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Microfabrication technology presents the opportunity to create highly instrumented,
micro-scale chemical reactors that bring with them the potential for new analytical
capabilities, point-of-use synthesis, and highly parallel screening methods. However, the use
of integrated circuit-like reaction devices, such as the MIT thin-film microreactor, also gives
rise to a spectrum of new engineering challenges with respect to reactor system integration
and scale-up schemes. This work demonstrates the integration of multiple microreactors
operating in parallel within a system that includes gas flow control components and the
associated electronic circuitry. The system built is equivalent to a conventional laboratory
reactor system but in 1/10th of the space.

Fluidic and electronic interfaces, thermal management, and operational safety are all
considerations in microreactor packaging. A standard microchip socket from Texas
Instruments was selected as the first level packaging. The sockets have mechanical attributes

that lend them to, with minor reworking, simultaneous fluidic and electronic connection.



This selection makes PC board mounting of the reactor devices straightforward. Shut-off
microvalves and proportional microvalves from Redwood Microsystems, with their control
electronics, have also been mounted on PC boards to control the gas flow in the system. This
allows the entire system: reactors, device electronics, and gas distribution manifold to be
mounted on standard CompactPCI cards and housed in a commercially available chassis.

A Kaparel CompactPCI chassis is used to house the microreactor system. Electrical
connections between the boards are achieved through a standard backplane and custom-built
rear /O PC boards. The system is comprised of a temperature controller card that regulates
temperature for auxiliary heaters in the system; a gas mixing board that mixes the feed gas
for the microreactors; two microreactor boards that each contain two microreactors with their
feed flow controllers; and two heater circuit boards that provide power to the microreactor
heaters. A National Instruments embedded real time processor is used to provide closed-loop
control and monitor system alarms. A host PC, running LabVIEW 6, is used as the human

machine interface for operator interaction and historical data logging.
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CHAPTER 1
MICROREACTORS AND STARBUCKS®

New concepts in chemical engineering are becoming increasingly rare. One study
points out that although the number of major new innovations in the chemical industry was
40 in the period between 1930 and 1949, it declined dramatically to only 3 between 1970 and
1985[1]. From a business perspective, the chemicals industry is considered mature. Rapid
advances or step changes in technology do not occur often. Currently, innovation in business
strategy can be just as important as innovations in technology[2]. This is shown in the
adoption of new management styles in the Chemicals Processing Industry (CPI), such as total
quality management and, more recently, six sigma[3,4]. Nonetheless, conditions seem
favorable for the pursuit of radical technology to meet increasingly demanding
environmental regulations and global competitive pressures[5]. These factors indicate that
the change in the chemical industry in the next 100 years could be just as dramatic as the
changes in the last 100 years[6,7].

One promising emerging technology is the development of microreactors, or
miniaturized chemical reactors, for on-site and on-demand chemical production[8-13]. The
idea behind MicroReaction Technology (MRT), the term used to described this field,
originated in the late 1980’s when an ordinary appliance generated an extraordinary idea[14].
The basic observation was that hundreds of thousands of gallons of coffee are produced
every day with a relatively small piece of equipment that is operated both where the
consumer wants it and when he needs it. This leads even further to consider how much

coffee could be produced by a single coffee maker running virtually continuously. If
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chemical reactors could be made on the same scale, even a small device would be capable of
generating a significant amount of product over a long period of time. This microreactor
would also have the advantage of reducing the need for transportation and storage of
hazardous or unstable chemicals. For example, the 10 channel packed-bed microreactor
developed at MIT with an operating flow rate of 80 std. cm’/min could produce

approximately 100 kg/yr of phosgene[15].

What is a Microreactor?

A natural series of questions then arises on how best to take advantage of this idea.
The most important of which are

e How big should these reactors actually be?
e How should these reactors be made?

e What advantages do these reactors have?

e Where will these reactors be used?

Microreactor Size

In the field today, microreactors generally have a characteristic channel dimension of
less than 0.5 mm[16]. Larger dimensions increase the throughput rate, but may decrease the
advantages that small dimensions can provide. To overcome throughput limitations with
such small channels, many reactor designs use a large number of channels operating in
parallel. This is not distinctly different from the monolithic catalysts that have been

commercially available for decades.
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From a theoretical perspective, any advantage in size is not achieved until the channel
dimensions are reduced to the characteristic length scales for heat and mass transfer. The

characteristic length of mass transfer is given by
O, =~D 7, 2.1
where &, is the characteristic diffusion length of component A in B, D,; is the diffusion

coefficient of component A in B, and 7, is the time allowed for mass transfer. D,, is

typically on the order of 0.1 cm?/s for mixtures of gases. Assuming that the residence time
for a microreactor is on the order of 1 second, this gives a characteristic diffusion length on
the order of 1 mm. For liquids, the diffusion coefficient is much smaller and this results in
the need to design specialized mixing structures—a task that has received considerable
attention over the past decade.

Similarly, the characteristic length of heat transfer is given by

S, =\ar, (2.2)
where &, is the characteristic length of heat transfer, «is the thermal diffusivity of the fluid,

and 7, is the time allowed for heat transfer. «is generally on the order of 0.1 cm?/s for gases,

and this gives a characteristic length of heat transfer on the order of 1 mm assuming again
that there is a 1 second residence time in the microreactor.

Small channel dimensions also lead to a laminar flow velocity profile under most
conditions. This can be an advantage or disadvantage, depending on the application. For
example, a laminar flow field makes modeling of the microreactor much easier[17]. This
behavior has also been used as an advantage in the design of micro-extractors[16,18]. On the

other hand, turbulent flow is preferred in a channel if intimate mixing is desired between two
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streams. Turbulence would also reduce temperature and concentration gradients present in
laminar systems.

For these reasons, the channel dimension perpendicular to flow has been kept to less
than 0.5 mm in most microreactor designs. Mixing structures for liquids use considerably
smaller dimensions (usually around 50 um) because of the slower diffusion process. The
length of the reaction channels is more variable but is on the order of 1 cm. However, this
length depends on the desired throughput rate and the needed reactor residence time.
Ultimately, the designer must consider trade-offs between pressure drop, throughput, reaction
requirements, and cost in selecting the appropriate microreactor dimensions.

Microreactor Fabrication

A large variety of materials and fabrication methods are available for producing
microreactors. In general, the need for a specific material will partially dictate the fabrication
method. However, in many cases, a variety of materials may be equally applicable in terms
of chemical and thermal compatibility. In these instances, the cheapest material with the
most cost effective fabrication method is chosen. This gives a significant advantage to
plastics and certain readily machined metals. Microfluidic plastic devices can be mass-
produced using hot embossing, injection molding, and casting[19-21]. In addition,
prototypes can be made cost effectively using conventional machining equipment. The
biggest disadvantage to plastic devices is the low temperature range of the material (less than
200°C for most plastics)[20-22]. Punching of metal parts for microreactors has also been
used to create devices in a cost effective manner[16]. In addition, metals can be machined
using conventional technology or micro-ElectroDischarge Machining (WEDM). This

technique has the capability of producing structures with minimum feature sizes of 10
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um[21]. Thus, the extensive experience with metals in chemical processing can be directly
used in developing microreactors. The ability of a well-equipped machine shop to produce
microreaction devices significantly expands the number of potential players beyond those
with access to silicon microfabrication facilities.

Silicon has also played a prominent role in microreactors due to the micromachining
experience of the Integrated Circuit (IC) and MicroElectroMechanical Systems (MEMS)
industries. Silicon is an excellent material because of its chemical inertness, which can be
improved by oxidizing the surface[23], and its large operating temperature range. Single
crystal silicon also has a high thermal conductivity, 157 W/(m-K) compared to 236 W/(mK)
of aluminum[24]. In addition, it is possible to integrate silicon microreactors with sensors,
such as for temperature and pressure. This gives the advantage of more precise control and
performance information. Unfortunately, this information comes at a price since the
machining requires specialized silicon processing equipment. Mass production is possible,
but high volumes are needed to drive down cost. Even then, some processes, such as Deep
Reactive Ion Etching (DRIE), are not economically favorable at this time.

Other materials and fabrication methods, such as ceramics and LIGA, an
electroplating technique of microstructures created using a synchotron radiation source, are
available for building devices as well. Ultimately, cost and reaction requirements will dictate
the material and fabrication method. However, the designer must keep in mind the enabling
characteristics of miniaturization. If the selected material and fabrication technology cannot
produce a microreactor that has advantages over a larger conventional reactor, the extra
expense of miniaturization is not justified. For that reason, the Jensen research group at MIT

has focused on silicon microreactors because silicon allows the integration of sensors,
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actuators, and microstructures. These features produce reactors with characteristics that are
not possible on the macro scale, such as thermal time constants on the order of milliseconds
and submillimeter control of temperature. Likewise, the Institut fiir Mikrotechnik Mainz
(IMM) has focused on metal, multi-channel microreactors that can be produced using
punching. The small channel dimensions and the high thermal conductivity of metal give
extraordinary heat transfer characteristics. ~Metal punching makes the devices cost

competitive with conventional technology.

Advantages to Miniaturization

Currently, the motivating force behind reactor miniaturization has been a technology
push instead of a pull. Researchers have identified potential advantages for these devices,
but the CPI remains skeptical at their applicability. Since there is no killer application for
microreactors at this time, there has been little pull toward microreactor research by industry.
Thus, the advantages of microreactor technology have been classified in broad terms and
have not necessarily been demonstrated in a viable commercial setting. The original

motivation behind microreactor research was driven by five key factors[13,25,26]:

e Safety

e Technical advantages

e Distributed production

e Easier scale-up

e High throughput screening techniques

These advantages of MicroReaction Technology are summarized below.

Safety

An important advantage of microreactors for chemical production is the inherent
safety in having reactor volumes so small that the system could be designed to contain even

the worst-case accident scenarios. Microreactors, with their narrow channel size, hold such a
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minor quantity of chemicals that a total failure would merely require temporary shut-down
and reactor replacement. The small quantity of chemicals released by a failure would not
pose an environmental threat. For example, a failure of the MIT membrane microreactor for
one minute before shutdown would release ~30 mg of chemicals. Furthermore, a worst-case
explosion in the scale-up microreactor system discussed in this dissertation would release the
equivalent energy of 0.00023 Ibs of TNT. The design of a containment system to handle a
hazardous chemical or energy release on this level would be straightforward.

Operating reactions in a microreactor is also safer because of the high surface-to-
volume ratio that increases the heat transfer rate away from the reaction zone. For example,
microchannel heat exchangers/reactors can easily have overall heat transfer coefficients that
exceed 20 kW/(m*>K), where conventional heat exchangers have overall heat transfer
coefficients of less than 2 kW/(m*K)[16]. Furthermore, the high surface-to-volume ratio
also acts to lessen the contribution of homogeneous free-radical chain mechanisms that
induce a runaway reaction[27]. As part of its exploratory work in the field, DuPont
researchers performed several reactions that required or produced toxic intermediates in a
silicon wafer stack microreactor[13]. Researchers have also reported operating reactions in
microreactors that would be considered unsafe or impossible to run on a larger scale because
of the explosion potential[27-31].

Recently, health and the environment have become critical factors in the CPI. Not
only must processes be designed to be safe, but it now makes economic sense to decrease the
impact of processes on the health of workers and the surrounding community[32-34]. This
means reducing chemical releases and minimizing the amount of waste being disposed. In

the past, batch processes were favorable for producing small quantities of chemicals in
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campaign-oriented manufacturing. The disadvantage is that large amounts of waste can be
generated in the startup, shutdown, and cleaning of batch processes. Switching production to
a continuous process can significantly reduce the amount of waste associated with the
process and ultimately improve its economics[35]. In the future, small quantity continuous
production using microreactors may be more favorable then using batch production processes
for these reasons.

Technical advantages

Microreactors have technical advantages for some reactions because of their physical
characteristics. They can either improve the performance of a reaction by increasing
selectivity and yield or decreasing energy consumption. The high surface-to-volume ratio
increases heat transfer to and away from the reaction zone. It also plays a role in quenching
gas-phase free radicals that may compete with the desired heterogeneous reactions. Other
phenomena, such as surface tension, also change in importance due to size. Even under
similar operating conditions, microreactors have been shown to increase selectivity and/or
yield for a number of industrial gas and liquid phase reactions[16,26,36-42]. In addition,
microreactors are capable of running reactions that are impossible on a larger scale due to
safety reasons. For example, the direct fluorination of aromatic compounds has already been
demonstrated by two groups[29,31,43]. Normally, this reaction would not be attempted in a
conventional reactor because of the highly exothermic nature and poor selectivity.

In addition, certain reactor configurations may favor microfabrication, such as
membrane reactors. The Jensen group has produced a palladium membrane microreactor
that is capable of performing a hydrogenation reaction while keeping the hydrogen stream

from having direct contact with the rest of the feed[44]. This microreactor is capable of high
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hydrogen diffusion rates through a palladium membrane because of the fabrication
techniques used.

Distributed Production

Benson and Ponton[5] originally recognized distributed chemical production as being
a key factor in the future of the CPI. They identified the key advantages to this as being the
reduction of the footprint of chemical facilities, avoidance of transportation of hazardous
chemicals, and the elimination of storage of hazardous or unstable chemicals. Their concept
was to have miniaturized chemical plants used in place where the product was needed. This
point-of-use mini-chemical plant has advantages over a larger-scale manufacturing facility
since it eliminates the need for hazardous chemical storage and transportation. For example,
methyl isocyanate production has already been demonstrated in a microfabricated
reactor[13]. Using minichemical plants would avoid chemical storage by designing them to
have flexible production schedules and for quick startup and shutdown. Parallel arrays of
microreactors offer extraordinary flexibility for production levels since the reactors can be
individually turned on or shutdown to increase or decrease production as necessary. This
allows an individual microreactor to be designed for one particular set of conditions instead
of compromising the design to operate over a variety of flow rates and feed
compositions[45].

Easier Scale-up

Scaling-up microreactors for chemical production is often thought to be easier since
the scale-up involves creating arrays of microreactors operating in parallel. The advantage
being that the reactor studied in the laboratory would ultimately be the reactor used for
commercial production. This avoids the transition from laboratory scale to pilot plant scale

to commercial plant, which can be accompanied by severe difficulties. In support of the
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improved safety aspects, this also avoids working with poorly understood reactions on the
pilot scale. A recent explosion in a DuPont pilot plant in Mexico, where one worker was
seriously injured, emphasizes this point. The work shown in this dissertation suggests that
numbering-up microreactors is not necessarily easier—it simply changes the nature of the
engineering problems that must be solved. The eventual goal would be to create well-
designed scale-up schemes that could be used for a wide-variety of cases. At this time, no
such standard methods exist, and commercial use of microreactors has focused on only one

or two devices operating in parallel.

High-Throughput Screening Techniques

The field of combinatorial chemistry was still young when the first microreactors
were being built, but it was apparent even then that massively parallel testing of catalysts
favors smaller reactor sizes. Although there are many screening techniques that do not use
microreactors per se, it is believed that ultimately a microreactor would be needed for
catalyst evaluation. Currently, the initial fast screens are used to identify potential hits, but
further work must still be done in more standard laboratory reactors. This is due to the
inability of the fast screening techniques to mimic the conditions of typical catalyst use and
to provide the high accuracy data that is required for evaluation. Microreactors could play an
intermediate role where they are used after a fast screening method, but before more in-depth
laboratory studies. Because of the speed of the techniques being developed, even a small
percentage of hits in one screening test could take weeks in a conventional catalyst test
station to evaluate. Another approach would be to use the microreactors as a primary screen,

but use rational catalyst design to produce likely hits that are worthy of study[46].
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Where would microreactors be used?

In the end, economics determines where microreactors should lie in the CPIL
Although distributed production may be a compelling reason to adopt the technology, it
needs to be cost competitive when compared to the current centralized large-scale chemical
plant. This requires analyzing reactions to find ones that favor being run in a microreactor or
cannot be run in a conventional reactor. In addition, production requirements cannot be so
high that microreactor production is not feasible. For favorable economics, the product
should be of high-value or have excessive transportation cost. A risk analysis method could
be used to estimate the economic advantages of microreactors due to increased safety.1

Currently, microreactors are put in place of conventional reactors for commercial
production. In this case, reactions have been identified that are low volume and favor the
small size. CPC? and the IMM® are both marketing microreactors that can be used on
chemical sites for production. The technology has not developed to the point where
distributing microreactor systems to the product end-user is appropriate. Ultimately, these
mini-chemical plants should be highly automated and require little oversight and
maintenance by plant operators.

Looking forward, consumer applications offer the largest potential commercial
market for the technology. In this case, the use of microreactors in distributed energy
systems is the most likely application. An enormous effort is being placed on the

development of highly efficient fuel cells for providing mobile power, and potentially even

"Unfortunately, this is difficult since commercial experience with the technology is limited.
Little information is available on failure rates and scenarios.

2Cellular Process Chemistry GmbH, Hanauer Landstr. 526/G58 III, D-60343 Frankfurt am
Main, Germany, +49(0)-69-4109-2320, info@cpc-net.com.

3 Institut fiir Mikrotechnik Mainz GmbH, Carl-Zeiss-StraBe 18-20, 55129 Mainz, Germany,
+49/(0)6131/990-0, imminfo @imm-mainz.de.
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supplementing electric utilities. Fuel cells need a source of hydrogen or methanol, which
could be provided by a microreactor system. Work is currently underway by PNNL and MIT

in this field[47].

Project Motivation

Past work in microreaction technology has focused on building devices that take
advantage of miniaturization and demonstrate its benefits. Unfortunately, this effort has left
the larger task of integrating microreactors into functioning systems relatively unexplored.
Only recently have microreactors been used in commercial processes, and this use has been
for niche applications that could immediately benefit from the technology. The IMM has
made initial efforts into microreactor integration schemes, but their devices do not address
the control and monitoring issues[48]. CPC has also produced SELECTO™, a commercial
microreactor system by integrating pumps and a mixing type of microreactor. However, no
previous effort has demonstrated multiple reactors running in parallel with an integrated fluid
handling and control system for each reactor.

As a first step toward developing more complex microreactor systems, DuPont and
MIT have collaborated on developing a stand-alone gas-phase microreactor system that
integrates valves, mass flow controllers, pressure sensors, microreactors, and control
electronics. This device is capable of having four independent reaction channels running
simultaneously on two microreactor dies. Each channel has independent flow and
temperature control. In addition, the feed gas for the microreactors is mixed in the system
using microvalves and mass flow controllers. A real-time Programmable Logic Controller
(PLC) controls the microreactor system with a host PC allowing operator interaction.

Product analysis is performed using conventional methods, but could be integrated into the
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system. The focus was not to build and test a new microreactor design, but to build a
MEMS-based system that had the same functionality as a conventional component system.
This effort addresses the key challenges in microreactor integration as well as demonstrating

prototype packaging schemes.

Literature Review

The state-of-the-art in MicroReaction Technology has been summarized recently in a
number of sources, which both describe current and past devices along with potential
applications of the technology[16,49,50]. The best source for recent advances in the field is
the proceedings from the latest annual International Conference on Microreaction
Technology (IMRET). There is no journal devoted to the subject at this time, and papers are
published in a variety of respected journals.

Despite the explosive growth in the field, very limited resources have been placed on
developing integrated microreactor systems for chemical production. Most integrated
devices are in the area of micro-Total Analysis Systems (WTAS) where analysis is the focus
instead of production. Other integrated microfluidic MEMS devices have been developed for
High Throughput Screening (HTS). Integrated microreaction devices for chemical
production have received some focus recently, but no sophisticated systems have previously
been demonstrated.

Microfluidic Integration in uTAS

Although a uTAS device does not necessarily contain a microreactor, recent work has
produced some high-level designs that integrate components that would typically be used in a
microreaction system. Work that demonstrates this kind of integration will be highlighted

here whether it is for biochemical or chemical analysis. There are numerous research efforts
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aimed at integrating microfluidic components that do not have any direct correlation with
microreaction systems for the CPI. For example, the proceedings from the last pTAS
meeting in the Netherlands describes many systems focused on DNA replication and
separation[51]. Although integrated in the sense that they contain a microreactor for the
DNA Polymerase Chain Reaction (PCR), the fluid control techniques used, such as
electrokinetic forces or micropumps, are not readily adaptable for the use of chemical
production except on the smallest of scales (nanoliter to microliter ranges).

The device most directly suitable for the CPI being developed is Sandia’s uChemLab,
which consists of a sample collector/concentrator, a gas chromatograph, a chemically
selective Surface Acoustic Wave (SAW) detector, and a gas flow control module[52,53]. A
rendering of the final system is shown in Figure 1-1. The sample collector consists of a
membrane with a microheater covered by a chemically absorbent gel. The gel absorbs the
desired analytes and releases them upon heating into the micro-GC column. The detector for
the column is a SAW sensor that not only gives a signal when analyte passes through it, but
is chemically selective as well. These three devices are coupled on a novel Printed Circuit
Board (PCB) that provides both electrical and fluidic interconnections. In addition to the
previous devices, the PCB also contains a miniature 3-way valve for bypassing the GC
column and a gas inlet/outlet manifold. A separate board that contains a microprocessor and
memory along with the power control and user interface electronics controls the components.
In many ways, this is similar to the scale-up microreactor system developed at DuPont.
Unfortunately, there are no detailed publications describing the finer points of the integration,
such as the gas pumping mechanism or even the method of fluidic interconnection between

components.
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Figure 1-1. Sandia’s pChemLab. The top level shows the push-button
controls and viewing screen; the middle level shows the electronics
hardware; and the bottom level contains the microfluidic
components[54].

A less sophisticated, but currently functioning, WTAS for the analysis of low
concentrations of toxic metals has been developed by PNNL[55-57]. Two fluidic integration
methods were developed for this system. In one version, a stacked architecture is used,
where each layer serves a particular function such as mixing[55-57]. In the other version, the
components are placed horizontally on a microfluidic platform[55]. An electrochemical cell
is used as the detection device. The cell is integrated with reservoirs for the buffer and
sample solution along with micro-pumps for each reservoir. The micro-pumps used are
electrokinetically actuated and were obtained from the IMM. A picture of the partially

packaged stacked-architecture system is shown in Figure 1-2. Unfortunately, no information
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is given on how the electronics are integrated with the microfluidic structures. However, due
to the low number of connections required for this system, this was not a challenge in the

design.

Figure 1-2. obtype of the PNNL portable metals anal'yZe. The microfluidic
system is mounted on the printed circuit board at left[55].

The alternative fluidic integration method is based on a planer architecture that allows
for easy plug-in of the micro-pumps and electrochemical cell. Again no information is given
on how electronics were connected to the microfluidic system. The functionality of this
version was tested by analyzing a solution for Pb®*. The uTAS was found to be capable of
detecting Pb** on the parts per billion level, and it had similar performance to a macro-scale
electrochemical cell.

At Transducers 97, Richter and coworkers presented a microanalysis system as a

demonstration of a microfluidic system[58]. Their device was meant to demonstrate how
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microfluidic components from a variety of sources could be integrated into a functioning
system. It was composed of three micro-pumps, three flow sensors, two conductivity
sensors, and two passive check valves. This demonstration unit was designed to perform a
sample injection, clean the system between injections, and perform a sensor calibration.

Although one of the main goals of the work was to develop a standardized design
methodology for microfluidic components, their results in this effort are discussed only
briefly. In the paper’s conclusions, the authors acknowledge that standardization is a very
complex task, and that it is not achievable in a short time period. Their call for
standardization is well justified since researchers building a WTAS device usually also
fabricate the individual components for it. This leads to a large amount of repetitive work in
the design of pumps, valves, detectors, and even fluidic couplers. Unfortunately, this kind of
standardization does not usually come in the early development stages of an emerging
technology. FEither an industry organization has to make a concerted effort to develop a
standard (for example, the Blue Tooth standard for short range wireless communication), or
the industry leader creates a de-facto standard (for example, the Windows™ operating
system by Microsoft). Since the commercial industry for WTAS has not developed at this
point, neither of these two methods is feasible.

The MESA research institute made another attempt at standardization, where they
fabricated several standard microfluidic modules such as flow sensors and pumps[59]. These
were incorporated into a demonstration device designed for the optical detection of pH
change using a pH indicator. This system consisted of two micro-flow sensors, two micro-
pumps, and a microfabricated optical absorption detector. The microfluidic devices were

mounted on a Mixed Circuit Board (MCB) that consisted of an epoxy Printed Circuit Board
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(PCB) on the top and a polycarbonate substrate. Fluidic channels and vias were machined in
both layers to connect the individual components. The PCB provided a means of electrical
connection between the components and the control circuitry. However, it is not clear how
the electrical connections between the microfluidic devices and the PCB were made.
Presumably soldering or wire bonding was used. Beneath the MCB there were two more
PCB layers that contained the control and communication circuitry needed for the system.
The system was packaged very cleanly, but the complexity was not very high due to its
purpose as a demonstration of their concept. Unfortunately, they have not published results

on continued work in their effort to standardize components.

Figure 1-3. Universiy of Soutampton microfluidic circuit board with
pumps, flow sensors, and a mixer[61].

Researchers at the University of Southampton have also designed and fabricated a
demonstration mixed circuit board system[60,61]. This device, which is shown in Figure 1-

3, has two pumps and flow sensors operating in parallel with a mixing/reaction chamber
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bringing the fluids together. Their MCB consists of a Pyrex top layer anodically bonded to a
silicon bottom layer. However, all of the micromachining is done in the Pyrex layer and the
silicon is used only to seal the channels. The microfluidic components are then mounted on
the Pyrex layer by another anodic bonding step. The authors do not describe any special
techniques used for the electrical interconnections in their paper. Follow-up work describing

the development of more complex systems has not been published.
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Figure 1-4. Schematic of the University of Cincinnati microfluidic
system for biochemical sensing[62].

The Ahn research group at the University of Cincinnati have developed a
considerably more complex integrated microfluidic device using the mixed circuit board
concept[42,62]. Figure 1-4 shows a schematic of this system, which performs biochemical
detection using magnetic beads. Its components include microvalves, micropumps,
biofilters, flow sensors, and an imunnosensor. Their fourth generation system, shown in

Figure 1-5, contains an impressive amount of integration with two MCB’s stacked vertically
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(one containing reagent reservoirs and the other performing biochemical detection). The

MCB’s are connected to four PCB layers that contain the electronic circuitry needed for the

microfluidics as well as a microcontroller to direct the performance of assays.

Figure 1-5. Fourth generation of the University of Cincinnati’s UTAS for biochemical
sensing. The top two circular layers contain the microfluidic components[62].

The substrate of the mixed circuit board is a glass top layer bonded to a silicon
bottom layer. The microfluidic components all consist of a glass bottom layer that is high
temperature bonded to the MCB. The MCB is patterned with a gold layer to provide
electrical interconnections between the devices. Soldering is used for the electrical
interconnections from the microfluidic components to the MCB. This group has also
developed a novel technique for fluidic interconnections between the MCB layers. Figure 1-

6 shows a close up of the two MCB layers for a better view of these connections.
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Figure 1-6. Close-up of the mixed circuit board layers of the
University of Cincinnati’s pTAS[62].

Fluidic connections are made using PEEK™ tubing and a micromachined glass
structure. Figure 1-7 shows the structure in a stack of glass wafers where a smaller diameter
hole forms a shelf over the larger diameter hole. To join the structure to the tubing, a piece
of tubing is inserted and then force and heat are applied to flow the plastic tubing into the

larger diameter hole. This creates a flange that seals the tubing to the glass wafer[63].

Tubing B inlet F1anging hole xi et Ap’:::iid

Fluid
channel il Tubing A

Tubing B
Glass

Glass : _ '
Glass , 8 - 3

i 5 S

Figure 1-7. Schematic diagram of the University of Cincinnati’s interconnect
method: (a) bonded glass wafer assembly; (b) flanging operation; and (c)
assembled view[63].
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Microfluidic Integration in HTS-

The development of complex microfluidic systems for High Throughput Screening
(HTS) applications has not been described in the literature. However, it is quite likely that
the major companies participating in the development of combinatorial methods for materials
screening have developed or are developing such systems. In particular Symyx4, has
indicated in conference presentations that they are building systems that incorporate
microreactors for screening purposes[64]. Their ongoing collaboration with the IMM is also
well known[65]. Their focus is on developing a secondary level of catalyst testing
technology to be used after the primary mass screening is performed[64]. It is quite likely
that HTE® and Avantium® are also working on developing complex microreactor systems for
catalyst screening, but no information is available on their efforts.

The pharmaceutical industry has already benefited greatly from HTS techniques.
Vast compound libraries are being searched for possible pharmaceutical applications;
however, much of the testing being performed does not use microfluidics. Instead, robotics
is used to handle small quantities of compounds using parallel arrays of pipettes. It is likely
that the pharmaceutical industry will begin to use microfluidic systems in the near future.
Examples of companies performing research in this area include Abott Laboratories[66],
AstraZeneca[67], SmithKline Beecham  Pharmaceuticals[68], Caliper[69], and
ACLARA[70]. However, the devices being developed handle only very small quantities of

chemicals and their methods for both fluid manipulation and detection are often not directly

4 Symyx Technologies, Inc., 3100 Central Expressway, Santa Clara, CA 95051, (408) 764-
2094.

SHTE Aktiengesellschaft, Kurpfalzring 104, 69123 Heidelberg, Germany, +49 (0) 62 21.74
97 - 0.

® Avantium Technologies, Zekeringstraat 29, 1014 BV Amsterdam, The Netherlands, +31
(0)20 586 8080, info@avantium.nl.
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applicable to microreactor systems for use in the CPI. Orchid BioSciences appears to be
developing more complex, integrated microfluidic systems for HTS, but little information is
available on their research[71-74]. Figure 1-8 shows a conceptual drawing of an Orchid

multilayer microfluidic device that contains valves and reaction chambers.

Capillary Valve —————ae = L |}

Reaction Well

Waste Exit

Figure 1-8. Orchid BioSciences multilayer microfluidic chip[74].

Microfluidic Integration in Chemical Production

Research in microreactors for chemical production began in the late 1980’s at
DuPont[14,75]. This work culminated in an extensive experimental effort that built various
microreactor designs with different materials, heating methods, and catalysts[13,75]. An
example of an early DuPont microreactor design for producing methyl isocyanate, which is
an intermediate in the production of agricultural chemicals, is shown in Figure 1-9. This
layered design integrates heat exchange and reaction to yield a system the successfully
manages the large amount of heat generated by the reaction. DuPont also tested a number of
other reactions that involved hazardous reactants and/or products as a proof-of-concept. This

early work focused on integration of microreactor components through the stacking of layers.
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However, it did not address the problem of connecting arrays of reactors to increase overall

throughput.

,. . 2, Rl

Preheater/mixer

{

- Startup Hﬁ;tgr'

Figure 1-9. Methyl isocyanate microreactor concept from DuPont[75].

CRL and AstraZeneca have developed massively parallel microfluidic systems for

extraction using micro-contactors[76]. As a first step they developed a device that connected

42



ten of the CRL 120 channel micro-contactor devices in parallel. This system operated at a
flow rate of approximately 10 ml/hour of both aqueous and organic phases. Subsequently,
they developed a high throughput unit that incorporates 50 of the CRL 120 channel micro-
contactors. The design of this system placed a greater emphasis on maintainability and
flexibility. Standard fittings were used to connect the individual micro-contactor arrays into
a sub-assembly of five arrays. The sub-assemblies were based on a polypropylene frame that
incorporated the liquid distribution manifold for the system. Liquids to the system were
gravity fed, and it was capable of handling aqueous and organic phase inputs at
approximately 250 ml/hour each. Their system was tested using 3-hydroxy-nitrobenzoic acid
transfer from ethyl acetate to aqueous sodium carbonate. Although the fluid manifold
developed in this work was impressive, the system control and automation still needs
development, and this is the subject of present work.

Pacific Northwest National Laboratories is also developing
microreaction/microfluidic systems for chemical production[77]. A primary focus for their
effort is the portable production of hydrogen for use in fuel cells[47]. In this area, they are
working on systems for both man portable and automotive applications. Although they have
built and tested many of the system components, no work has been published on component
integration and system control.

Even more impressive is their effort in collaboration with NASA to develop a
miniature chemical plant for in-situ resource utilization on future Mars missions[78]. The
goal of this program is to produce liquid fuels using the resources available on Mars and
small amounts of materials transported for the mission. Their design, shown in Figure 1-10,

will produce methane from hydrogen, which is transported to Mars, and carbon dioxide
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available in the Martian atmosphere. In this case, microreaction technology may allow a
substantial reduction in the weight of equipment and a corresponding savings in launch costs
(it costs approximately $10,000/Ib to place material in orbit). When completed, this would
be the most complex microreaction system built to-date and fulfill Benson and Ponton’s
vision of a completely autonomous mini-chemical plant[5]. The problems associated with its
construction are sizeable considering the forces the system must sustain during launch and
landing. Even more challenging is that it must run completely unattended for its designed

operating time of 330 days.
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Figure 1-10. Block diagram of a miniature chemical plant designed by PNNL for in-situ |
resource utilization in future Mars missions[78].

44



The IMM has begun to address the problem of integrating microreactors with other
components for commercial systems. Already, a large number of their microfluidic devices
are available for sale[79]. Commercial use of these devices has mainly been limited to
replacement of conventional components due to improved performance through the use of

micro-scale devices[36,37]. However, recent work has developed components for systems

that can be assembled in either stacked or planar configurations.

Figure 1-11. ayes of the IMM flexible mu1t1-component microreaction system for liquid

phase reactions[81].

The stacked microreactor systems, designed for liquid-liquid phase reactions, consist
of fluid supply layers, reactor layers, delay layers, and quenching layers[80,81]. Figure 1-11
shows examples of different layers used in the system. The reactor layer has an integrated
heat exchanger to remove or provide heat for the reaction. There are also thermocouple wells
in this layer to monitor the reaction temperature in eight different locations. The system

architecture allows for easy exchange, addition, or removal of components as desired. This

45



design addresses the problem of fluidic interconnection through vias machined in the
individual layers. The throughput of the system can be adjusted by selecting reactor layers
with differing number of reaction channels operating in parallel (8, 16 or 24). The method of
sealing between layers has not been discussed in the literature, but it probably uses pressure
in combination with a gasket or o-ring. They also have not discussed methods for parallel
scale-up through the connection of multiple units and control systems.

The IMM has also developed a modular microreactor system that connects
components in a planar configuration. Figure 1-12 shows a schematic of the concept of this
system in which modules are readily connected to each other to form a system. This idea is
realized by placing each module in a standard housing that has hook-type of connectors on
the inlet and outlet, as shown in Figure 1-13. This provides a flexible and quick method to
connect various modules. The hooks on the housing mate the two adjacent modules and an
o-ring seal between the modules assures integrity of the connection. The advantage of this
method is that microfluidic devices only need to be designed once so that they can be
inserted into a standard housing. An entirely new system can be configured using the various
modules very easily. An adapter plate with a hook fitting on one end, and conventional tube
fittings on the other end provide connection with conventional fluidic equipment. These
components could be easily connected to a manifold for parallel scale-up that was equipped
with these hook connectors. The problem of analyzing individual reactor performance of
such a system still remains if many devices are used simultaneously. Also it is not clear how
individual components in such a system could be controlled to obtain maximum performance

for the entire system.

46



Mixer Pump Heat Pressure Distributor
exchanger sensor

Feed 1 —t

: Product
Feed 2 —Pr
Distributor  Mixer Reactor Chemical Separator
with sensor
catalyst

Figure 1-12. IMM concept of a modular microreactor system[81].

Figure 1-13. Components of the IMM standardized modular microreactor system[81].

Cellular Process Chemistry (CPC) is the first company to actively market integrated
microreaction devices that can operate as a standalone system[82]. Their SELECTO™ unit,

shown in Figure 1-14, is comprised of three modules: a pumping module, a reaction module,
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and a residence time module. It is designed for liquid-liquid reactions and is capable of
handling a temperature range from —70°C to 230°C. Flow rates can be varied from 0.1

ml/min to 20.0 ml/min. SELECTO™ has been tested with a number of different liquid-

liquid phase chemistries to verify its performance[41].

Figure 1-14. The SELECTO™ modular microreactor system from CPC[83]

The pumping module, shown in Figure 1-15, is used to transport reactants that are
stored external to the system to the reaction module. It allows for the metering of reagents to
the system and contains pressure sensors to monitor the process. The components used in

this module are conventional in design, and plastic tubing with standard fittings are used to
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connect the components. The pumping control and pressure sensing electronics are

contained within the module.

- . v ‘ .
Figure 1-15. CPC’s SELECTO pumping module[84].

The SELECTO™ reaction module, shown in Figure 1-16, contains a CYTOS™
reactor that can be easily interchanged with another CYTOS™ unit. The reactor is a
microstructured stainless steel stacked plate reactor that has an integrated heat exchanger.
The total reactor volume is 1 ml, and the heat exchanger volume is 12 ml. The reaction
temperature is controlled with the heat exchanger fluid. The CYTOS™ module is inserted

and removed with a clamping mechanism. The method of fluidic interconnection to the
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CYTOS™ module is not clear. Standard tubing and tube fittings are used elsewhere in the

module for conveying fluids.

Figﬁre 1-16. CPC’s SELECTO™ reaction module with the CYTOS™ reactor/heat
exchanger[84].

The mixed reactants are sent to the delay module, which is shown in Figure 1-17,
where they are kept at controlled conditions for the reaction to continue to completion. The
delay module is temperature controlled with the heat exchanger fluid, but the internal
construction is not specified. The SELECTO™ unit is controlled using a computer interface.
External fluidic connections are needed to supply reagents and handle products. Other
connections are needed with a heat exchanger fluid that is at the proper temperature for

reaction. Overall, the device is fairly simplistic with a low level of monitoring and control,
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but this suffices for its purpose, which is to replace test tube synthesis for small quantities of

chemicals.

Figuré lﬁ-l7. CPC’s SELECTO™ delay module[84].

Thesis Objectives

A wide variation of microreactor designs have already been developed. However, the
area of integrated microreactors into complex systems is relatively unexplored. Ease of
scale-up has often been cited as a major advantage of microreaction technology, but no scale-
up systems have been demonstrated to date. The idea that connecting reactors to operate in

parallel is straightforward, but the challenge is in the details of such a design. A
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multidisciplinary approach must be used combining the specialties of chemical, electrical,
mechanical engineering, and computer science for such a system.

This thesis first addresses the problem of microreactor design through finite element
modeling of microreactors. Particular attention is paid to the heat transfer characteristics of
these systems. New microstructures are developed along with the evolution of older
components. The simulations are ultimately used to develop a microreactor the can be
incorporated into a parallel scale-up system. Finally, these models are then used again for
understanding the operating behavior of these devices.

The main objective of this work was to build and demonstrate a scale-up
microreaction system with integrated flow control, temperature control, and safety
monitoring features. The purpose of building this system, also known as the Automated,
Integrated Microreactor System (AIMS), was to identify challenges that face designers
attempting microreactor scale-up and to then develop soiutions. These challenges include the
packaging of microreactors to handle numerous electrical and fluidic connections;
methodology for making electrical and fluidic connections between devices in a scaleable
fashion; and the development of a real-time control system for automated operation and

safety monitoring.

Thesis Outline

The presentation of work is organized around the progression of development of the
AIMS. Chapter 2 discusses the modeling techniques used to analyze microreactors and how
they aided in new reactor designs. After this, the design of the scale-up microreactor is
described along with its fabrication techniques. The chapter concludes with the testing

procedures used after device fabrication. Chapter 3 focuses on the packaging method
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developed for incorporating the microreactors into an integrated fluidic and electronic
system. The various packaging alternatives considered are discussed along with the method
finally selected. Testing of the implemented packaging method is then described in the
closing.

The integration of the microreactors into a complete testing system is the subject of
Chapter 4. Comparisons are made with conventional laboratory catalyst test stations used at
DuPont. A detailed description of all of the mechanical and electrical components above the
packaging level of the AIMS is given. The initial testing and debugging of the completed
system is discussed in closing. Chapter 5 continues the theme of Chapter 4 but is dedicated
to describing the control hardware and software assembled for the AIMS. The chapter
concludes with a description of the debugging and validation methods used for the control
system.

Chapter 6 gives a brief description of the Process Safety Management (PSM)
techniques used to ensure safe operation of the AIMS. More detailed safety information on
the AIMS along with its Standard Operating Procedures (SOP’s) can be found in the
Appendix. Chapter 7 describes the laboratory protocols used in testing the AIMS under
reaction conditions. It also discusses the gas analysis methods implemented and how the
reaction data was analyzed. Chapter 8 then documents the results of testing the AIMS with
the methane oxidation and ammonia oxidation reactions. It also describes the problems
encountered during testing, and closes with a discussion of how the operation of the AIMS
compared with conventional laboratory catalyst test systems. Chapter 9 summarizes the
work accomplished in this project and outlines areas that need focus for further development

of integrated microreactor systems.
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CHAPTER 2
SCALE-UP MICROREACTOR DEVELOPMENT

The major difficulties in designing microfabricated devices are the lack of both
experience and modeling tools for system development. A microfabricated device is
typically constructed using information derived from past experience, engineering analysis,
and literature searches. In some cases, detailed simulation tools can be used, but they are not
universally applicable. CoventorWare™!' is an example of one popular software package for
the design of MEMS. It includes the capability to model moving structures, electromagnetic
fields, heat transfer, and fluid flow in one package. However, no effort is currently being
placed on solving single or multi-phase reacting flows since Coventor’s target microfluidic
consumers are biotechnology companies. On the other hand, other software more commonly
used for chemical reactor design, such as CFD-ACE+* and Fluent3, can be used for
simulating reactive flows on the micro-scale. This remains a difficult problem to solve
though on even the most current simulators if there is a high degree of coupling between the
governing equations of momentum, heat, and mass transfer.

For these reasons, it was decided to make only small modifications to the previous T
microreactor designs rather than to begin with an entirely new concept. These modifications

were such that detailed analysis could be performed on their effect using simulation tools

! CoventorWare™ is the new name for the software that replaces MEMCAD and
FlumeCAD. CoventorWare™ is a product of Coventor, Inc., 4001 Weston Parkway, Cary,
NC 27513, (919) 854-7500.

> CFD-ACE+ is a product of CFD Research Corporation, 215 Wynn Dr., Huntsville, AL
35805, (256) 726-4800.
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before the microreactor was even built. This avoided going through several design iterations
to develop a microreactor that could be incorporated into a scale-up system. A fast
development time for the microreactor was important for the project since the electrical and
fluidic packaging depended on the microreactor design and the packaging would also dictate

some key features of the microreactor.

T Microreactor Description

At the beginning of this project, the Jensen research group had previously
demonstrated a prototype microreactor, which was referred to as the T reactor. It consisted
of two inlet flow channels with flow sensors and a reaction channel with local heating and
temperature sensing devices[1,2]. Figure 2-1 shows the top and cross-sectional views of this
microreactor. The branches of the T structure are the feed channels, which have integrated
flow sensors. The gas feeds contact each other at the center of the T, and the reaction takes
place down the length of the main channel in the catalyst region. The channels are nominally
0.5 mm wide and 0.5 mm deep, and they are sealed on top by a 1 um thick silicon nitride
membrane (this membrane is impermeable to gas flow). The channels are sealed from the
bottom by an aluminum plate, which is epoxied to the reactor die. Gas enters and exits the
microreactor from holes that are drilled into the aluminum sealing plate. The microreactor is
fabricated starting with a single-crystal silicon wafer using photolithography and etching
techniques to define the channel structures and metal layers. Srinivasan[1] has previously
given a more in-depth description of the design procedure, physical characteristics, and the

fabrication method of the T reactor[2].

3 Fluent is a product of Fluent, Inc., 10 Cavendish Ct., Centerra Park Lebanon, NH 03766,
(603) 643-2600.
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Figure 2-1. Schematic of the T microreactor: (A) Top view; (B) Cross-section
perpendicular to flow; (C) Cross-section parallel to flow.

The reaction channel has platinum heaters and temperature sensors on the outer side
of the membrane and a platinum catalyst on the channel side. There are five heater segments
over the reaction channel and two flow sensors over the inlet channels. The heater segments
are 3.55 mm in length and 0.3 mm wide, and they are centered in the channel. Each segment
has one temperature sensor located on the upstream end and one located on the downstream
end. These structures are made using photolithography techniques to define the shape and

Physical Vapor Deposition (PVD) to form the platinum layer.

Microreactor Modeling

The analysis of modifications for the scale-up microreactor was simplified since a
simulation methodology had already been developed to understand the original T
microreactor[3,4]. Fortunately, the gas phase microreactor’s small dimensions create laminar
flow fields making modeling easier. Typically, reactions are operated with a flow rate of 10-

20 cm>/min at standard conditions (sccm), and this results in Reynolds numbers between 10
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and 50, depending on the gas and the reactor temperature. Since the flow is typically in the
laminar regime, models for approximating turbulence are not needed. Moreover, for the flow
rates on the lower end, diffusive processes dominate convective processes, which causes the
governing equations to be strongly elliptic rather than hyperbolic. The modeling is also
simplified by the use of a thin-film catalyst in the T microreactor, which avoids the
approximations for heat and mass transfer that are necessary in modeling packed bed
reactors. In these cases, the inclusion of simplified lumped parameter approximations make
it difficult to predict the performance of a new design when reactor data on a similar design
is not available.

Unfortunately, the characteristics of microreactors highlight new problems that are
infrequently encountered in traditional reactor modeling. For example, in modeling the T
microreactor the length scales of important features vary widely from ~ 0.5 mm (channel
width/depth) to 0.0001 mm (platinum layer thickness). Another problem found in modeling
reacting flows for the T reactor is the extremely broad temperature range inside the reaction
channel (from 125°C to 500°C for ammonia oxidation). This requires a robust kinetic model
of the system of interest, which is difficult to find since most kinetic data is taken over a
relatively small range of temperatures. The traditional problems present in modeling full size
reactors are also encountered in these systems. Specifically, the species, momentum, and
energy balances are strongly coupled for systems with highly exothermic or endothermic
reactions.  For example, past work in modeling and experiments have shown
ignition/extinction behavior in the T microreactor for ammonia oxidation[1-5]. Further

aspects of microreactor modeling are provided below.
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Model Description

The simulation models developed are based on the conservation equations present in
all chemical reactor analysis: mass, momentum, energy, and species. A detailed description
of these equations and the boundary conditions used in the problem formulation can be found
in the works by Hsing[3,4]. The general issues in developing numerical solvers for reacting
flow models are the choice of numerical scheme used for discretization; the solution
technique used for the resulting sets of nonlinear algebraic equations obtained; and the
techniques used to detect and solve complicating aspects, such as multiple steady states.

The Galerkin Finite Element Method (GFEM) approach was chosen for the
discretization of the conservation equations due to its broad generality and its excellent
convergence properties in handling elliptic problems. As part of the discretization process,
the physical domain of the system must be transformed into a computational domain via a
mesh. A commercial mesh generator, ICEM CFD*, is used to convert a CAD drawing of the
microreactor into a discretized mesh. The boundary conditions for the mesh are then added
using a preprocessor. This makes the simulation tools completely general in their
applicability to microreactors with differing geometries.

Newton’s method is used to solve the large set of nonlinear algebraic equations
generated by the discretization procedure. Each Newton iteration, in turn, produces a sparse
set of linear equations that are solved using a frontal algorithm[6]. Although Newton’s
method has a quadratic convergence property, the initial guess must be sufficiently close to
the real solution for convergence. This becomes difficult for the highly nonlinear behavior

exhibited by reaction systems that display ignition/extinction behavior. To address this

* ICEM CFD/CAE is a product of PTC, 140 Kendrick St., Needham, MA 02494, (781) 370-
5000.
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problem, Keller’s pseudo-arc length continuation scheme was used to trace the solution
branches around the limit points of the ignition/extinction S curve[7,8]. Other numerical
problems also arise when the element mass transfer Peclet numbers become greater than one
so that the problem is convection dominated, which causes the governing equations to
become hyperbolic. To retain the convergence properties of the GFEM approach, the
Brooks-Hughes Streamline Upwind Petrov-Galerkin (SUPG) scheme was implemented[9].
More details conceming the numerical issues involved in microreactor simulation have been

given previously[3,4].

%_Jpstrean‘t! Downstream
eg;;ﬁg :, re 54 _ Temperature
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Figure 2-2. Temperature isotherms around the third heater segment on
the silicon nitride membrane with a flow rate of 25 sccm of oxygen. (a)
Top view (b) Cross section through the flow channel[3].
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Thermal Modeling

The first use of this model was to understand the temperature profiles in the T
microreactor. It demonstrated the extremely localized heating produced by the
microfabricated resistive heating devices, as shown in Figure 2-2[3]. To validate the model,
temperature measurements were taken in the heated region for a range of gas flow rates (Re <
150) and heater powers. These measurements were successfully reproduced in the
simulation results[1,3,4].

Prediction of Bifurcation Behavior

Although predicting the reactor temperature profile is important, the simulations are
more valuable if they successfully model reactor operation. Thus, an attempt was made to
reproduce the experimentally observed ignition/extinction behavior, which occurs for fast,
highly exothermic reactions, such as ammonia oxidation[1,2]. Bifurcation behavior is
exhibited because of the limited rate of heat removal to the surrounding atmosphere and
through the silicon nitride membrane. Although a simple 1-D heat transfer analysis can be
used to qualitatively predict bifurcation behavior in the T microreactor, the experimentally
observed behavior was too complex for this analysis. During a partial oxidation reaction,
ignition occurred near the end of the heater segment and the ignition front then moved to the
beginning of the heater segment. This was visually observable since high temperatures cause
the membrane to buckle creating dark spots on the microreactor membrane[1,2].

This phenomenon was modeled by first starting with a low heater power in the
simulation; continuing with this parameter until ignition was first observed; and then
increasing the heater power to track the movement of the reaction front. The model showed

that ignition first occurred at the downstream end of the heater segment and moved to the
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upstream end as more power was added[3,4]. This also suggested that increasing the rate of

heat removal from the reaction zone could eliminate the presence of multiple steady states.

Simulations as a Design Tool

The success of the model in reproducing experimental results led to its use as a tool
for studying the effect of reactor design changes. This was first applied to studying the effect
that changing the membrane material and thickness would have on the rate of heat removal
from the reaction zone. The goal was to increase the heat transfer rate away from the
microheaters to prevent ignition/extinction behavior. However, if the rate was too high, the
heaters would not provide a sufficient temperature rise for reaction to occur because they
would fail by electromigration. Simulations were used to predict the temperature versus
heater power curve for the new microreactor design, which used a 2.6 um silicon membrane
instead of a 1 um silicon nitride membrane. This predicted curve was extremely close to the
experimental results that were obtained after the device was fabricated[4,5].

Design of a Micro Flow Sensor

For the next version of the T microreactor, a flow anemometer was added to measure
gas flow rate in the microreactor channels. An anemometer functions by detecting changes
in the temperature field around a heater element caused by changes in gas flow rate as
depicted in Figure 2-3. This problem was constrained with the use of a 1 pm thick silicon
nitride film as the membrane material, a channel width of 0.5 mm, and a channel depth of 0.5
mm. The adjustable parameters were the length of the heater segment, the power input into
the heater, and the placement of the temperature sensor(s) around the heater segment. In
addition to optimizing the sensor design, knowledge of the effect of the gas properties and

membrane material/thickness on flow sensor performance was also desired.
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Figure 2-3. Contour plot of the gas temperature at the channel center around
the heater: (top) 0 sccm oxygen flow rate; (bottom) 30 sccm oxygen 