC=1 Knudsen numbers 0.0662, 0.0682, and 0.0694, the values of Mu/Ms were
higher than unity. For TMAC=0.93, the values of Mw/Ms were higher than unity only for
Knudsen numbers 0.0662 and 0.0682. Moreover, plots of streamline through microchannel
showed corner vortex in the concave corner for all the simulations regarding present
experimental data. Equivalent straight length per bend was also calculated for all Knudsen
numbers for pressure ratio 1.55. From the calculation, it was found that with the increase in
Knudsen number, the equivalent straight length increases that indicates that at higher Knudsen
number, there is more momentum loss. However, with the reduction in Knudsen number
equivalent length of the straight channel even smaller than the microchannel with 90° with
bends. It indicates that for the Knudsen numbers 0.0662 and 0.0668, presence of bend enhanced

the mass flow rate. Present work contributes new knowledge to the field of microchannel flows.
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NOMENCLATURES

ar (=H / W)-Aspect ratio (non-dimensional)
C1 and C, -Second order slip coefficients

H- Microchannel depth (m)
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Kn-Local Knudsen number (non-dimensional)
Kno-Knudsen number based on the channel
outlet

I-Characteristic dimension of the system (m)

m- mass flow rate

Mp-mass flow rate through microchannel with
bends

Ms-mass flow rate through straight channel
MFRR- mass flow rate ratio (Mp/Ms)

p-Gas pressure (N m)
P-Pressure ratio = pi/ po (hon-dimensional)

pi-Channel inlet pressure (N m?)

Greek symbols

A-Mean free path of the gas (m)

®- Momentum of gas molecules
o-Tangential momentum accommodation

coefficient

v -Non-dimensional normal velocity

o -Average flow velocity (m s?)

v -Vector notation of flow velocity (m s?)
W-Microchannel width (m)

X, ¥-Non-dimensional distance along x and y

r-Shear stress (N m?)

Po -Channel outlet pressure (N m)
p-Non-dimensional pressure w.r.t outlet
pressure

R-Specific gas constant (J kg™ K?)

T-Gas temperature (K)
a -Non-dimensional streamwise velocity

u,-Non-dimensional slip velocity at the walls

U, -Non-dimensional wall velocity

1- Molecular viscosity of the gas (Ns m™)
p-Density of the gas (kg m)

v -Grad operator
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0-Outlet w-Wall
s-Surface
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