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Abstract

This paper describes the design, fabrication and characterization of a microfluidic gas centrifuge for separating dilute gas mixtures based
on the molecular weights of their constituents. The principal advantage of this approach is its fast response time compared to other methods
that are based on permeation or adsorption/desorption. This would allow it to serve as a real-time preconcentrator for improving the sensitivity
of miniature chemical sensors. Devices with nozzle throat widths as small as 3.6 wum have been fabricated using photolithography, deep
reactive ion etching (DRIE) and silicon-glass anodic bonding. Measurements of the device’s performance show that a single stage can achieve
a two-fold enrichment of an initially 1% mixture of SF¢ in N, in 0.01 ms. These experimental findings are consistent with the results of
two-dimensional numerical simulations of the flow through the device. The simulations suggest that the performance of a single stage could be
improved significantly by changing the geometry of the entrance flow. Further improvements in performance could be achieved by cascading the

devices.
© 2006 Elsevier B.V. All rights reserved.

Keywords: MEMS; Microfluidic device; Gas concentration; Computational fluid dynamics

1. Introduction

On-site quantitative analysis of volatile and semi-volatile
chemical vapors is required for environmental monitoring. Nor-
mally, detecting chemical vapors relies on labor-intensive and
costly sample collection followed by transport to a remote
laboratory for analysis. This limits the frequency and overall
quality of the measurements [1]. Meanwhile, currently avail-
able portable instruments (e.g., miniature mass spectrometers)
lack the sensitivity for routine air quality monitoring [2-5].
This deficiency can be rectified by developing miniaturized
pre-concentrators that can be used as front-ends for portable
instruments.

The temporal response of many commonly used techniques
for sensitivity enhancement, like gas chromatography, sorbent
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beds, and selectively permeable polymer diaphragms [6-11],
is limited by the relatively large time constants (~minutes)
associated with adsorption/desorption or permeation of gas
molecules. In addition, these techniques require temperature
programming and/or consumable materials such as adsorbents
that increase the complexity of device fabrication and system
integration.

The objective of this work is to demonstrate a fast-response
microfluidic gas concentrating device that eliminates the need
for embedded electrodes, adsorbents, or membranes. The device
can provide simultaneous gas concentration and separation like
a centrifuge, but is much easier to be realized at the microscale.
While other concentration methods take several to tens of min-
utes for the absorption/desorption or permeation of the gas
molecules being focused, this device exhibits a fast response
(<0.01 ms) suitable for use as a real-time preconcentrator in
miniaturized chemical sensing systems.

This paper describes the design, fabrication, and character-
ization of a single-stage gas concentration device. The basic
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operating principle is described, design considerations are dis-
cussed, and the fabrication process is described. Experimental
procedures for measuring the device’s ability to concentrate
heavy gas molecules (like volatile organic vapors) under atmo-
spheric conditions are developed based on mass spectrometry.
Measurements of the device’s performance are compared to the
predictions of a two-dimensional computational fluid dynam-
ics (CFD) simulation. Taken together, these results are used to
develop a quantitative understanding of the separation processes
occurring in the device and how the performance of the device
could be improved by changing its design.

2. Design and fabrication
2.1. Operating principle

The operation of the gas concentrating device is based on the
separation nozzle method originally developed for the enrich-
ment of the uranium isotope 23U [12—14] where a gas mixture is
divided into fractions of different compositions [14] in a continu-
ous process. Fig. lais a 3-D contour image of the single-stage gas
separation device. It consists of a curved converging-diverging
nozzle, a deflection wall, and a skimmer. A gas mixture (e.g.,
SFg diluted in N») is introduced on the left side of the image at
the entrance to the curved nozzle. The mixture is accelerated by
expansion in the nozzle and then deflected by the curved channel.
The centripetal acceleration associated with the turning flow cre-
ates aradial pressure gradient that drives differential diffusion of
N> and SFg in directions perpendicular to the streamlines. The
heavier SFg molecules become concentrated at the periphery
of the flow field and a skimmer is used to mechanically sepa-
rate the stratified gas mixture exiting the curved channel into a
‘heavy’ fraction that is enriched in SFg and a ‘light’ fraction that
is depleted in SFg [15].

2.2. Separation factor

The shift in concentrations between the light and the heavy
fractions is characterized by the separation factor A which is
usually expressed in terms of partial cuts ;. The partial cut of
a component of the mixture is the percentage of its throughput
in the separation element which is withdrawn in the light frac-
tion stream [14]. For a simple binary gas mixture, A is defined
as

&1(1 — 6h)
Oh(1 —6)
where 6] and 6y, are respectively the light component and heavy
component partial cuts. The partial cuts can be written in terms

of the mass flow rates of the heavy and light species in the heavy
and light streams as follows:

A= ey
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The first subscript 1 or h, corresponds to the light species or
the heavy species while the second subscript, ‘light’ or ‘heavy’,
corresponds to the light or heavy fraction stream where the
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Fig. 1. (a) Three-dimensional optical profilometry surface image of a single-
stage gas concentrating element; (b) schematic diagram of a microfabricated
single-stage separation device showing the inlet and outlet plenums and a
close-up view of the gas concentrating channel identifying the critical design
parameters.

species is found. Based on these definitions, perfect separation
corresponds to 6, =0 and A — oo. Therefore, the success of the
design of a separation device is directly related to its ability to
maximize the separation factor.
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2.3. Device design

A schematic diagram of the microfabricated single-stage gas
concentrating device is shown in Fig. 1b. The inlet and outlet
plenums are 500 wm in diameter and are connected to capillary
tubes for gas injection and collection. The close-up view shows
the curved converging-diverging nozzle formed by the deflection
wall and the inner wall. The critical geometric parameters, like
the nozzle throat width a, the nozzle exit width w, the radius of
curvature of the deflection wall ry, and the skimmer distance f
(i.e., the width of the channel formed by the skimmer and the
deflection wall), are also shown.

Previous studies [12,13] of uranium isotope separation
showed that finite values for mixture separation were only
obtained when the flow was in the transition regime between
continuum and free molecular flow. This regime is identified
using the Knudsen number Kn

Kn=> ©)

where A is the mean free path of gas flow and d is a character-
istic dimension of the flow passage. The mean free path, A, is
estimated using the following equation [16]:

2= 1.26u+/ RT
p

“

where p is the coefficient of viscosity of the gas mixture,
R is the gas constant, p is the pressure, and T is the gas
temperature. In this work, p ranges from one to three atmo-
spheres and the nozzle depth d is used as the characteristic
dimension of the flow passage. Choosing d=35 wm ensures that
0.005 < Kn < 0.05 so that the flow remains within the slip regime
[17].

One-dimensional isentropic flow relations [16] are used to
determine the relationship between the mass flow rate and the

nozzle throat
v+l
N ACES

width a assuming that the nozzle throat is choked (i.e. the
Mach number at the throat is unity). In this expression, p is
the gas density and y is the ratio of specific heats (cp/cy) for
the gas mixture. For operating pressures of 1 to 3 atmospheres,
nozzle widths of 18.0 wm and 3.6 um are selected to ensure
that the mass flow rate is comparable to that of some existing
miniaturized mass spectrometers: less than one standard cubic
centimeter per second (SCCM). The expansion ratio (i.e., the
ratio of exit width w to throat width a) of the nozzle is chosen
to be 1.69 which corresponds to a maximum exit Mach number
of 2 in the absence of boundary layer growth.

In general, the skimmer should be located as far downstream
in the flow path as possible and close to the deflection wall in
order to only capture the dense gas molecules concentrated at
the periphery of the centrifugal field. In this design, the skimmer
distance fis chosen to be 20 wm. The two separation devices that
will be evaluated in this study have the same radius of curvature
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Fig. 2. Device fabrication process including fluidic interconnections.

of the deflection wall of 120 wm and the same skimmer distance
of 20 wm, but different throat widths of 18.0 wum and 3.6 pm,
respectively.

2.4. Device fabrication

Previously, fabrication of isotope separation devices relied
either on stacking of photo-etched metal foils or the LIGA pro-
cess [12,13,18]. Both processes are tedious and costly. Today,
newer microfabrication techniques like deep reactive ion etch-
ing (DRIE) and wafer-lever bonding can be used to construct
these separation devices much more easily. Fig. 2 shows the
process that was developed for fabricating the device pictured
in Fig. 1b. The process begins by growing a 2-pwm layer of
oxide on the backside of a silicon wafer (step a). The next
step involves spinning and patterning a 1.5-pm layer of pho-
toresist (S1813, Shipley, Marlborough, MA) on the front side
of the wafer, followed by etching 5 um deep gas concentrat-
ing channels in silicon with reactive ion etching (RIE) (step
b). A 6-pm masking layer of photoresist (AZ 9245, Clariant,
Somerville, NJ) is then spun and patterned to define the inlet
and outlet ports, after which the backside oxide is etched with
buffered HF (step c). The combination of the patterned photore-
sist and oxide serves as the etch mask for generating through
holes in the silicon substrate with deep reactive ion etching
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Fig. 3. Optical micrograph of a microfabricated chip after silicon-to-glass
anodic bonding with a close-up view of a single-stage separation nozzle.

(DRIE) (step d). Following this step, the resist and oxide are
stripped, and the silicon wafer is anodically bonded to a pyrex
wafer to seal the microfluidic channels (step e). Finally, metal
capillaries are bonded to the inlet/outlet ports in the silicon wafer
to realize the microfluidic interfacing (step f). This interconnec-
tion process is described in detail elsewhere [19]. Fig. 3 shows
a microfabricated chip with a close-up of a gas concentrating
device.

3. Gas separation experiments and analysis

Gas separation experiments are conducted to examine the
effect of operating conditions and geometric parameters on the
performance of the fabricated devices. Two different inert gas
mixtures, 1 mol% SF¢/99 mol% N, and 1 mol% SF¢/99 mol%
Ar, are used in the experiments. The mean molecular weight
(MW) of the first mixture is very close to that of air while the
MW of SFg is close to that of some organic contaminants such
as trichloroethylene and naphthalene [1]. This is intended to
simulate conditions experienced by a generic miniature chem-
ical sensor. The second mixture is used to study the influence
of the molecular weight difference between the heavy compo-
nent and light components of the mixture on the concentration
effect.

Fig. 4 is a schematic diagram of the test apparatus that
was used to measure separation performance. Upstream and
downstream gas flow rates are controlled and monitored using
electronic flow controllers and meters (HFC-302 and HFM-300,
Teledyne Hastings Instruments, Hampton, VA). The upstream,
light fraction, and heavy fraction pressures are measured using
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Fig. 4. Schematic of experimental setup for gas separation.
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Fig. 5. Photograph of mass spectrometric gas analysis apparatus.

electronic manometers (722A and 622A, MKS Instruments,
Andover, MA) connected to the capillary tubes bonded to
the device. Two 10-cm® sample cylinders (SS-4CD-TW-10,
Swagelok, Solon, OH) collect the gas exiting the heavy and light
fraction ports. At the conclusion of an experiment, the cylinders
are removed and the composition of their contents is determined
using mass spectrometry [20].Fig. 5 shows the gas analysis appa-
ratus which consists of a mass spectrometer (Transpector CIS
TS200, Inficon, East Syracuse, NY), a vacuum chamber, a tur-
bomolecular pump, and a mechanical pump (not shown in the
figure). The sample cylinder is connected to the vacuum chamber
through a 1-pm orifice. The orifice limits the gas flow to ensure
that adequate vacuum can be maintained for effective electron
ionization. The mass spectra of the gas samples are used to deter-
mine the concentrations in the samples and the effectiveness of
the separation process.

In the mass spectrometric gas analysis, an electron energy of
70eV was used to ionize gas molecules. At this energy level and
at high vacuum, the interaction between electrons and molecules
leaves some ions with so much extra energy that they break up
to give ions of smaller mass. This fragmentation is characteristic
for a given substance [21]. For example, SFg molecules are often
broken down into 13 different fragment patterns some of which
are of negligible intensity compared to the highest fragment peak
atmass 127. In our experiments, the six strongest fragments (i.e.,
masses 127, 89, 108, 129, 51, and 70) are counted to evaluate the
concentration of SF¢ in the mixture. Before measuring the sep-
arated gas samples, the mass spectrometer was calibrated using
pure SF¢ and a known mixture of SFe/N,. Uncertainties in the
measurements originate from two principal sources: fluctuations
in the ion abundances measured by the mass spectrometer and
interference from air trapped in the sample cylinder. The former
was minimized by taking measurements when the output signal
of mass spectrometer was most stabilized. The contribution of
N, fragmentation patterns from the residual air was inferred by
measuring the abundance of O, fragments in the separated mix-
tures, and the ratio of N, to O;, and comparing the results to
measurements of air samples.
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4. Device modeling
4.1. Governing equations
Convective transport of the bulk fluid is modeled using the

2-D time-invariant, compressible Euler equations [22] plus the
equation of state for an ideal gas [23].

@ -V)p+pV-i=0 ©6)

(- Vi + <1> =0 (7
pVp

@ V)p+ypV-i=0 8)

p = pRT (€))

In these expressions, # is the velocity vector, y is the ratio of
specific heats (Cp/Cy) for the gas mixture, p is the pressure of the
gas mixture, p is the density of the gas mixture, 7 is the temper-
ature, and R is the gas constant. Eq. (6) represents conservation
of mass, Eq. (7) represents conservation of momentum, Eq. (8)
represents conservation of energy, and Eq. (9) is the equation of
state for an ideal gas. These equations remain valid in the slip
regime [17].

Fluid flow along the streamlines is driven by the difference in
pressure between the inlet and outlet. Centripetal acceleration
associated with the deflection of the streamlines through the
curved passage re-orients the overall pressure gradient field so
that there is a component that is normal to the streamlines. This
component is what drives the separation process.

The diffusive transport of individual molecular species is
determined by enforcing mass conservation for each component.
This takes the following form for non-reacting steady flows [23]:

V- (Ji 4 pwiit) = 0 (10)

In this expression, }i is the diffusive flux vector of species
i, p is the density of the bulk mixture, w; is the mass fraction
of species i and u is the bulk convective velocity. The diffusive
flux vector is represented in the numerical simulation using the
formulation proposed by Curtiss and Bird [24]

N
Ji = =DIVIn(T) — ;) Dyjd; (b
j=1

where Dl-T is the thermal diffusion coefficient, T is the thermo-
dynamic temperature, p; is the density of the ith species, and D;;
are the symmetric multi-component diffusivities. The diffusion
driving force dj is given by:

N
dj=Vpj+o;Vp—pjgj+w;y pisk (12)

k=1
where p is the pressure of the mixture, p; is the partial pressure
of the jth species, and g; and g, represent any external body
forces per unit mass acting on the jth and kth species. Since the
gas molecules are not charged, g is the same for all molecules
(equal t0 9.8 m/s?) and the last two terms in Eq. (12) sum to zero.

Therefore, these two terms do not contribute to the separation
process.

It is easier to understand the physics of the separation pro-
cesses by re-writing Eq. (10) in terms of a ‘Fickian’ diffusion
coefficient D;  for transport of a single species into the gas
mixture (denoted by the subscript ‘m”)

Ji = =DV In(T) — p; D} d; (13)

The relationship between this ‘Fickian’ diffusion coefficient
and the symmetric diffusion coefficient of Eq. (11) is given by
[25]:

N
Dl = =Y WiDigd; (14)
J#

In this expression, N is the total number of species in the
mixture and W is the average molecular weight of the mixture.
Inserting Eq. (13) into (14) (and assuming the species are not
electrically charged) gives the following expression for the dif-
fusive flux which illustrates the basic physics of the separation
process more clearly than Eqgs. (11) and (12):

7 r VT / Vp
Ji=—=D;j — — pwiDjp, |VX; + (xi — 0i)— s)
r p

Eq. (15) shows that SFg is driven radially outward in the
direction of the pressure gradient because xsg, — wsg, <0. Con-
versely, Ny is driven in the opposite direction toward the inner
wall of the flow passage because xn, — wn, >0. The net perfor-
mance of the device is set by a competition between the pressure
gradient force (the second term in the square brackets) which
seeks to separate the constituents and the concentration gradient

force (the first term in the square brackets) which seeks to bring
the constituents back together.

4.2. Boundary conditions

Fig. 6a shows the computational domain over which Eqgs.
(6)—(12) are solved. At the inlet, the SFg and Ny mass fractions
are fixed at 0.05 and 0.95, respectively (corresponding to
1mol% SF¢ and 99 mol% N,). The non-dimensional fluid
density is 1 and the non-dimensional inlet pressure varies from
1 to 3 atm. The non-dimensional pressure is set to 1 atm at both
outlets and the convective flux is required to be normal to the exit
areas. No material flux is permitted across any other bounding
surface and perfect slip (i.e. no shear stresses) is assumed along
all walls.

4.3. Solution method

The governing equations are solved subject to the boundary
conditions using a commercially available software package
called FEMLAB that implements a finite element method [26].
Fig. 6b is an example of ‘typical’ finite element mesh consisting
of an unstructured grid of triagonal elements. Since FEMLAB
uses adaptive gridding, the meshes for each set of flow conditions
are different. The software package provides a variety of solvers.



74 S. Li et al. / Sensors and Actuators A 136 (2007) 69-79

Light Fraction
Outlet
Inlet \ 4 Heavy
/ Fraction
Outlet

/ \ Skimmer

Deflection Wall

(b)

Fig. 6. (a) Computational domain used by the numerical model; (b) a typi-
cal finite element mesh for the model geometry with 1/4 of the mesh points
displayed.

We use the interative, steady-state non-linear solver because
the problem is steady-state and highly non-linear. The solver
uses an affine invariant form of the damped Newton method
[26] to solve a linearized form of the governing equations [27].
Artificial diffusion is used to help maintain a stable solution
throughout the iterative process by damping instabilities. One
convenient aspect of FEMLAB is that different types of artifi-
cial diffusion can be applied to different governing equations.
Isotropic and streamline diffusion are used in the solution of the
Euler equations. No artificial diffusion utilized for the solution
of the diffusion equation. Isotropic diffusion adds a coefficient
of artificial diffusion to the diffusion already in the problem at
the location of high gradients. The key advantage of isotropic
diffusion is that it is most successful at limiting the impact and
magnitude of local instabilities. However, its use also reduces
the order of accuracy of the solution from second order to first
order in the regions where it is used. Streamline diffusion is
added using the upwind Petrov-Galerkin (SUPG) method [26].
The key advantage of this method is that it does not perturb the
initial equations so it does not reduce the order of accuracy of the
solution.

FEMLAB provides three methods for specifying partial
differential equations (PDEs) [26]. These methods are the coef-
ficient, general, and weak forms. The coefficient form is unable
to handle highly non-linear functions and therefore will not be
discussed as the problem under consideration here is highly
non-linear.

4.3.1. General form
The general form is given by writing the PDEs in the follow-
ing form:

V.'=F in 2
aR\ "

—ﬁ~F:G+<> W oin 982 (16)
ou

0=R in 9

The first equation is the PDE, the second equation is the Neu-
mann boundary condition, and the third equation is the Dirichlet
boundary condition. The terms I", F, G, and R are coefficients
that can be functions of the spatial coordinates, the solution u, or
spatial derivatives of the solution u. The coefficients F, G, and R
are scalar functions, I" is the flux vector, and u is the Lagrange
multiplier.

4.3.2. Weak form

The weak form begins with the general form, multiplies each
term by an arbitrary test function, v, applies Green’s formula to
complete an integration by parts, and finally substitutes the Neu-
mann boundary equation into the PDE. The resulting equations
are:

oR
0= VvoF—deA—l-/ U(G—‘r )ds
/:2( ) 22 o 17
O0=R on 052

There are two key advantages to using the weak formulation.
The first is the ability of the weak form to handle discontinuities.
Since the test function, v, can be any function, it can be used to
facilitate finding a solution in the presence of discontinuities.
The second advantage is that the weak form guarantees that the
solver will use the exact Jacobian. This is possible because the
weak form utilizes all of the terms in Eq. (16) when solving
for the Jacobian while the general solution only uses the coeffi-
cient terms when finding the Jacobian. Further explanations of
the general and weak forms along with the respective solution
methods may be found elsewhere [28].

5. Results and discussion
5.1. Flow modes

The choice of problem formulation appears to influence the
solution to Egs. (6)—(12) that is found: For identical boundary
conditions, the weak formulation leads to a different solution
(solution 1) than the general formulation (solution 2). Both solu-
tions satisfy conservation of mass, momentum, and energy and
do not violate the second law of thermodynamics. Furthermore,
when solution 1 is used as the initial condition for a calculation
based on the general formulation, a converged solution identical
to solution 1 is returned. Similarly, when solution 2 is used as
the initial condition for a calculation based on the weak formu-
lation, a converged solution identical to solution 2 is returned.
Therefore, both solutions appear to be physical indiciating that
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the flow field must have multiple modes. Additional explanation
and verification is presented elsewhere [29].

5.2. Flow structure

Fig. 7a and b show the Mach number distributions and
streamlines associated with modes 1 and 2, respectively when
the pressure ratio across the device is 1.75. In both modes,
large recirculation regions form in the inlet section in order
to accommodate the 90° downward turn required to enter the
curved nozzle. The resulting flow obstruction causes the flow
to begin accelerating while still inside the inlet plenum. The
flow continues to accelerate in the nozzle reaching supersonic
speeds within the first 1/3 of its length and then decelerating
through the remainder of the curved section of the flow path.
The average Mach number through most of the curved passage
is approximately 0.5. The pressure gradients associated with the
acceleration, deceleration, and flow turning can be seen more
clearly in Fig. 7c which shows contours of static pressure for
mode 1 when the pressure ratio across the device is 1.75.

5.3. Diffusive transport

Fig. 7d shows that SFg is driven radially outward through
most of the curved flow passage. However, there is a relatively
small region near the nozzle entrance where SF¢ is actually
driven radially inward. This is because the 90° downward turn
of the flow as it enters the nozzle causes the pressure gradient
to point radially inward in this region. The pressure gradient
reverses direction in the curved section of the nozzle as the flow
is turned 180° in the opposite direction (counter-clockwise) and
this drives diffusive transport in the proper direction (radially
outward) in the device. The simulations show that the region
of greatest SFg diffusive flux occurs approximately 1/3 of the
way through the nozzle where the radial pressure gradient is
strongest.

5.4. Separation

Egs. (1) and (2) are used to compute the separation factor.
In the experiments, the partial cut of SFg or N is evaluated
using the ion abundances of SFg and N in the heavy and light
fraction streams. In the simulations, the partial cuts are computed
using the total mass fluxes of SF¢ and N> in the heavy and light
streams. These are computed by integrating the respective mass
flux distributions along the planes illustrated in Fig. 7d.

Fig. 8 compares mass spectra measured in the heavy and
light fraction streams and shows that the separation predicted in
the numerical simulations is consistent with experimental mea-
surements. The increase in the total abundance of main SFg
fragments in the heavy fraction stream (while the total abun-
dance of main N, fragments in the heavy fraction is slightly less
than light fraction) clearly indicates that enrichment of the heavy
fraction stream is occurring.

Fig. 9 shows that the predictions of the numerical simulations
are qualitatively consistent with the experimental measurements
for device 1 with the nozzle throat width of 18.0 wm: Both show
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Fig. 7. (a) Mach number distribution, streamlines, and flow structures in device
1 associated with Mode 1; (b) Mach number distribution, streamlines, and flow
structures in device 1 associated with Mode 2; (c) total pressure distribution
(right scale) and static pressure contours (left scale) in device 1 for flow Mode
1 and a pressure ratio of 1.75; (d) mass diffusive flux vectors for SFe in device
1 and Mode 1 when the pressure ratio is 1.75. The horizontal lines denote the
surfaces across which the mass flux distributions of SF¢ and N, are integrated
to determine the total mass fluxes.
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Fig. 8. Comparison of mass spectra of (a) SF¢ and (b) N in the heavy and light
fraction streams of device 1.

that separation performance peaks near a device pressure ratio
of 2 and decreases monotonically away from the peak. The rea-
son for the peak in separation performance can be inferred from
Fig. 10 which shows how the pressure distribution that drives the
separation process varies with overall pressure ratio. The figure
shows that increasing the pressure ratio increases the magnitude
of the pressure gradient in the entrance section of the nozzle that
drives SFg in an unfavorable direction—i.e. to the inside of the
flow passage. At the same time however, increasing the pressure
ratio also increases the flow velocity in the remaining 2/3 of the
nozzle. This increases the magnitude of the pressure gradient
that drives SFg in the favorable direction—i.e. to the outside of
the flow passage. When the pressure ratio is less than that asso-
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Fig. 9. Comparison of the measured and predicted variations of separation factor
with pressure ratio in device 1.
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Fig. 10. Simulated pressure distributions in device 1 for Mode 1 at three different
pressure ratios (a) 1.75; (b) 2.0; and (c) 2.5.

ciated with peak performance, the effect of increased velocity in
the nozzle outweighs the effect of the stronger gradients in the
nozzle entrance and increasing the pressure ratio improves sep-
aration. Conversely, when the pressure ratio is greater than that
associated with peak performance, the effects of stronger gra-
dients in the nozzle entrance outweigh the effects of increased
velocity in the nozzle and increasing the pressure ratio degrades
separation performance.

Fig. 9 also shows that the separation performance predicted
by the CFD simulations depends upon the flow mode. While the
Mode 1 results match the experimental measurements within the
level of experimental uncertainty at pressure ratios below 1.6 and
above 2.4, the peak separation performance is more consistent
with Mode 2. The reason for Mode 2’s superior performance
can be inferred from Fig. 7b which shows that Mode 2 has a
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Fig. 11. Measurements of separation factor for two different gas mixtures,
N,/SF¢ and Ar/SFg_in the two different devices.

fourth recirculation region that forms downstream of the skim-
mer in the light fraction stream. This increases the curvature
of the streamlines in the deflection region which increases the
magnitude of the pressure gradient and drives more SFg radially
outward.

Why the measurements lie between the predictions of the
Mode 1 and Mode 2 CFD solutions when the pressure ratio is
between 1.6 and 2.4 is less clear. One possible explanation is that
the flow in the experiment is actually unsteady and that small
disturbances cause the flow to switch back and forth between
the two modes. In this situation, the relative distance between
the experimental measurements and the CFD predictions would
indicate the fraction of time spent in each mode. For example,
when the pressure ratio is below 1.6 or greater than 2.4, the flow
would spend most of its time in Mode 1. However, when the
pressure ratio is 2, the flow would spend approximately 80% of
its time in Mode 2 and 20% of its time in Mode 1. This issue
could be resolved conclusively by using infrared micro-particle
image velocimetry [30] to visualize the flow field.

5.5. Effect of device geometry and carrier gas

Fig. 11 shows experimental measurements of separation fac-
tors in two different devices operating with two different gas
mixtures: N»/SF¢ and Ar/SFg. The results show that device 1
achieves better performance for both mixtures and that the peak
in performance occurs at a pressure ratio of 2 in all cases. Device
1 performs better because a/r, is larger which allows for a longer
flow path and more time for separation to occur. It should be
noted, however, that a/r, cannot be made arbitrarily large as the
geometry and dimensions of the converging-diverging nozzle
must be maintained in order to accelerate the gas flow efficiently.
Separation is weaker for the Ar/SFg mixture because the value of
XSF, — WSF, 18 smaller. This reduces the magnitude of the pres-
sure diffusion term in Eq. (15) that drives the separation process.
Finally, the error bars for the Ar/SFg curves are smaller because
of the very small concentration of Ar in air. This reduces the
sensitivity of the measurements to sample contamination by air.
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Fig. 12. Simulated residence time versus pressure ratio in comparison with the
estimates from the mass flow measurements.

5.6. Residence time

The response of the device is limited by the flow residence
time which can be estimated using the numerical simulations
and the experimental measurements. In the simulations, the
residence time is determined by measuring the time required
for particles to traverse streamlines that originate at the mixture
entrance and terminate at one of the outlets. The streamlines
are selected so that when taken together they account for a
minimum of 95% of the total mass flow rate through the device.
The average residence time is determined by computing a
weighted average of the traverse-times for each streamline
based on the mass flow associated with each streamline. In the
experiments, the total mass flow rate of device 1 ranges from
0.05 to 0.52 sccm, which corresponds to nozzle exit velocities
ranging from 5.9 to 45.4 m/s computed by assuming that the
velocity profile is uniform (i.e. by neglecting the growth of
boundary layers in the passage). The physical length of the
channel divided by the estimated velocity gives the estimated
residence time in the experiments. Fig. 12 shows that the res-
idence times estimated from the experiments are significantly
longer than those inferred from the numerical simulations
which account for the fact that the velocity distribution across
the channel is not uniform. Increasing the pressure ratio
reduces the thickness of the boundary layer at the walls and
leads to a more uniform velocity distribution. As a result, the
residence times estimated from the experiment approach those
estimated from the CFD as the pressure ratio is increased. The
correspondence between these bulk estimates and the more
precise estimates made using the CFD simulation increase our
confidence in both the experimental and numerical results.
They also demonstrate the fast response of the concentrator
element.

6. Future work

While the rapid concentration of heavy molecules in a
dilute mixture has been demonstrated, the concentration effect
observed in this device is much lower than what can be achieved
using other methods like sorbent beds or permeable membranes
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[10,31]. However, this can be improved in a number of ways.
First, the geometry of the inlet should be changed so that the
flow enters the nozzle directly without a 90° turn upstream. This
would eliminate the formation of pressure gradients that point
radially inward and should improve performance significantly.
Second, the single-stage elements investigated here could be
cascaded to form a multi-stage preconcentrator whose concen-
tration efficiency increases exponentially with the number of the
stages. Therefore, further investigations are required to demon-
strate the efficacy of the proposed change to the design of the
inlet as well as to investigate the cascading concept, the coupling
between cascaded elements, and the pressure losses incurred.
As the pressure losses increase, it may also become necessary to
incorporate more complicated non-equilibrium effects. Finally,
it would be very useful to verify that the two simulated flow
modes are actually realized within the device. This could be
accomplished in the present device using an infrared micro-PIV
technique that is capable of measuring velocity fields through
silicon walls [30].

7. Conclusions

A concentrating device for gas sensing applications has been
constructed and tested. Measurements of its performance are
consistent with the predictions of numerical simulations which
show that a greater than two-fold enrichment of SFg in dilute
SFe/N> mixtures can be achieved with response times of bet-
ter than 0.01 ms. The simulations show that separation occurs
as a result of radial pressure gradients created in curved flow
passages. The effects of varying the pressure ratio, passage
geometry and the composition of the gas mixture were also
investigated. The results show that separation performance is
maximized when the pressure ratio is optimum, the difference
between the mole fraction and volume fraction of SF¢ is max-
imum, and the length of the flow path through the device is
maximum. The results also indicate that the flow in the device
may oscillate between two flow modes. The mode with the
more highly curved streamlines has better separation perfor-
mance because pressure gradients are increased in a direction
that is favorable for separation. Separation could be improved
further by re-designing the inlet section to eliminate the 90°
turn before the nozzle entrance. This would prevent the forma-
tion of pressure gradients that drive diffusion in an unfavorable
direction. The results of this study can be used to develop concen-
trator cascades where the number of elements can be adjusted
to provide a desired level of concentration. Such devices will
enable the development of miniature chemical sensing systems
with response times that are sufficient to achieve ‘real-time’
environmental monitoring.
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