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ABSTRACT

We present experiments on the isothermal gas flow at rela-
tively high Mach numbers in microfabricated channels of small
aspect ratios. The microchannels were fabricated by deep etch-
ing on silicon wafers, bonded to a Pyrex wafer to cover and seal
them, the microchannels were 10 microns deep with a variety of
widths. The accurate determination of the small flow rates was
performed by measuring the displacement of a bead of mercury
in a precision bore glass tube in a controlled environment. The
experiment setup has been specially designed to account for inlet
and outlet loss. The inferred friction coefficient at different val-
ues of Knudsen, Reynolds and Mach numbers shows that the flow
inside the microchannel follows the classical laminar behavior
over the range of experiments.

NOMENCLATURE

A Section area (um?)

a Width of microchannel (um)

Bi Biot number

b Depth of microchannel (ttm)

cp Constant pressure specific heat (J/kg K )
D Diameter (Um)

f Coefficient of friction

h  Convection heat transfer coefficient (W/m>K)
Kn Knudsen number

k  Thermal conductivity (W/m T)

L Length (um, mm)
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Mach number
Mass flow rate (kg/s)
Pressure (Pa)
Heat transfer rate (W)
Temperature (°C)
Velocity (m/s)
Direction normal to the surface
Specific heats ratio
Friction loss (N)
The temperature difference between solid and ambient (°C)
Mean free path (A)
Viscosity (Ns/m?)
Density (kg/m®)
Wall thickness (mm)
Tangential momentum accommodation coefficient
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1 Introduction

The newly arrived science of microfluidics has raised in-
creasing questions about the different aspects of micro-flows in
the vast variety of new applications in the bioengineering, micro-
electromechanical system, energy harvesting, etc. thanks to the
intense research efforts, accomplished in the past decades many
of the unusual characteristics of the flow at micro and nano-scale
are now clarified. It is now well known that due to the increased
“surface to volume ratio” of fluidic systems at microscale, the
transport phenomena become dominant in such flows.

Microchannels as the elementary components used in the
microfluidics devices have attracted more attention. The flow
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in microchannels has been the the subject of many experimen-
tal, numerical and analytical research projects [1] [2] [3] [4] [5].
These researches cover a variety of flow regimes form rarefied to
hydrodynamic. Gad el Hak [1] provided a methodical approach
to the flow modelling for a broad variety of micro-devices. He
presented a survey of broad available methodologies to model
and compute transport phenomena within the micro-devices.
Roy et al. [6] developed a two-dimensional finite element-based
microscale flow model to efficiently predict the overall flow
characteristics up to the transition regime for reasonably high
Knudsen number! flow inside the microchannels and nano-pores.
Their presented two-dimensional numerical results for Poiseuille
flow of a simple fluid through the microchannel were compara-
ble to the numerical and experimental data. Hajiconstantinou and
Simek [7] investigated the constant-wall-temperature convective
heat-transfer characteristics of fully developed two-dimensional
flow in micro and nano-channels. Their investigation covers the
slip flow and transition regimes using slip-flow theory in the
presence of axial heat conduction. Their results show that the
slip-flow prediction is in good agreement with the Direct Simu-
lation of Monte Carlo results for Kn < 0.1, and that the Nusselt
number decreases monotonically with increasing Knudsen num-
ber in the fully accommodating case, both in the slip flow and
transition regimes. Jain and Lin [8] performed numerical simu-
lation of nitrogen gas flow in the long square cross-section mi-
crochannels. They used a three-dimensional continuum model
with slip and no-slip boundary conditions at room temperature
and atmospheric outlet pressure and validated the results with the
available experimental and numerical results. They have found
that for incompressible flow when Dy, is less than 60 um, a slip
boundary condition must be applied. For compressible flow, a
parametric study was conducted for Dj, = 1um and L/D;, = 200
and variable pressure ratios that turns out that the increase in
pressure ratio leads to increase in compressibility effects while
the rarefaction effects start diminishing. Renksizbulut et al. [9]
numerically investigated the rarefied gas flow and heat transfer in
the entrance region of rectangular microchannels in the slip-flow
regime. They examined the effects of Reynolds number, channel
aspect ratio, and Knudsen number on the simultaneously devel-
oping velocity and temperature fields. They observed very large
reductions in the entrance region, the friction factor and Nusselt
number due to the rarefaction effects. Ewart et al. [2] measured
the helium mass flow rate in a wide range of Knudsen number
from hydrodynamic to near free molecular and compared with
the theoretical first-order slip continuum approach and theoreti-
cal values calculated from kinetic approaches. Arkilic et al. [3]
reported the experiment aimed at measuring Tangential Momen-
tum Accommodation Coefficient (TMAC) for several gases in
silicon microchannels. For all investigated gases the TMAC is

IThe Knudsen number (Kn) is defined as the ratio of mean free path of the
molecules to the characteristic dimension of the flow

found to be lower than one, ranging from 0.75 to 0.85. The recent
experiments by Pitakarnnop et al [10] show that the TMAC is
very close to unity. Harley et al. [11] experimentally and theoret-
ically investigated the low Reynolds number, high Mach number
subsonic flow in microchannels. Their measured friction factor
was in good agreement with the theoretical prediction for isother-
mal first-order slip flow. Chong [12] studied the choked gas flow
in microchannels using the method of Direct Simulation Monte
Carlo (DSMC). He observed that for a microchannel the choking
happens only at the exit. He also compared the DSMC results
with the Navier-Stokes isothermal solution and concluded that
the mass flux can be estimated by Navier-Stokes relations if the
microchannel is enough long.

The above mentioned literature studied the subsonic com-
pressible flow in a variety of regimes. In fact, in the steady
frictional flow inside the constant area microchannels the flow
chokes and the supersonic flow are impossible. In addition in
most of experiments on the flow in microchannels the measured
pressure across the channel is the pressures inside large reser-
voirs connected to the inlet and outlet of the channel. These are
actually the total pressures of flow at the entrance and the outlet
of channel assuming the friction in the inlet and the outlet ports
are negligible. This is, of course, a reasonable assumption for
low Mach number flows. However, since the friction in the inlet
and outlet ports are proportional to the square of flow velocity,
this can not be a good assumption at higher values of Mach num-
ber. Therefore, in this experiment we also proceed to evaluate
and remove the effects of friction in the inlet and the outlet of the
microchannels. The experiments would be established in the rel-
atively high pressures and increased values of Reynolds number
and we try to impose the isothermal condition in the experiment.

2 Theory
2.1 General comments on duct flow

Assuming one-dimensional adiabatic steady viscous flow of
a perfect gas with constant specific heats through a constant area
channel, the energy and continuity equations can be integrated
along the channel to obtain the Fanno line flow. Practically, how-
ever, it is necessary to determine the change of properties with
actual duct length and this requires the use of the momentum
equation, with a term accounting for friction forces acting on the
control volume. The details of such a calculation can be found in
Thompson [13] and the resulting relation is:

Ln’la.x 1
o= [ g
h M (H— . M2) e

In this equation f is the coefficient of friction which is related
to the Reynolds number and roughness of the channel, L, is
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the length needed for the flow with certain Mach number at the
entrance (M) to become choked at the exit (M, = 1) and Dy, is
the hydraulic diameter 2 of the channel.

In the gas flow inside the micro channel, the gas could be
in thermal equilibrium with the surrounding solid walls. This
flow has different characteristics from Fanno flow, involving heat
transfer as well as friction. For such a flow, integrating the con-
tinuity, momentum and energy equations results in

1 1 1 M2
L s+l )
Dy, yM, M, M,

and also because the fluid goes through an isothermal process

o f )
b P opr
Unlike the Fanno flow, the critical Mach number in isothermal
flow is not 1, but M = 1/,/y. This means that for M < 1/,/7,
M increases along the channel, whereas for M > 1/ VY M de-
creases. Assuming laminar flow, the coefficient of friction (f) in
the channel is 64 /Re [14]. For the uniform cross section channel
the Reynolds number along the channel is constant

_puuDy  om

Re=""0" ~ uta/on)

“)

where m is the mass flow rate and A is the cross section area
of the channel. For sonic flow of atmospheric air in a 10 um
hydraulic diameter and 1 mm long microchannel, which is our
desired geometry of the experiment, f ~ 0.3 and therefore

I 64 0.3x 1000
ST _ 22X M 4 (5)
Dy, ReDy, IOum

and the scaling parameter’ is ReD;, /4L = 0.533. To have a bet-
ter understanding of the behavior of the flow in such a channel,
assume that the air enters the channel with Mach number M; and
chokes at exit. Equations 2 and equation 3 can be combined to
obtain

64L 1 1 P
=" |[1l-——=| -2 L (6)
ReD,  yM, P )

P,

2For a rectangular section channel the hydraulic diameter is D, = 2ab/a+ b
where a and b are width and height of channel respectively.

3The scaling parameter introduced by Brouillette [15] to quantify the effect
of scale in the compressible micro-flows is defined as ReDj, /4L
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FIGURE 1. Plot of entrance Mach number versus pressure ratio
across the channel for different values of scaling parameter(y = 1.4)

Figure 2.1 represents the variation of M| versus pressure ratio at
different values of scaling parameter. It can be seen from this
figure that, for a certain channel, the Mach number cannot be in-
creased considerably by increasing the pressure ratio across the
channel. To achieve higher Mach numbers, the value of scaling
parameter should be greater. For a fixed geometry this can be
obtained by increasing P;. For example, it can be seen from the
figure that an entrance pressure of 100 atm (scaling parameter
equal to 32) can produce Mach number about 0.55 for pressure
ratio of 1.5. Practically, it is not easy to obtain the steady tran-
sonic flow of gas in the microchannels. The Mach number along
the channel increases and in the limit it reaches to the value of

1/\/7.

2.2 Microchannel flow at rarefied regimes

In the previous discussion the flow in the microchannel is
assumed to be within the continuum approximation. However,
the rarefaction effects could be important for some microchan-
nel flows. Usually, to evaluate the effects of rarefaction in flow
we refer to the Knudsen number of flow. For a sufficiently rar-
efied macro-scale flow or a moderate pressure microscale flow
the value of Knudsen number can be large enough such that the
fluid cannot be considered as a continuum and thus we must con-
sider the interaction between the individual molecules and the
surfaces. Using the kinetic theory of gases, the Knudsen number
can be expressed in terms of the Mach number and the Reynolds

number [1]
3 jmy M
K=\ 72 ke @

It can be seen that the rarefied gas flow can occur at a combina-
tion of high Mach numbers and low Reynolds numbers. In our
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TABLE 1. The analogy between boundary conditions for laminar flow
of gas in a microchannel and heat dissipation in a solid (6 =T —T,).

Conduction in a solid rod  Microchannel flow

0=0 u=0 (No slip)

89 _ C]W 814 - Tw

%|w—kis(or0) %‘W—H(OI’O)

00 h u 1 o .
%|w = E9|w %‘W = Kmldw (1st order slip)

desired experiment on the microchannel flow, the pressure may
vary between 100 kPa and 10 MPa. The Knudsen number thus
varies between 1072 and 10~*. This flow is a continuum flow
which can be assumed as slip flow in low pressures and as no-
slip flow in higher pressures.

In the no-slip condition the velocity near the wall is very
small and the flow field can be determined with respect to this
boundary condition. In the slip flow, since the scale commensu-
rate with the mean free path of the gas, the velocity at the wall
is no longer considered small. In this case, the velocity near the
wall is commonly described by the Maxwellian boundary condi-
tion

u 1 o

-~ =—— ul 8
ay 4=0 A2—w M‘y—O ( )

where o is the Tangential Momentum Accommodation Coeffi-
cient (TMAC) which can vary from O for a completely specular
momentum accommodation to 1 for a completely diffusive mo-
mentum accommodation.

Interestingly, the slip boundary condition in a microchannel
flow is analogous to the convective heat transfer boundary con-
dition for the conduction in a solid rectangular long rod as men-
tioned in Table 1. In this context the Knudsen number could be
analogous to the inverse of Biot number which is defined as the
ratio of the internal thermal resistance of a solid to the boundary
thermal resistance (Bi = hD/k;).

3 Experiment

The experiment was planned to measure the pressure differ-
ence and the flow rate across the microchannels. For the design
of the experiment setup it was necessary to estimate the measur-
ands. Table 2 shows the values of pressure for the tests. The
maximum pressure in the tests is not more than 20 bars to ensure
that deviation from ideal gas is less than 1% [16]. The mini-
mum pressure in the tests is the atmospheric pressure, therefore,
there is no need for evacuation. The experiment setup should

TABLE 2. The values of pressure at the entrance and exit of mi-
crochannel in the experiments

Test I Test 11 Test III Test IV
P (kPa) 310 550 965 1725
P, (kPa) 101-275 101-495 101-860 101-1550

allow us to provide and measure the pressures around 10 MPa.
A schematic diagram of experiment setup is shown in Fig. 2. It
consists of a chamber to install the microchannels and establish
the inlet and outlet connections. The measurement of flow rate is
performed by means of the movement of a mercury bead inside a
precision bore glass tube. This setup was entirely immersed in an
ice-water tank to ensure a uniform and constant temperature en-
vironment needed for the flow measurement. The total pressures
P, and Py, across the microchannel are measured with 2.5% er-
ror. For the choked microchannel, the minimum and maximum
of P are 320 kPa and 2 MPa respectively and the minimum and
maximum of P, are 100 kPa and 1.7 MPa.

The microchannels were fabricated by anodic bonding of sil-
icon wafer and a pyrex wafer as shown in figure 2. The channel
and plenums were etched on the silicon substrate. Then the sub-
strate etched to the back to create the inlet and outlet holes. These
microfabrication procedure is simple but not perfect method to
build the microchannels. There is about 0.1 pm tolerance in the
dimensions and the surfaces are not perfectly smooth except for
the covering Pyrex slab where the roughness is something less
than 5 nm. For the etched trenches in the silicon substrate the
sidewalls have scallops of about 50 nm which caused by the cy-
cling nature of the Deep Reactive Ion Etching (DRIE). However,
these scallops are perpendicular to the direction of the flow and
they should not have remarkable effect on the flow. For the bot-
tom of the channels the micro-masking effect results in grass like
surface texture with a roughness up to 50 nm. Recently these im-
perfections can be overcome by using improved etch recipes and
the use of Silicon On Insulator (SOI) technology.

In order to study the effects of geometry on the flow, the
tests have been established in a few geometrically different mi-
crochannels by measuring the flow rate (2) at different values of
P and Ps.

3.1 Gas flow measurement

The estimated volumetric flow rate in the microchannel
at the Mach number of 0.55 in the entrance is equal to
1.133 ml/min. Such a small flow rate of gas cannot be measured
easily by ordinary commercial flowmeters. This flow rate could
be measured by a method based on the accumulation of gas and
measuring the increase in either pressure or the volume of the
gas. For a perfect gas, in an isothermal constant volume measure-
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FIGURE 2. Schematic of experiment setup and the microchannel

ment system, the accumulation of mass results in the increase of
pressure and in a constant pressure system the accumulation of
mass results in the increase of the volume of the accumulated
gas. For better accuracy in our experiment a constant pressure
system produces more accurate results. In both approaches the
overall mass of the gas in the system is an important parameter
that reduces the measurement errors. A precision bore glass tube
(2.999 £ 0.005 mm ID x 1016 mm length) was used as a cylin-
der an a bead of mercury as a piston. The constant tempera-
ture is provided by an ice-water two phase medium. The melting
temperature of ice has a negligible dependence on the pressure.
Based on the meteorological data from Environment Canada, the
atmospheric pressure in Sherbrooke can have a maximum varia-
tion of 2 kpa during a day and of course it has a smaller varia-
tion during a test time which is about an hour. The error in read-
ing the distance passed by the mercury bead is about 1 mm or
0.1% of tube length. For the previously mentioned tube, the total
error in measuring the volume is about 0.43% and the distance
travelled by mercury bead, respectively, and the overall error in
measuring the mass is around 1.43%.

3.2 Refinement of experimental data

To calculate the Mach number and static pressures at the
entrance and the outlet of the channel, we refer to the control
volume shown in the figure 3. The process from condition #1 to
the condition 1 is assumed to be isothermal. The conservation
laws along with the equation of state for an isothermal process

. T=constant
|
I
I
I
I
I

FIGURE 3. The control volume surrounding the inlet or outlet port
used to calculate the thermodynamical properties at entrance and exit of
channel

for this control volume are

Prits1An = prutAy =

PiAg + iy = Pl A i

2 . 2 9
m<cpT+”’21>+Q:m(cpT+”;> ©)
b _pn
Py p1

Since the pressure transducers are connected to the large
scale inlet and outlet ports that have diameter about 10° times
greater than the diameter of microchannels (10° times greater
section area), u;; in momentum and energy equations can be ne-
glected and also it can be assumed that the measured pressures
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FIGURE 4. The Control volumes (C.V.) used to quantify the plenum
losses

are the total pressures of gas. After simplification, the two un-
known values P; and u; can be calculated form this simultaneous
system of equations

P1An — PiaDy? = ruy
P (10)
Pr1 0Dy Uy

this procedure can be followed to calculate both the entrance and
the exit properties. The Reynolds number can be calculated from
Eq. 4.

In order to quantify the effects of inlet and outlet plenums
on the chip, a chip that has only the inlet and outlet plenums with
zero channel length goes through a set of carefully controlled
tests. The following calculation with respect to the notation in
Fig. 4 has been done: For the flow through the microchannels,
the conservation of momentum equation for three control vol-
umes surrounding the inlet plenum, the channel, and the outlet
plenum can be written as:

CV.l: PiAq+mVy =PA +mV] +A
CV2: PA+mVi=PA +mVo+A_, (11
CV.3: P, Ay +mVy = PpAp +mVip + Ay

where Aj, Aj_; and A, are the friction losses in the inlet plenum,
the channel, and the outlet plenum respectively. The same equa-

tions can be written for the chip without channel.

CV4:
CV.5:

PiAn iV = PRAL+VE+A7 )
PrA| +mV] = P3An +mVj; + A3
where the superscript * denotes the values for the chip without
channels. From the test on the chip without channel

AT+ A5 = PhAn +mV)] — P5A; +mV,5 = known. (13)

To obtain the values of A} and A} separately, the ratio of A} /A3
should be determined. The geometry of inlet and outlet plenums
are the same but the direction of flow in them are opposite. How-
ever, since the hydraulic diameter along the plenums does not
have a large variation, the number of unknowns can be reduced
assuming that

A* mv; \ % P
it S L
Ay, mV, Vo R

t1

A7 = [paAn V]’ }
85 = [poAnV)

and calculate the values of A} and A3. Now, the values of A; and
A, can be determined by performing the tests on the chip that has
no microchannel. The flow rate and pressure in these tests were
carefully controlled to generate data necessary for the following
argument

In the tests at same 7z and F1: A = A]
In the tests at same m and Pro: Ay = A

The calculated values of A; and A, were then subtracted from
the pressure drops across the chips leaving the net pressure dif-
ferences across the microchannels.

4 Results and discussion

Figure 5 shows the examples of the raw experimental data.
The two microchannels (I and II ) in each drawing are fabricated
to have the same geometry. The microchannel in the bottom
drawing is 10 times longer than that in the top drawing. The
differences between two series of results in each diagram origi-
nate from the obvious differences in inlet total pressures as well
as possible small differences in dimensions resulting from micro-
fabrication inaccuracy. The graphes show the expected behavior
of increasing flow rate as a function of decreasing the outlet pres-
sure. The choking of microchannels are also seen in the graphes.
Obviously the values of the flow rate in the longer microchan-
nel is less than the shorter microchannel, however, since in these
graphes the effect of inlet and outlet plenums are not eliminated,
the quantitative comparison may not be credible.
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FIGURE 5. Volumetric flow rate as a function of total outlet pressure
at different values of total inlet pressure (raw data). The two microchan-
nels in the top figure are 300 £ 1um long, 12.10 £0.1um wide and
10.05 £ 0.1um deep. The two microchannels in the bottom figure are
3000+ 1um long, 13.24 +0.1um wide and 9.55 .01 um deep.

To observe the effect of geometry (i.e., L/Djy,) on the flow,
geometrically different microchannels have been fabricated and
tested. Figure 6 represents the variation of inlet Mach num-
ber (M;) as a function of normalized pressure difference across
the microchannels. The pressures in this graph are static pres-
sures calculated as explained in section 3.2. These four different
geometries were tested at inlet pressure of P;; = 1800 kPa. In
Fig. 6 the flow has the similar behavior for different geometries
which is increase in inlet Mach number until the microchannel
chokes. As expected in section 2.1, it is the tightness of the mi-
crochannel (L/Dj,) who determines the final value of inlet Mach
number.

Figure 7 shows the values of entrance Mach number versus
scaling parameter at different pressure ratios. The experimentally
measured values are compared with the theoretical values of the
isothermal flow from equation 6. No significant difference can
be seen between the two categories of data and this upholds the

L/Dy  a(pm) b(um) L(um)
27.32 12.1 10.05 300
79.49 5.50 10.18 571
96.52 27.62 9.95 1412
270.36 13.24 9.55 3000

0.25 4
L/Dh
021 2732
——-79.49
—-0-96.52

0.15 4 —-—270.36

Mi

0.1 A

0.05 A

0 0.2 0.4 0.6 0.8 1
(P1-P2)/P1

FIGURE 6. The measured entrance Mach number as a function of
normalized pressure difference for different microchannels

validity of isothermal assumption for the steady flow of gas in
microchannels etched in silicon substrates.

The validity of isothermal flow assumption in the experi-
ment can be verified assuming a control volume surrounding the
chamber shown in Fig. 2. The amount of overall heat absorp-
tion during the isothermal expansion of air from, for example, 10
MPa in the inlet port to 2 bar at the outlet port. The correspond-
ing flow rate for this condition is about 50 mg/min and the heat
absorption is

. . l,t22 I/t12 —6
Q=rm| === ) =1004x107°W (1 =T5)  (I5)

The chamber can be modeled as a cylindrical piece of stainless
steel with the microchannel located in the middle of it sunk in
the ice water mixture at 0 °C. The temperature difference across
the chamber walls at which the above calculated heat absorbtion
takes place, is

AT ~ L0l 4 96 108K (16)

ksteelAwal I

where T, is the chamber’s wall thickness and A is the cham-
ber’s overall surface. This calculated temperature difference is
certainly negligible in this experiment.

The more detail on heat transfers in the inlet and the out-
let ports of channel can be calculated by correlation recom-
mended by Whitaker appeared in Incropera De Witt [17] for
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the flow of fluid inside a channel at constant wall temperature.
The calculated convection heat transfer coefficient (k) is equal
to 12755W/m’K. The amount of heat transfer in the isother-
mal acceleration of 60 mg/min air to the Mach number of 0.55
is roughly 2 x 10~>W. Using the above convective heat transfer
coefficient, the temperature difference needed to dissipate this
heat transfer in a 1 mm? surface is about 1.57 K which is not a
large temperature difference. In fact, this calculation is done for
highest predicted Reynolds number and for the lower Reynolds
numbers the temperature difference would be smaller since the
Nusselt number is proportional to v/Re while the flow rate is pro-
portional to Reynolds number. As a conclusion, the flow in the
microchannel, itself, can be assumed to be completely isother-
mal and the assumption of isothermal flow for the inlet and outlet
plenums produces an error around 1%.

The small discrepancies between two types of data is seen
at lower pressure ratios and higher scaling parameters. This is
not surprising since the higher scaling parameter means lower
momentum and thermal diffusion which cause the flow to start
to differ from isothermal flow and this consequently results in
higher Mach number.

The measured friction coefficient versus Reynolds number at
different values of Knudsen number is shown in Fig. 8. It clearly
shows that the flow inside the microchannel follows, almost, the
laminar behavior over the experiment’s range of Knudsen num-
bers. However, for higher values of Knudsen number, the flow
starts to differ from the laminar behavior. This is, of course,
the transition from no-slip flow to slip flow that takes place at
Knudsen numbers around 0.007. According to Gad el Hak [1],
the no-slip and no temperature jump boundary condition should
be assumed for flow with Knudsen number less than 0.001 and
the first order slip and temperature jump should be assumed for
0.001 < Kn < 0.1. Therefore, based on his criteria, all of these
experiment results lay in the realm of continuum flow with slip
and temperature jump boundary conditions. Since the velocity
near the wall for a slip flow is no longer equal to zero, the shear
stresses in boundary layer are less compared to those of the no-
slip flow and that explains the smaller values of friction factor for
the slip flow regime.

The scattered data in Fig. 8 are possibly caused by the dif-
ferent aspect ratio of the microchannels. The friction factor (f)
is usually defined for a tube. In addition the microfabrication in-
accuracy specially in inlet and outlet plenums can produce errors
in data. The wrong choice of geometry for the plenums and the
defected plenums are the major reasons for the scattered data.

4.1 Conclusion

The steady flow of compressible gas in microchannels with
different hydraulic diameters, Reynolds numbers and Mach num-
bers has been experimentally studied. From this study it has
been revealed that rarefaction effects start to appear from Knud-
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FIGURE 7. Comparison of measured and calculated (Equation 6) en-
trance Mach number versus scaling parameter at different pressure ratios

sen number greater than 0.007 and the flow in the experiment’s
range can be fairly explained by laminar no-slip assumption. The
experimental results confirm the assumption of isothermal flow
in microchannels.
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