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ABSTRACT

We report 2 finite element method (FEM) based model for
simylating microfluidic devices with chemical reactions.
The sinulation approach incorporates a general mesh
generation procedure, which allows us to explore different
application-criented designs of microfluidic devices.
Stmulations, which have been validated by experiments, are
used to characterize temperature and species profiles of a T-
shaped microreactor. Predicted results capture the observed
complex temperatmre behavior arising from the heat
generation of catalytic reactions. Simulation tools developed
in this work are demonstrated to be useful m designing a
silicon-membrane based microreactor with improved heat
tramsfer characteristics.

Keywords: FEM, simulation, microreactor, microfinidic,
and reaction.

INTRODUCTION

Over the past decade, advances made in the field of micro-
electro-mechanical systems (MEMS) have exiended the nse
of miniaturization technology from mechanical actuators
and sensors to microfluidic devices for bio-essays. However,
only recently, has the concept of miniaturized chemical
processing been considered in the chemical industry.
Micromachined chemical systems, specifically
microreactors, offer advantages in chemical process
development and operation compared to conventional
chemical reactor systems, Microreactors can serve as
efficient development platforms by allowing process
optimization of a single unit and subsequent scale-up by
replication [1]. The ability to integrate control, sensor, and
reactor functiopality in microreactors offers increased
flexibility over the current complex, multi-unit pilot plant
environment and sets them apart from passively controlled
honeycomb or capillary reactors.

The development of microreactors is still in an early
stage. To make this technology practical, several issues
relating to design and device performance must be solved.
Modeling tools are ofter used to assist design and
optinzation of MEMS devices. MEMS software such as
MEMCAD and SOLIDIS [2-3] considers only the
computation of mechanical and electrostatic domains.
Interest in modeling fluid domain of microfluidic devices
has increased as use of mini liquid handling systems for
biclogical assays has grown. Finding strategies to predict
pressure drops and improve thermal and mixing efficiencies
are the main issues in modeling of liquid-phase microfluidic
devices. Reaction chemistty modeling approaches in a

microfluidic device are not generally available and more
efforts are needed, Swong coupling of fleid and thermal
wansport cambined with chemical reactions in small
dimensions is computationally more demanding compared
with those non-reactive microfluidic applications.

The focus of this work is to apply our simulation
methodology [4-6] to 2 T-shaped microreactor, to explore
the reaction phenomena involved in reactors of small
dimensions, and to give a framework for improving designs
of new microreactors,

THE PHYSICAL SYSTEM AND
COMPUTATION

A detailed description and fabrication process of the T-

shaped microreactor investigated in this work has been
reported by Srinivasan et al. [7]. This device consists of 3
550 um deep, 1.8 cm long T-shaped flow channel etched in
a silicon wafer. The channe] is capped from the top hya 1
pm thick silicop nitride membrane, and sealed from the
bottom by an alominum plate having an outlet and two inlet
holes. Located on the top of the silicon nitride membrane are
temperature sensors, flow sensors, and heaters, which have
been patterned from 0.1 pm thick, electron-beam evaporated
Pt films,
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Figure 1. Schematics of the T-shaped microreactor: (A) Top
view (B) Cross-section paralle]l to flow (C) Cross-section
perpendicular 1o flow.

The Pt heater has five identical 3.4 mm heater mits, each of
which can be individvally controlled. Along the flow
channel, 2 0.1 um Pt film, deposited on the membrane inside
the channel, defines the reaction zone for the catalyzed
surface. A detailed cross-sectional view of the microreactor
and the membrane layer structare are illustrated in Figure 1.
Reactant gases enter the reactor from the two arms of the T,
mix by diffusion at the entrance to the reaction zone, and
then react on a heated Pt catalyst present on the underside of
the silicon nitride membrane.

The microreactor can be modeled as two coupled
computational domains; one of which is a flow chammel
consisting a reactive gas mixture waveling through the
micro-chammel towards a heated catalyst, and the other is the
surrounding enclosure, which exchanges heat with the flow
channel. The meandering Pt heaters are approximated as
long, thin rectangular strips and only the beated section of
the reactor is modeled as other areas are sufficiently cool
such that reactions do not occur to any significant extent in
those regions. The wansport phemomena znd chemical
reactions within the microreactor are described by
conservation equations along with appropriate boundary
conditions. These equations contain properties of the gas
mixture that depend on temperature, pressure, and species
compositions as well as thermal properties.

The simulation approach begins with the generation of a
fnite element mesh of the microreactor configuration using
a commercial 3D mesh generator. Particular attention is
given to capturing the geometry of materials in close contact
with the catalyst and membrane. Boundary conditions are
assigned to surfaces and material types are assigned to the
elements. Next, the equations describing transport models
and chemical kinetics are discretized using Galerkin Finite
Element Method (GFEM) and the resuiting algebraic
equations are assembled in matrix forms. Arc-length
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continuation methods [8] are used to trace the ignition and
extinction characteristics of a microreactor. We have
developed methods for simplifying the computations.
Specificaily, the dimensionality of the membrane structure
has been reduced from 3D to 2D by modeling heat transfer
throngh the heater, membrane and catalyst layers as z
boundary condition. Approaches for obtaining initial
solutions have also been derived, which avoid regions of
muitiple solutions frequently encountered in ignition
problems. Simaulations of reaction chemistry coupled with
transport phenomena are carried out in 2D. Detailed heat
transfer calculations are carried out in three dimensions. A
detailed description of numerical approaches used will not
be reiterated here and it can be found in the papers by Hsing
etal. [4,7].

CHARACTERIZATION OF
MICROREACTOR

Platinum catalyzed ammonia oxidation serves as a model
partial  oxidation chemistry for demonstrating  the
microreactor technology and the associated reaction
engineering analysis. This particular reaction is relatively
well understood and displays competitive reaction pathways,
which allow investigation of general conversion and
selectivity issues in imicrochemical systems. Moreover,
ammonia oxidation exhibits typical ignition and extinction
phenomena characteristics of partial oxidation reactions,
Such phenomena are useful in exploring heat tansfer

- characteristics coupled with reaction processes, We have

reported previously [4,7] that ammonia oxidation can
exhibit ignition-extinction bebavior in a microreactor and
the simulated results demonstrated the observed upstream
movement of temperature front at a low ammonia flow rate
(5 std. cm®/min). Such phenomena of temperature excursion
during reactions can deteriorate integrity of the membrane,
Tesulting in failare of the microreactor device. In this section
we will use simulation tools to characterize the effects of
flow rate on the T-shaped microreactor operation and
suggest directions for new microreactor designs which avoid
failure,

Reaction temperature
The movement of temperature front is known to be a strong
function of the flow rate and reactant composition in the
flow channel [4,7], thus heat transfer characteristics
exhibited during reactions can be quite different at various
flow rates. At small flow rates (5 sccm), the catalytic zone
uederneath the silicon nitride membrane is more accessibie
to the reactants than at high flow rates as reactamts have
enough time to diffuse to the catalytic surface. Reaction
occurs primarily near the leading edge of the heater, cansing
the upstream movement of temperature. On the other hand,
at high flow rates, reactants do not reach upstream catalytic
surface completely because of the small residence time. As a
result, reactions occur along the entire flow channel and the
temperature profile of the catalytic surface is nearly
nniform.

Simulated temperatures at locations of upstream and
downstream sensars (Figure 2) show good agresments with
measurements. Upstream temperature is much higher than



downstream at low flow rates. The downstream temperamre
increases with increasing flow rate. The temperature along
the heater segment is uniform for flow rates higher than 30
sccm. The upsiream temperature remams arownd 600°C
regardless of the flow rate because sufficient NH, is
available upstream, causing a constant temperature rise by
the heat from surface oxidation reactions.

Simulated temperature isotherms along the flow -

channel at different flow rates (Figure 3) illustrate the
movement of temperatare from upstream to downstream at
ignition. The temperature peak is broader at high flow rates
than that of low flow rate (~ 5 scem). Thus, the focal thermal
stress that damages the membrane structure could be eased
at high flow rate conditions,
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Figure 2. Simulated and measured temperature at locations
of upstream and downstream sensors at different flow rates.
Solid and dash lines are simulated data at locations of
upstream and downstream respectively, (A) measured data
upstream, (+) measured data downsteam. Conditions:
mixtare of ammonia and oxygen at 1 atm pressure, mole
fraction of NH; 10% and O, 90%, and heater power = 240
mW.
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Figure 3. Temperature isotherms along the reaction flow
¢hannel of the microreactor at different flow rates, (A) 3
secm, (B) 10 scam, (C) 20 scem, (D) 30 scem, (B) 40 scom.
Temperature increment at each contour level is 100 °C.
Condition, as in Figure 2.
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The increase in temperature of the gas as it flows over the

heated catalyst increases the flow velocity. Because the

teraperature front moves downstream with increasing flow
Tates, a similar pattern also follows for the velocity contours
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(Figure 4). The large temperature gradient in the flow
channel justifies the use of the equation of state to describe
the temperature dependence of the mixture density.
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Figure 4. Velocity contours in the flow direction at different
flow rates. (A) 5 sccm, Peclet number, Pe=6, velocity
increment at each contour level: 0.2. (B} 10 sccm, Pe=13,
velocity increment at each contowr level: 0.3. (C) 20 scem,
Pe=23, velocity inarement at each contour level: 0.5. (D) 30
sccm, Pe=38, velocity increment at each contour level: 1.0.
(E) 40 sccm, Pe=350, velocity increment at each contour
level: 1.0. Conditions, as in Figore 2.

For high-flow-rate convection dominated conditions (30
sccm) we use the Streamlime-Upwinding-Petrov-Galerkin
(SUPG) FEM [9] to discretize the governing equations. At a
flow rate of 40 sccm, the Reynolds number can be as high as
200 within the high-temperature region of the channel, For
- such high Re number flow, standard GFEM technigue will
fail and exhibit unrealistic wiggles in the velocity solutions.

Concentration and conversion

NO and N, are the major products from. catalytic ammonia
oxidation reactions. Production of N, is mainly from the
reaction between ammonia and nitric oxide at the catalytic
surface. The selectivity of NO to N; can be increased if NO
i the bulk is deterred from readsorbing back to the catalytic
surface to produce N,. NO concentration contours (Figure 5)
teveal that at low flow rates and high residence time,
significant NO is produced in the reaction channel As the
flow rate increases, i.e., reactant residence time decreases, a
thin mass boundary layer develops along the catalytic
surface. Athigh fiow rates (30 and 40 sccm), NO producrion
is only significant close to the catalytic surface, while most
of the NH; bypasses the catalyst, remaining anreacted.
Nitrogen concentration (Figure 6) reveals that nitrogen is
mainly produced at the downstream catalytic zone because
its production reguires NO at the catalytic surface. At a very
high flow ratc (40 sccm), nitrogen concentration is
significant at the very downstream catalytic surface. This
saggests that a design improvement for 2 higher selectivity
of NO to N; could be achieved if the catalytic film is only
placed inderneath the Pt heater area instead of covering the



whole surface underneath the silicon niwide membrane. The

. average conversion of ammonia increases with decreasing
flow rate of reactants; ie. increasing contact time.
Simulations and experiments show a good agreement
(Figure 7) and smggest that reactions are mainly mass
transfer limited after the ignition,
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Figure 5. Nitric oxide concentration profiles in the
microreactor at different flow rates. Mole fraction mcrement
at each contour level: 0.01. Conditions as i Figure 4.
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Figure 6. Nitrogen concentration profiles in the microreactor
at different flow rates. Mole fraction increment at each
contour level: 0.002, Conditions as in Figure 4.
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Figure 7. Average conversion of ammonia as a fonction of
flow rate. X: simulation, O: experimental data_

SIMULATION FOR DESIGN
IMPROVEMENT

We have used the detailed stmulations to increase our
understanding of the behavior of microreactors and to
provide guidelines for the desisn of new microreactors.
Simulation and experiment discussing in the previows
section indicate that the T-shaped microreactor is efficient at
removing heat from the reaction front, but suffers from a
non-uniforn temperature distribution over the catalyst. The
T-shaped microreactor exhibits an upstream temperature
movement at low flow rates. Soch movement of temperature
front could deteriorate the membrane integrity and damage
the microreactor operation, Conversion in the T-shaped
microreactor is controlled by the mass transfer rather than
by catalytic surface kinetics. Therefore, at high flow rates,
ie., small residence time, reactants bypass the catalyst and
conversion is reduced. As indicated above, the current
design of SiNy membrane based microreactor requires
further improvements, specifically in the areas of heat
removal rate and product conversion. In the following
sections, we will dermonstrate the use of simulations as a
design vehicle to improve the performance of the T-shaped
microreactor.

Heat transfer

Heat transfer rate is one of the key issues in the desion of a
microreactor for fast, highly exothermic reactions. To take
advantage of the improved temperature control capabilities
of a microreactor, it must be designed in such a way that the
rate of heat removal is greater than the rate of heat

‘generation to avoid the big temperature jump often

encountered i partial oxidation reactors. However, if one
blindly designs a microreactor with an extremely high heat
transfer rate, this may resalt in a wnit with an excessive
power requirement. In the T-shaped microreactor design,
heat provided by the Pt heater is conducted through silicon
nitride layer to reach the catalyst to turn on the surface
reaction, On the other hand, heat generated by reactions is |
removed mostly by conduction throngh the nitride
membrane to the bulk silicon surrounding the reaction
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channel. The temperature excorsion behavior at low flow
rates as shown by the experiment and simulation reveals that
the heat removal rate of such microreactor needs to be
improved. '

We have used simulation tools that were developed for
the SiN,-membrane based microreactor [4-6] 1o simulate a
silicon-membrane based microreactor prior to its fabrication
and to evaluate its performance and power requirements for
reaction ignition. Unlike the SiN; microreactor, the silicon
microreactor has a 3 pm silicon instead of a 1 um SiN; as
the catalyst-support membrane. Because the high thermal
conductivity of Si (146 W/m-K), the silicon microreactar
provides better heat transfer characteristics and thus the
movement of temperamre front arising from the heat of
reaction can be better controlled. In contrast to the SiN,
microreactor [7), the silicon microreactor exhibit no
ignition-extinction behavior in the ammonia oxidation
process. The reactor can therefore be operated in a
continuons temperature regime often infeasible in
conventional catalytic reactors. However, the iv ~roved heat
transfer also implies that silcon microreactor reg:sires higher
heater power to imitiate the reactions. 3D heat transfer
simulations reveal that an order of magnitude higher electric
power than for the SiN, microreactor is needed to increase
the catalyst temperature from room temperature to around
200°C, the temperature required to ignite ammonia
oxidation. Simulations have been useful in predicting the
range of power requirement heeded (~ 1-2 W) and predicted
results show a good agreement with experimental data
(Figure 8).
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Figure 8. Simulated and measured temperature as a function
of heater power for the silicon-membrane microreactor, .

Mass transfer

Mass gznsfer to the catalytic sarface governs the overall
product conversion. As illustrated in the previous section,
althoungh the T-shaped microreactor has a very large surfac-
to-volume ratio, a relatively small fraction of the reactants
diffuses to the cataiytic surface. At high flow rate
conditions, reactants are swept out of the reactor before they
can reach the camlytic surface. It has been shown that the
conversion efficienicy is related to the ratio of the thickmness
of the mass boundary layer to the channel height [6]. Thus,
the conversion can be mcreased with reducing the chanmel

496

height and this design modification can be done
experimentally by molding 2 ceramic insert that is placed
inside the reaction chamnel. Simulations show that this
solation is effective and the average conversion can be
increased about 20% even at high flow rates (Figure 9).
More simulation studies are needed to find an optimum
design parameter because the narrow channel could cause
too high gas velocities, which may impose a kinetic
Limitations on the conversion.

30
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Figure 9. Comparison of reactant conversion as a fimction of
flowrate for the original microreactor and the microreactor
with the ceramic insert.

CONCLUSIONS

As the development and understanding of catalytic
microreactors increases, these systems will likely find
growing applications in industry. To successfolly design,
implement, and optimize microfabricated systems, a
thorongh understanding of the underlying physics and
chemistry is necessary. This work demonstrates that detailed
FEM analysis can be used to simulate heat transfer and
reaction processes in microchemical systems. Using
knowledge acquired from simulations, new, improved
microreactors may be fabricated. The simulation
methodology developed bere could provide a framework for
the evaluation of transport and reaction processes in more
complex microreactor designs and scale-up. Ultdmately, the
reaction engineering simulations should become design
tools along side standard MEMS tools for layout and
fabrication.
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