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ABSTRACT

To minimize the viscous flow losses in a ~crosystem for
chemical analysis, we have investigated gas flow in long
capilhuy tubes and microchannels to characterize the flow
behavior. Both experimental results and theoretical predictions
indicate that for gas flow in long and narrow channels, as in
capillary tubes or rectangular channels, compressibility effect is
very important. This leads to a higher mass flow rate than
predicted by the incompressible flow model. Different
computational fluid dynamics (CFD) codes have been applied
to simulate this flow problem. While some existing CFD codes
have difllculties to model this problem, other codes, such as
MPSalsa, predict a converged and reasonably accurate solution.
This difficulty may be caused by the numerical solution
technique in these computer codes being optimized for
incompressible flow problems rather than for compressible low-
speed flow problems.

NOMENCLATURE

L length
Kn Knudsen number
Ma Mach number
P pressure
Re Reynolds number
T temperature
a speed of sound

;
do
h
m
n
r
t
u
Uz
z

Greek

$

P
P

average thermal speed of gas molecules
Boltzmann constant
diameter or width
height
molecular mass
number density of gas per unit volume
radial distance
time
velocity
axial velocity
axial distance

isothermal compressibility coefficient
mean free path of gas molecules
shear viscosity of gas
density

(7 tangential momentum accommodation coefficient

Subscript
i inlet
o outlet

INTRODUCTION

Recent development of Microsystems for chemical and
biological applications has opened up a new era of microscale
fluid mechanics research. At Sandia National Laboratories we
have developed an integrated microsystem to detect trace
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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.
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chemical agents for antiterrorism and nonproliferation
applications (pChemLabm). This pChemLabm is a hand-held
unit containing both liquid and gas phase detection [Frye-
Mason, 1998]. One critical component in the ~ChernLabm gas
phase detection is the gas chromatography (GC) column for
analyte separation (Fig. 1). The current design of thk GC
column is an open column that consists of a long and narrow
channel with a stationary phase coated on the wall (Fig. 2) to
provide physiochemical interaction for the separation of
analyte [Grant, 1995]. To fit this GC column into the confined

‘M (1 cm2), our goal is to etch aspace in the pChemLab
rectangular ‘high-aspect ratio’ microchannel in a silicon wafer.
The baseline design for this microchannel is 40 pm wide, 200
pm deep, and 1 m long. Different designs (deeper, wider, and
longer microchannels) have been studied to evaluate the
transport and separation performance [Hudson, 1998]. In this
paper our focus is to understand the viscous flow losses by
characterizing the gas flow behavior in these microchannels and
assessing modeling and simulation capabilities.

Gas flow in a long and narrow channel - e.g., a capillary
tube with a diameter of 100 pm, total length of 1 m, and the
length-to-diameter ratio of 10,000- at a subsonic speed is a
unique fluid dynamics problem. Even though the flow velocity
is much smaller than the speed of sound, the compressible effect
has to be considered. Since the channel is very small, the
viscous effect becomes dominant, and the inertia effect becomes
less important (but not negligible as in liquid flow where the
‘Stokes Flow’ can be applied). The pressure required to pump
gas across the channel increases as the cross section decreases.
When the gas is traveling from the inlet, which has a much
higher static pressure, towards the outlet, which has a much
lower static pressure, it goes through an enormous change in
pressure and density. To satisfy the law of mass conservation,
flow will accelerate significantly near the outlet. When studying
this phenomenon, a ‘compressible creep flow,’ we need to
consider the compressible effect by incorporating a large
change in pressure and density, even though gas is traveling at a
very low subsonic speed.

DIMENSIONAL ANALYSIS

For a fluid flow problem, to determihe whether the flow
can be treated as incompressible, conventional wisdom is to
compute the local Mach number. That is, if the Mach number is
less than 0.3, the flow can be treated as incompressible
[Anderson, 1984]. However this criterion of ‘Mae 0.3’ is only
a necessary condition, but it is not a sufllcient condition that the
assumption of an incompressible flow is always valid [Panton,
1996]. A dimensional analysis can be performed to investigate
what conditions are necessary for gas flow in microchannels to
be treated as incompressible.

In many fluid flow problems, density can be expressed as:
p=p~+Ap, where p. is a reference density; and Ap is the local
departure from this reference density. If Ap/pO<Cl, the term

p(Du/Dt) in the momentum equation can be written as
pJDu/Dt). A similar expression can be made to those terms in
the continuity and scalar transport equations that contain the
density variable. ‘IMs is the procedure to treat the flow as
incompressible [Tritton, 1989].

For an isothermal or adiabatic gas flow problem, the
density variation, with respect to its reference density, is
equivalent to the pressure variation as follows:

AplpO- PAP, (1)

where ~ is the isothermal compressibility coefficient expressed
as:

The criterion of ‘Ma < 0.3’ is derived by performing
dimensional analysis and comparing the inertia term with the
pressure gradient term - i.e., AWL - pAu2iL. For gas flow in a
long and narrow channel, the viscous effect can be dominant it
scales inversely to the square of the characteristic length. Thus
as the size of channel decreases, it is necessary to consider the
pressure term versus the viscous term.

Performing a dimensional analysis and considering the
pressure term versus viscous term, it will lead to the following
expression:

AWL - pAzddo2, (3)

where do and L are the diameter and length of the tube,
respectively. Further analysis will produce the following
expression

AP - I.@ do )(Au/ do); (4)

hence,

AplpO- AP/(pa2) - (Udo)(A4a2LRe). (5)

Therefore, when the viscous effect becomes dominant as in
gas flow in a long and narrow capillary tube, it is necessary to
consider a modified criterion, (L/do)(Ma2A?e)e< 1, in order to
determine whether the fluid can be treated as incompressible.
For the gas flow in a microchannel being considered in the
pChemLabm, a l-m long capillary tube with an inner diameter
of 100 pm and a velocity of 10 m/s, the Reynolds number will
be 55.6, and the Mach number will be less than 0.3. With Udo =
Ltd(f, the modified criterion is: (Z/do)(Ma2~e) = 0.43. Hence
the flow in this problem cannot be treated as incompressible.

From the kinetic theory of gas, the dynamic bulk viscosity
of the gas can be expressed as:

p= ncmlJ3, (6)

where n is the number density of molecules per unit volume, m
is the molecular mass, X is the mean free path, and c is the
average thermal speed of gas molecules given as:

c = {8kT/(zm)}0”5. (7)
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By substituting these two expressions into the modified
criterion, the criterion can be rewritten as:

Apl p. - (Z/do)(Ma.Kn). (8)

Hence by checking the Mach number, the Knudsen number,
and the length-to-diameter ratio, we can determine if the
assumption of incompressible flow is valid for the problem of
interest. For a l-m long tube with 100 “~ diameter, a flow
velocity of 10 nds will lead to: (L4do)(Ma.Kn) = 0.2. Hence the
assumption of an incompressible flow will not be valid for thk
situation.

The dimensional analysis presented here has demonstrated
that gas flow in a long and narrow channel has a unique
characteristic that it is necessary to consider the compressibility
effect when analyzing this problem. In addition to considering
compressibility, analyzing gas flow in microdomains may
require analysts to model inertia, pressure, and viscous effects
altogether. All these effects can be equally important.

AN ANALYTICAL COMPRESSIBLE”FLOW MODEL

Mass Flow - Pressure Drop Relationship

Assuming a fully developed laminar flow in a long
capillary tube, if only considering the global density variation
but not the local density variation within the infinitely small
section, one can integrate the governing momentum equation to
obtain the average flow rate as a function of pressure drop.
Hence, the relationship between the mass flow rate and the
pressure drop across the capillary tube can easily be obtained.

Am/At = nd:/(256pL)*(pJPJ *(Pt - P02), (9)

where Pi and P. are inlet and outlet pressure, respectively;
p. is the outlet densit~
p is the shear viscosity of gas;
do is the tube diameteq

and L is the total length of the capillary tube.

Clearly this expression implies a nonlinear relationship
between the mass flow rate and pressure drop across the
capillary tube. Only if the pressure drop is small when
compared with the outlet pressure, the expression can be
simplified to show a linear relationship as in the analytical
incompressible flow model:

AmlAt = ~do~(128@)*(po) *(Pi- Po). (lo)

Pressure Distribution along the Capillarv Tubes

By relating the local pressure gradient with the local
average velocity across the tube and integrating the pressure
gradient from the tube entrance (z=O) to an axial location (z.=Z),
the pressure distribution along the capillary tube can be found.

P(z) = [(l-z)* P? + (m) * Po2]05. (11)

One interesting finding regarding the nonlinearity of the
“axial pressure distribution along the capillary tube is that the
nonlinear behavior appears only when the compressibility effect
becomes important. If the tube diameter is relatively large - e.g.,
greater than mm - the flow can be treated as incompressible and
the pressure distribution is linear. However, if the tube diameter
is small enough that it is comparable with the mean free path of
gas, the flow will beat the slip flow regime. The slip velocity at
the wall is as follows:

u~r=ro) = (2-0)10* A * (6’u. lf3r).Wll (12)

Under thk condition the pressure “distribution along the tube
will be different because of the additional terms with respect to
the slip at the wall.

P(Z) = ‘Cop. + [(C#O)2 + (1-Z?L).2C#iP~ + (22’L).2c#.2

+ (1-m). P? + (z). Po2]o”5,

where CO=8 * (2-0)/0 * Kno

EXPERIMENTAL MEASUREMENT

A few flow measurement data for

(13)

microchannels exist
[Arkillic, 1993; Arkillic, 1997; Shih 1996; Choi 1991; Bailey
1995]. Most of the data are flow measurements for short (in mm
or less) but shallow microchannels etched in silicon wafers;
hence their length-to-diameter ratio is always less than 500. A
wide range of channel size with different shapes has been
studied. One common finding of these studies is that even
though the flow is witlin the continuum flow regime, the
compressible effect can be important and the streamwise
pressure distribution is nonlinear. Since the channel size for
pChemLabm is moderately different from the existing data
(relatively bigger and much longer), it will be worthwhile to
conduct additional gas flow experiments.

In addition to acquiring more data, there is a desire to
validate the above anrdysis of compressible effect on gas flow
in a long and narrow channel. We have conducted experiments
using capillary tubes and microchannels etched in a silicon
wafer. For the flow in capillary tubes, three series of
experiments have been performed using 100, 50, and 30-
micrometer diameter capillary tubes that are one meter long.
Nitrogen, argon and helium gases have been studied. The setup
of the experiment is shown in Figure 3.

The test procedure is as follows: the inlet gas pressure is
read; then the gas is fed through the capillary tube, and the flow
rate is measured using a bubble flow meter and a stopwatch.
Bubble flow meters have been used as a standard in calibrating
chromatography equipment. A soap bubble is injected into a
precision bore tubq gas from the test stream moves the bubble
between two markers on the tube. Five tube diameters have
been applied to ensure that an accurate timing can be made of
the bubble translation. The uncertainty in flow rate (which
primarily is attributed to timing) is less than 1 percent. The tests
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are repeated several times, and an average value is calculated
for each different pressure drop across the microchannel.
Pressure drops of 34 to 310 IcPa (5 to 45 psi) have been
investigated. The data then will be compared to the analytical
models for each case.

TEST RESULTS .

Effect of Tube Diameter

Gas flow in different microchannels has been studied. Our
objective is to measure the mass flow rate versus pressure drop
for different geometry (fhsed silica capillary tubes with various
diameters). Figure 4 shows the results for gas flow in these
capillary tubes with inner diameters of 50, 100 and 200 pm,
respectively, and a length of 1 m. The behavior of the curves
(in the semi-logarithmic plot) indicates that the relationship
between the mass flow rate and the pressure drop is nonlinear.

Effect of Different Gases

Measurement has been made for three different gases
(nitrogen, helium, and argon) flowing through a long and
narrow channel. Figure 5 shows the exit volumetric flow rate
versus pressure drop. These volumetric flow rate data reveal
that their behavior follows closely with the viscosity of gas as in
Equation (3). The higher the viscosity, the smaller the flow rate
will be. The viscosity of the gases examined is as follows: 17.6
pPa-sec for nitrogen, 19.7 PPa-sec for helium, and 22 pPa-sec
for argon, respectively.

COMPARISON BETWEEN DATA AND MODEL

Experimental data for gas flow in the l-m long capillary
tubes with various inner diameters has been used to assess the
predictions from the analytical model. Only data for the tube
with inner diameter of 30 pm will be shown here. Figures 6 and
7 compare the measured and predicted mass flow rate of
nitrogen and helium as a function of pressure drop across the
capillary tube. This comparison indicates that compressible
effect is an important factor for gas flow in microchannels, and
it needs to be considered in any gas flow analysis. Assuming an
incompressible fluid flow will lead to an inaccurate prediction;
it will significantly underpredict the flow rate.

COMPARISON BETWEEN DATA AND COMPUT-
ATIONAL SIMULATIONS

Since the present design of the gas chromatography column
for the pChemLabm is a high-aspect ratio rectangular channel
etched. in a silicon wafer in a spiral configuration, analyzing gas
flow in this complex geometry (i.e. 3-D curvature effect)
requires an advanced computational fluid dynamics (CFD)
code. However, the analytical model presented here can still be
used as a valuable tool to guide the design and optimization.

To assess our simulation capability, we have analyzed this
gas flow in capillary tubes problem with different advanced
‘computational fluid dynamics (CFD) codes, which can solve the
full Navier-Stokes equations. Among all of the computational
simulations that we have performed, those simulations using the
MPSalsa code show promising results (Table 1). The MPSaka
predictions are consistent with the compressible flow model
(Figure 8). MPSalsa predicts a slightly higher mass flow rate
than the analytical compressible flow model because the code
models the flow entrance effect, whereas the analytical model
assumes that the flow is filly developed. Other computer codes
have difficulty to obtain a converged solution even after many
iterations (in term of hundred thousands of iterations or time-
steps). ‘Ilk difficulty may be caused by the solution techniques
in these CFD codes, which have been optimized mostly for
incompressible flow problems. With some adjustments or
applying the compressible low-speed flow solver as in the case
of FIDAP analysis, these codes may work as well. Hence any
computer code users should be aware of tie characteristics of
the flow problems that they are analyzing.

STUDY OF FLOW IN MICRO GC COLUMNS

The baseline design of the micro GC column is a ‘high-
aspect ratio’ rectangular channel that is 40 pm wide, 250 pm
deep, and 1 m long. Results of the gas flow in capillary tubes
have demonstrated that the gas compressibility effect is
important and should be included in the model. Using a similar
approach as in the capillary tube, the mass flow rate for the
rectangular channel can be derived as follows Nong, 1998]:

Am/At = hd:/(24@)*(pJPo) flP:-P:)*(l-ARC), (14)

where ARC = (192Az?)* (dJh) * .Xtanh(hM2do) / is

with i=135 ., , ,.. .$

and do and h are the width and depth of the rectangular channel.

Figure 9 shows the results for gas flow in these micro GC
columns and the comparison between the data and the analytical
model. The favorable comparison allows us to use the analytical
model to further design and optimize the micro GC column for
better transport and separation.

SUMMARY

We have investigated gas flow in long and narrow channels
to understand microscale transport in GC columns. Both
experimental results and theoretical predictions indicate that for
gas flow in long and narrow channels, the compressibility effect
is important. Thk leads to a nonlinear streamwise pressure
distribution along the capillary tube and significant flow
acceleration near the outlet. Different computational fluid
dynamics codes have been applied to simulate this flow
problem. While some computer codes have difficulty to
produce a converged solution, those predictions by the MPSalsa
code are reasonably accurate. Results of this study will build up
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our confidence in using modeling and simulation approaches to
analyze species transport and separation in the GC columns.
However, more analysis and code validation, especially
studying GC columns with different rectangular geometry and
spiral configuration, are recommended.
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Table 1: Results of Computational Simulations of Gas Flow in Long Capillary Tubes.

Computer Codes

Solution
Technique

Converged after
100k’Iterations

MPSalsa
[Shadid 1996]

SUPG method
with GMRES
linear solver

Yes

CFD-ACE
[CFDRC 1993] [0’R~u%1999]

~
No 1 No 1 Yes

or Time Steps \ I 1 4
Predictions I Good

INCA
[Amtec 1995]

LU-SGS
scheme with

c@ relaxation

No

NIA
.
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Figure 1 Picture of Critical Components in pChemLabw: proceeding clockwise,
a U.S. dime (18 mm diameter), preconcentrator for sample collection,
SAW array sensors for detection and GC column for separation.
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Figure 2 Cross Section SEM of a Gas Chromatography Column Fabricated in Silicon
by Bosch Reactive Ion-Etching Process.
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Figure 3 Experimental Setup to Measure Gas Flow Rate versus Pressure Drop in
Capilla~ Tubes.
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