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Abstract

The present study is focused primarily upon the fluid mechanics of microchannel reactors for synthesis gas production. The
effect of surface features on the reactor performance is explored for the steam reforming reaction. The conversion rate is used to
compare the reactor performance of different configurations. For the purpose of comparison, a baseline case is modeled which
is a straight channel of the same dimensions as those for the cases with surface features in terms of channel length, channel
width, and gap size. The reactor performance with surface features is quantitatively measured using different enhancement
factors. The results indicate that the surface features are preferably at oblique angles, neither parallel nor perpendicular to the
direction of net flow past a surface. Flow boiling can achieve very high convective heat transfer coefficients, and that coupled
with the isothermal fluid allows the heat transfer wall to remain at quasi-constant temperature along the flow direction. Due
to the existence of vapor slugs, severe flow and pressure oscillation may occur in microchannel boiling. Critical heat flux occurs
when the temperature difference reaches a point where the heat transfer rate changes from nucleate and bubbly flow to local
dry out and gas phase resistance starts to dominate heat transfer. As the momentum is increased at higher Reynolds numbers,
the relative vorticity or angular force to spin the fluid also increases and thus the number of contacts or collisions with or near
the active surface feature walls is also increased. The performance enhancement of the active surface features relative to a
corresponding featureless or flat or smooth wall is typically improved as the residence time is decreased.
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1. Introduction



A synthesis gas product is a product comprising primarily carbon monoxide and hydrogen. Reformed hydrocarbons may be
further reacted in one or more shift reactors to form additional hydrogen in the process stream and separated in a separation
unit, such as a pressure swing adsorption unit, to form a hydrogen product [1, 2]. Synthesis gas is conventionally used to produce
synthesis gas products such as synthetic crude, or further upgraded to form intermediate or end products [3, 4]. The synthesis
gas may also be used to produce one or more oxygenates, for example, ethers and alcohols. Synthesis gas can be produced from
methane-containing feedstocks by any number of primary synthesis gas generation reactors [5, 6]. For example, synthesis gas can
be produced in a steam methane reformer, an endothermic reactor where reaction is carried out either in heat exchange reactors,
or by other means where substantial heat may be transferred to the reacting fluid, such as in the case of autothermal reforming,
where a portion of the feedstock is combusted inside the reactor to provide heat for steam reforming either subsequently or
in the same location as the combustion [7, 8]. Synthesis gas can also be produced from methane-containing feedstocks by dry
reforming, catalytic or thermal partial oxidation and other processes.

Various feedstocks can be used to produce synthesis gas and industry desires to process multiple feedstocks [9, 10]. Industry
desires the ability to change from one feedstock to another during operation without shutting down the reactor [11, 12].
For example, a synthesis gas producer may desire to use natural gas for six months, naphtha for three months, and then a
mixture of natural gas and naphtha for two months [13, 14]. Industry desires to process different feedstocks at optimal energy
efficiency while avoiding carbon formation in the primary synthesis gas reactor [15, 16]. In addition to being able to process
multiple feedstocks, industry desires to be able to process a feedstock where the composition, particularly the light hydrocarbon
concentration in the feedstock, varies over time [17, 18]. For example, synthesis gas may be produced from a refinery off-gas
where the light hydrocarbon concentration varies depending upon the refinery operation [19, 20]. If the feedstock contains
higher hydrocarbons than methane, that is, hydrocarbons having two or more carbon atoms are used in the steam reforming
process, the risk for catalyst deactivation by carbon deposition in the primary synthesis gas generation reactor is increased [21,
22|. Industry desires to avoid carbon formation in the synthesis gas generation reactor.

In order to reduce the risk of carbon deposition in the primary synthesis gas generation reactor, hydrogen and synthesis gas
production processes may employ at least one catalytic reactor prior to the primary synthesis gas generation reactor where the
catalytic reactor is operated at conditions less prone to hydrocarbon cracking than the primary synthesis gas generation reactor
[23, 24|. These reactors positioned before the primary synthesis gas generation reactors are referred to as pre-reformers [25, 26].
Pre-reformers can be operated adiabatically or convectively heated by indirect heat transfer with combustion products gases
from the primary synthesis gas generation reactor [27, 28]. The activity of the catalyst in the pre-reformer may degrade with
use. Industry desires to compensate for the degradation of the pre-reforming catalyst through operational changes to avoid
carbon formation in the primary synthesis gas generation reactor while maintaining optimal energy efficiency of the overall
process [29, 30]. In hydrogen and synthesis gas production processes employing pre-reformers and steam methane reformers,
the hydrocarbon feedstock may be mixed with hydrogen for a resultant stream having one to five percent hydrogen by volume,
and subsequently subjected to a hydrodesulphurization pretreatment to remove Sulphur [31, 32]. The hydrocarbon feedstock
may also be treated to remove olefins in a hydrogenation reactor. In case hydrogen is present in the feedstock, additional
hydrogen might not be added [33, 34]. For steam reforming of heavy naphtha, hydrogen concentrations as high as about 50
percent, by volume of hydrogen are known where the mixture is subsequently pretreated in a hydrodesulphurization unit and a
hydrogenation reactor [35, 36]. Even higher hydrogen concentrations are possible depending on the feedstock provided.

The feedstock, after pretreating, is combined with superheated steam to form mixed feed having a prescribed steam-to-carbon
molar ratio [37, 38]. The steam-to-carbon molar ratio is the ratio of the molar flow rate of steam in the mixed feed to the
molar flow rate of hydrocarbon-based carbon in the mixed feed. The steam-to-carbon molar ratio for steam methane reforming
of natural gas typically ranges from 2 to 5, but can be as low as 1.5. The steam-to-carbon molar ratio is generally higher
for steam methane reforming of feedstock containing a greater number of higher hydrocarbons, for example, propane, butane,
propane and butane mixtures, and naphtha. Higher steam flow rates are used to suppress carbon formation and enhance the
steam reforming reaction. However, higher steam-to-carbon molar ratios disadvantageously decrease the energy efficiency of
the reforming process. Industry desires to improve the energy efficiency of steam-hydrocarbon reforming systems [39, 40]. A
significant disadvantage which inhibits the wider use of fuel cells is the lack of a widespread hydrogen infrastructure. Hydrogen
has a relatively low volumetric efficiency and is more difficult to store and transport than the hydrocarbon fuels currently used
in most power generation systems. One way to overcome this difficulty is the use of reformers to convert the hydrocarbons to
a hydrogen-rich gas stream that can be used as a feed for fuel cells [41, 42]. Fuel reforming processes, such as steam reforming,
partial oxidation, and autothermal reforming, can be used to convert hydrocarbon fuels into a hydrogen rich gas. In addition
to the desired product hydrogen, undesirable byproduct compounds such as carbon dioxide and carbon monoxide are found in
the product gas. For many uses, such as fuel for proton exchange membrane or alkaline fuel cells, these contaminants reduce
the value of the product gas in part due to the sensitivity of proton exchange membrane fuel cells to carbon monoxide and
sulfur [43, 44]. In a conventional steam reforming process, a hydrocarbon feed is vaporized, mixed with steam, and passed over
a steam reforming catalyst. The majority of the feed hydrocarbon is converted to a mixture of hydrogen, carbon monoxide,
and carbon dioxide. The reforming product gas is typically fed to a water-gas shift bed in which much of the carbon monoxide
is reacted with steam to form carbon dioxide and hydrogen [45, 46]. However, water-gas shift beds tend to be large complex
units that are typically sensitive to air, further complicating their startup and operation.

The present study is focused primarily upon the method and apparatus for steam reforming methanol. Carbon monoxide, carbon
dioxide and mixtures thereof, can be removed from the hydrogen-rich reformate by subjecting the hydrogen-rich reformate to
one or more of a water gas shift reaction, methanation, and selective oxidation. The present design provides a method of
generating electricity comprising the steps of reducing the sulfur content of the sulfur-containing hydrocarbon fuel, catalytically
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converting the reduced-sulfur hydrocarbon fuel to hydrocarbons, steam reforming the mixture of hydrocarbons at a steam
reforming temperature in a catalyst bed to produce a reformate comprising hydrogen and carbon dioxide, fixing at least a
portion of the carbon dioxide in the reformate with a carbon dioxide fixing material in the catalyst bed to produce a hydrogen-
rich reformate, and feeding the hydrogen-rich reformate to an anode of a fuel cell, wherein the fuel cell consumes a portion of
the hydrogen rich reformate and produces electricity, an anode tail gas and a cathode tail gas. The method can further include
the step of feeding at least a portion of the tail gases to a combustor or anode tail gas oxidizer to produce an exhaust gas for use
in the steam reforming of sulfur-containing hydrocarbon fuels. Optionally, but preferably, the method further includes the step
of reducing the amount of carbon monoxide and carbon dioxide in the hydrogen-rich reformate by subjecting the hydrogen-rich
reformate to one or more of a water gas shift reaction, methanation and selective oxidation. An integrated system in which
tail gas from the fuel cell and hydrogen storage system is used to provide heat needed to reform the feed fuel and regenerate
the calcium oxide bed. This study aims to feed the hydrogen-rich reformate to an anode of a fuel cell, wherein the fuel cell
consumes a portion of the hydrogen-rich reformate and produces electricity, an anode tail gas, and a cathode tail gas. Particular
emphasis is placed upon a fuel cell configured to receive the hydrogen-rich reformate from the fuel processor and wherein the
fuel cell consumes a portion of the hydrogen-rich reformate and produces electricity, an anode tail gas, and a cathode tail gas.

2. Methods

The microchannel reactor is illustrated schematically in Figure 1 for the steam reforming process. A catalytic reaction channel
is a channel containing a catalyst, where the catalyst may be heterogeneous or homogeneous. A homogeneous catalyst may
be co-flowing with the reactants. Microchannel apparatus is similarly characterized, except that a catalyst-containing reaction
channel is not required. The sides of a microchannel are defined by reaction channel walls. These walls are preferably made of
a hard material such as a ceramic, an iron-based alloy such as steel, or a Ni-based, Co-based, or Fe-based superalloy [47, 48].
They also may be made from plastic, glass, or other metal such as copper, aluminum and the like. The choice of material for
the walls of the reaction channel may depend on the reaction for which the reactor is intended. In some cases, reaction chamber
walls are comprised of a stainless steel or Inconel® which is durable and has good thermal conductivity [49, 50]. The alloys
should be low in sulfur, and in some cases are subjected to a desulfurization treatment prior to formation of an aluminide.
Typically, reaction channel walls are formed of the material that provides the primary structural support for the microchannel
apparatus. Microchannel apparatus can be made by known methods, and in some cases are made by laminating interleaved
plates, and preferably where shims designed for reaction channels are interleaved with shims designed for heat exchange. Some
microchannel apparatus includes at least 10 layers laminated in a device, where each of these layers contain at least 10 channels;
the device may contain other layers with less channels.
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Figure 1: Figure 1. Physical representation of the microchannel reactor for the steam reforming process in
which tail gas from the fuel cell and hydrogen storage system is used to provide heat needed to reform the
feed fuel and regenerate the calcium oxide bed.

Figure 1. Physical representation of the microchannel reactor for the steam reforming process in which tail
gas from the fuel cell and hydrogen storage system is used to provide heat needed to reform the feed fuel



and regenerate the calcium oxide bed.

Microchannel reactors preferably include microchannels and a plurality of adjacent heat exchange microchan-
nels. The adjacent heat exchange microchannels are illustrated schematically in Figure 2 in which contact
time is maintained about constant but the length of each stage increases progressively to accommodate the
higher flow rate in each stage. Each stage can have the same length or stages can have different lengths. The
plurality of microchannels may contain, for example, 2, 10, 100, 1000 or more channels capable of operating
in parallel. In preferred cases, the microchannels are arranged in parallel arrays of planar microchannels, for
example, at least 3 arrays of planar microchannels. Performance advantages in the use of this type of reac-
tor architecture for the purposes of the present design include their relatively large heat and mass transfer
rates, and the substantial absence of any explosive limits [51, 52|. Pressure drops can be low, allowing high
throughput and the catalyst can be fixed in a very accessible form within the channels eliminating the need
for separation. In some cases, a reaction microchannel contains a bulk flow path. The term bulk flow path
refers to an open path within the reaction chamber. A contiguous bulk flow region allows rapid fluid flow
through the reaction chamber without large pressure drops. In devices with multiple manifolds, the design
can be characterized by the volume ratio of one manifold to its connecting microchannels, or characterized by
the volumetric sum of plural manifolds and their connecting microchannels. However, if connecting channels
are connected to a header and footer, then both the header and footer must be included in the calculation
of manifold volume [53, 54]. The volume of the submanifold is included in the volume of the manifold. A
general methodology to build commercial scale microchannel devices is to form the microchannels in the
shims by different methods such as etching and stamping [55, 56]. For example, shims may be stacked
together and joined by different methods such as chemical bonding and brazing. After joining, the device
may or may not require machining.
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Figure 2: Figure 2. Physical representation of the adjacent heat exchange microchannels in which contact
time is maintained about constant but the length of each stage increases progressively to accommodate the
higher flow rate in each stage.

Figure 2. Physical representation of the adjacent heat exchange microchannels in which contact time is
maintained about constant but the length of each stage increases progressively to accommodate the higher
flow rate in each stage.

The law of conservation of mass is stated as
in which p denotes the density and u denotes the velocity.

The law of conservation of energy in the solid phase is stated as



wherein A is the thermal conductivity.
The law of conservation of energy in the gas phase is stated as

in which T is the temperature, Y is the mass fraction, M is the molar mass, M’ is the mean molar mass, V
is the diffusion velocity, A is the enthalpy, and DT and D™ are the thermal and molecular diffusivity.

The law of conservation of surface species is stated as

in which O denotes the coverage, y denotes the active site density, and denotes the production rate.
The law of conservation of gas-phase species is stated as

The law of conservation of momentum is stated as

wherein u denotes the dynamic viscosity.

3. Results and discussion

The hydrogen mole fraction contour map in the reactor is plotted in Figure 3 wherein the leading edge of the
subsurface layer has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so that
fluids from the bulk flow path are not trapped beneath the top-most layer. A hydraulic diameter of a channel
is defined as four times the cross-sectional area of the channel divided by the length of the channel’s wetted
perimeter. A manifold is a volume that distributes flow to two or more connecting channels. The entrance,
or inlet, surface of a header manifold is defined as the surface in which marks a significant difference in header
manifold geometry from the upstream channel. The exit, or outlet, surface of the footer manifold is defined as
the surface which marks a significant difference in the footer manifold channel from the downstream channel.
For rectangular channels and most other typical manifold geometries, the surface will be a plane; however,
in some special cases such as hemi-circles at the interface between the manifold and connecting channels it
will be a curved surface. The value of the Reynolds number describes the flow regime of the stream. While
the dependence of the regime on Reynolds number is a function of channel cross-section shape and size. The
porous supports may be stacked between a heat transfer wall and a sheet with apertures. Alternatively,
the porous supports may be etched, cut or otherwise have active surface feature grooves placed within the
sheets. The sheets may be stacked with non-porous sheets that serve as walls to form an assembly. An
active catalyst layer or layers may be disposed upon the large pore support. A surface feature is a projection
from, or a recess into, a microchannel wall that modify flow within the microchannel. If the area at the
top of the features is the same or exceeds the area at the base of the feature, then the feature may be
considered recessed. If the area at the base of the feature exceeds the area at the top of the feature, then
it may be considered protruded. The surface features have a depth, a width, and a length for non-circular
surface features. Surface features may include circles, oblong shapes, squares, rectangles, checks, chevrons,
zig-zags, and the like, recessed into the wall of a main channel. The features increase surface area and create
convective flow that brings fluids to a microchannel wall through advection rather than diffusion. Flow
patterns may swirl, rotate, tumble and have other regular, irregular and or chaotic patterns, although the
flow pattern is not required to be chaotic and, in some cases, may appear quite regular. The flow patterns
are stable with time, although they may also undergo secondary transient rotations. The surface features
are preferably at oblique angles, neither parallel nor perpendicular to the direction of net flow past a surface.
Surface features may be orthogonal, that is at a 90-degree angle, to the direction of flow, but are preferably
angled. The active surface features are further preferably defined by more than one angle along the width
of the microchannel at least at one axial location. The two or more sides of the surface features may be
physically connected or disconnected. The one or more angles along the width of the microchannel act to
preferentially push and pull the fluid out of the straight laminar streamlines.
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Figure 3: Figure 3. Hydrogen mole fraction contour map in the reactor wherein the leading edge of the
subsurface layer has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so
that fluids from the bulk flow path are not trapped beneath the top-most layer.

Figure 3. Hydrogen mole fraction contour map in the reactor wherein the leading edge of the subsurface
layer has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids
from the bulk flow path are not trapped beneath the top-most layer.

The temperature contour map in the reactor is plotted in Figure 4 wherein the leading edge of the subsurface
layer has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids from
the bulk flow path are not trapped beneath the top-most layer. For decades, steam reforming has been the
principal industrial process for making hydrogen. More recently, steam reforming has attracted great interest
as a possible means to supply hydrogen for fuel cells [57, 58]. There have been intensive research efforts
over many years to improve the steam reforming process [59, 60]. Despite these efforts, problems continue
to exist with catalyst performance and cost, and the need for catalyst replacement or regeneration due to
the rather harsh conditions in which steam reforming is typically conducted. The volume of a connecting
channel or manifold is based on open space. The volume includes depressions of surface features. The
volume of gate or grate features, which help equalize flow distribution as described in the incorporated
published patent application, are included in the volume of manifold; this is an exception to the rule that
the dividing line between the manifold and the connecting channels is marked by a significant change in
direction. Channel walls are not included in the volume calculation. Similarly, the volume of orifices, which
is typically negligible, and flow straighteners are included in the volume of manifold. Boiling is known as
a highly efficient heat transfer mechanism that provides high heat flux density based on surface area and
volume. There are several different boiling regimes including low vapor quality flow, nucleate boiling, film
boiling and transition boiling. Nucleate boiling is mostly found in the industrial applications. Boiling can
take place at heat transfer surface both in fluid flow and fluid pool or in the volume of the fluid. Through
phase change of the fluid, flow boiling has the potential to achieve an isothermal heat sink in the fluid while
the phase change is occurring. Flow boiling can achieve very high convective heat transfer coefficients, and
that coupled with the isothermal fluid allows the heat transfer wall to remain at quasi-constant temperature
along the flow direction. This is a desirable heat transfer situation for many thermal, nuclear and chemical
process applications. In many chemical processes, such as an exothermic chemical reactor, the reaction rate
strongly depends on the local temperature. An optimal temperature throughout the reaction zone often
leads to a maximum yield, conversion and desired selectivity. Thus, boiling heat transfer is used in process
control or thermal management of various reactions to maintain an isothermal thermal condition where the
exothermic reactions releases heat. Compared to a boiling process control, a cooling system via single-phase
fluid convection generally cannot achieve a near isothermal boundary condition for the reactions without
large flow rates needed to keep the stream at constant temperatures and increase the convective heat flux.
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Figure 4: Figure 4. Temperature contour map in the reactor wherein the leading edge of the subsurface layer
has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids from the
bulk flow path are not trapped beneath the top-most layer.

Figure 4. Temperature contour map in the reactor wherein the leading edge of the subsurface layer has a
tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids from the bulk
flow path are not trapped beneath the top-most layer.

The sensible enthalpy contour map in the reactor is plotted in Figure 5 wherein the leading edge of the
subsurface layer has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so that
fluids from the bulk flow path are not trapped beneath the top-most layer. So far, boiling in microchannels
has not been used in the thermal management and control of the microchannel chemical reaction processes
due to various postulated or practical technical issues. Flow boiling in microchannels is associated with
the flow patterns different from that found in the ordinary flow channels where vapor bubbles are smaller
than the channel diameters and the channel wall is generally well wetted by the liquid. The hydraulic
diameter of microchannels is usually smaller than the characteristic diameter of the vapor bubbles so that
due to capillary effect vapor slugs and liquid slugs consecutively flow by a fixed location of the channel.
The prediction methods and design criteria for this flow pattern are not well established. The other desired
flow patterns such as bubbly flow and annular flow may only be possible in a very narrow flow parameter
range or limited operation conditions or may be absent. Due to the existence of vapor slugs, local hot spot
of the wall and in turn the temperature non-uniformity may occur due to the low vapor-wall heat transfer
rate. Due to the existence of vapor slugs, severe flow and pressure oscillation may occur in microchannel
boiling. Instability of the entire cooling system may instantly occur. The heat transfer crisis can occur
even at low heat duty due to the large difference between the heat transfer coefficients by evaporation and
by single-phase vapor convection. This is characterized by the critical heat flux that may be very low and
lead to non-isothermal heat transfer. The flow distribution and manifolding are difficult in microchannel
arrays with two-phase flow, while a large number of integrated microchannels is usually needed for the
desired process capacity. The present process makes it possible to make use of flow boiling in microchannels
integrated in unit operations to realize a stable isothermal boundary condition for the exothermal reaction.
The reaction process can be thus thermally controlled to operate in an optimal condition. The local quality
of the convicting flow is needed to estimate the pressure drop in a channel. Knowing the void fraction
and vapor quality variation along the channel length, the two-phase pressure drop in the channel can be
calculated using a separated flow model. The term critical heat flux is the local heat flux at which wall
temperature cannot be maintained due to heat transfer mechanism change from boiling to vapor convection.
This results in the formation of a localized hot spot.
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Figure 5: Figure 5. Sensible enthalpy contour map in the reactor wherein the leading edge of the subsurface
layer has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids
from the bulk flow path are not trapped beneath the top-most layer.

Figure 5. Sensible enthalpy contour map in the reactor wherein the leading edge of the subsurface layer has
a tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids from the bulk
flow path are not trapped beneath the top-most layer.

The enthalpy contour map in the reactor is plotted in Figure 6 wherein the leading edge of the subsurface
layer has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids from
the bulk flow path are not trapped beneath the top-most layer. Smaller values of the temperature difference
range have single phase heat transfer and low heat fluxes. There is a threshold temperature difference where
nucleate boiling starts and increasing the difference slightly can result in larger heat fluxes, as nucleate
boiling starts to occur. Critical heat flux occurs when the temperature difference reaches a point where the
heat transfer rate changes from nucleate and bubbly flow to local dry out and gas phase resistance starts
to dominate heat transfer. Critical heat flux can occur before dry-out. Critical heat flux results in larger
hydraulic diameters are fairly well characterized. Channel size and vapor quality are related to average
wall heat flux in saturated boiling [61, 62]. Consequently, higher process heat flux quickly approaches local
critical heat flux via higher vapor generation rate and accumulated vapor amount. The difference between
the wall temperature and the saturation temperature is defined as the overage temperature. For a matrix of
aligned microchannels where the local heat flux varies from channel to channel the difficulties described above
become more challenging. Potential unit operations that would have a varying heat flux profile over a matrix
of connecting channels include but aren’t limited to the following factors: Exothermic chemical reactions,
catalytic or homogeneous, distillation tower heat removal, desorption stage in an absorption or adsorption
system, exothermic mixing processes, and the like. This can occur when the microchannels are aligned cross-
flow to the direction of the other unit operation’s channels. For the varying channel flux situation there may
be need for more flow in channels with the higher heat fluxes and less flow to channels with less heat fluxes
to sustain convective boiling. It should be noted that from a heat transfer performance standpoint, isolated
bubbles are most desirable. The catalyst may be supported on a porous support structure such as a foam,
felt, wad or a combination thereof. The term foam is used herein to refer to a structure with continuous walls
defining pores throughout the structure. The term felt is used herein to refer to a structure of fibers with
interstitial spaces therebetween. The term wad is used herein to refer to a structure of tangled strands, like
steel wool. The catalyst may be supported on a honeycomb structure. The catalyst may be supported on a
flow-by support structure such as a felt with an adjacent gap, a foam with an adjacent gap, a fin structure
with gaps, a wash-coat on any inserted substrate, or a gauze that is parallel to the flow direction with a
corresponding gap for flow.
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Figure 6: Figure 6. Enthalpy contour map in the reactor wherein the leading edge of the subsurface layer
has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids from the
bulk flow path are not trapped beneath the top-most layer.

Figure 6. Enthalpy contour map in the reactor wherein the leading edge of the subsurface layer has a tapered
shape that corresponds to the angle of cross-bars in the top-most layer so that fluids from the bulk flow path
are not trapped beneath the top-most layer.

The methanol conversion results are presented in Figure 7 for the reactor wherein the volume occupied by the
catalyst supported on a mesoporous matrix plus the volume of bulk flow path that is adjacent to the catalyst
supported on a mesoporous matrix defines the volume of reaction chamber. All microchannel experiments
are conducted with a certain fixed geometry. For the purposes of summarizing heat transfer performance for
these devices, the length-to-diameter ratio, typically the channel length divided by the hydraulic diameter
is a very useful metric [63, 64]. Boiling heat transfer characteristics of a microchannel can also be enhanced
by applying a porous coating or in some means engineer porous or grooved structures on the wall surfaces
of a microchannel. For unit operations, including homogeneous chemical reactions and heat exchangers,
interaction of the bulk flow species with the active surface feature wall is advantageous to transfer heat to an
adjacent heat transfer chamber. Unlike the prior micromixers, it is desirable to move the bulk stream near
and past the wall and not necessarily completely and uniformly mix the bulk flow stream. An active surface
feature wall that moves more fresh fluid near and past the active surface will be preferential over a design
that primarily mixes the bulk stream. For these applications, performance is enhanced with higher Reynolds
numbers as opposed to disadvantaged at higher Reynolds numbers because the high momentum streams are
moved into a repeating rotating flow pattern that winds the bulk flow past the active surface features and
does not substantially stop the flow rotation and try to turn it back in an opposing direction. Once the flow
has started to turn in a fixed direction within the active surface features, it continues in the same direction
thus demonstrating a high vorticity such that the fluid is replenished against the active surface feature walls.
As the momentum is increased at higher Reynolds numbers, the relative vorticity or angular force to spin
the fluid also increases and thus the number of contacts or collisions with or near the active surface feature
walls is also increased. For these cases, however, vorticity alone is not the only element [65, 66]. Patterns
that merely spin the fluid in the bulk flow path, such as that created by a single angular diagonal feature
groove across the width of a microchannel wall do not do a good job of pulling the center flow stream into
the active surface features. In the present invention, the geometry of the active surface feature wall pattern
may be designed to enhance contact, as defined to a molecule breaking the plane of the active surface feature
groove and entering into the recessed and angled groove, with active surface features. The preferable active
surface features have more than one angle across the width of at least one wall of the microchannel. The
feature is preferably contiguous such as a chevron or zig-zag; but in some embodiments a surface feature
having at least one angle could be discontinuous if the elements of the feature are aligned so that, except for
a gap, the recesses or protrusions would connect, an example is a chevron with a missing apex. The catalyst



may be directly wash-coated on the interior walls of the process microchannels, grown on the walls from
solution, or coated in situ on a fin structure. The catalyst may be in the form of a single piece of porous
contiguous material, or many pieces in physical contact. The catalyst may be comprised of a contiguous
material and has a contiguous porosity such that molecules can diffuse through the catalyst. The catalyst
may comprise a porous support, an interfacial layer on the porous support, and a catalyst material on the
interfacial layer. The interfacial layer may be solution deposited on the support or it may be deposited by
chemical vapor deposition or physical vapor deposition.
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Figure 7: Figure 7. Methanol conversion of the reactor wherein the volume occupied by the catalyst supported
on a mesoporous matrix plus the volume of bulk flow path that is adjacent to the catalyst supported on a
mesoporous matrix defines the volume of reaction chamber.

Figure 7. Methanol conversion of the reactor wherein the volume occupied by the catalyst supported on
a mesoporous matrix plus the volume of bulk flow path that is adjacent to the catalyst supported on a
mesoporous matrix defines the volume of reaction chamber.

The hydrogen productivity results are presented in Figure 8 for the reactor wherein the volume occupied
by the catalyst supported on a mesoporous matrix plus the volume of bulk flow path that is adjacent to
the catalyst supported on a mesoporous matrix defines the volume of reaction chamber. The performance
enhancement of the active surface features relative to a corresponding featureless or flat or smooth wall is
typically improved as the residence time is decreased. The featureless wall is defined by a microchannel that
has a gap not inclusive of the depth of the recessed features and having the same width and length. As
the Reynolds number increases the importance of inertial forces increases. For higher inertia or momentum
streams, maintaining the momentum in a single primary direction rather than reversing or changing directions
makes it easier to keep the stream turning. As the stream keeps turning, it keeps moving more and more
flow or molecules into the active surface features where they may interact with the walls that exchange either
heat or mass or both. Mass of fluid entering a surface feature is defined as the amount of mass at the inlet to
a surface feature section that enters at least one surface feature in a surface feature section, wherein entering
a surface feature means the fluid molecule breaks the plane of the recessed surface feature and moves out
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of the bulk flow channel. Computational fluid dynamics code should be used to evaluate the percentage of
mass that enters at least one surface feature in a surface feature section, which allows the evaluation of the
fluid flow path lines to be illustrated and traced through the surface feature section. The surface feature
section should be discretized with a minimum of six volume cells in the depth and length directions to get
reasonable flow discretization, with the main straight channel discretized with proportionally sized cells to
maintain the cell size continuity in the channel adjacent to the surface features and the spaces between the
surface features. The Reynolds number is the commonly used ratio of the inertial over the viscous forces
seen by flow in a channel. Its definition is the ratio of the mass flux rate times the hydraulic diameter
divided by the dynamic viscosity. Coatings could also be applied onto microchannel walls by filling channels
to the desired height with a liquid coating composition and removing volatile components under reduced
pressure. Care may need to be exercised to avoid bubbling defects. The effect of surface features on the
reactor performance is explored for the steam reforming reaction. The intent of the features is to increase
the conversion per length, especially at low catalyst activity. The surface features increase the available
surface area for catalyst, they allow a solution derived catalyst to be wash-coated uniformly, and they reduce
external mass transport limitations in the bulk microchannel and thus allow the reactor to operate closer to
the intrinsic potential of the catalyst activity.
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Figure 8: Figure 8. Hydrogen productivity of the reactor wherein the volume occupied by the catalyst
supported on a mesoporous matrix plus the volume of bulk flow path that is adjacent to the catalyst
supported on a mesoporous matrix defines the volume of reaction chamber.

Figure 8. Hydrogen productivity of the reactor wherein the volume occupied by the catalyst supported on
a mesoporous matrix plus the volume of bulk flow path that is adjacent to the catalyst supported on a
mesoporous matrix defines the volume of reaction chamber.

4. Conclusions

The effect of surface features on the reactor performance is explored for the steam reforming reaction. The
conversion rate is used to compare the reactor performance of different configurations. For the purpose of
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comparison, a baseline case is modeled which is a straight channel of the same dimensions as those for the
cases with surface features in terms of channel length, channel width, and gap size. The reactor performance
with surface features is quantitatively measured using different enhancement factors. The major conclusions
are summarized as follows:

The surface features are preferably at oblique angles, neither parallel nor perpendicular to the direction of
net flow past a surface.

Flow boiling can achieve very high convective heat transfer coefficients, and that coupled with the isothermal
fluid allows the heat transfer wall to remain at quasi-constant temperature along the flow direction.

Due to the existence of vapor slugs, severe flow and pressure oscillation may occur in microchannel boiling.

Critical heat flux occurs when the temperature difference reaches a point where the heat transfer rate changes
from nucleate and bubbly flow to local dry out and gas phase resistance starts to dominate heat transfer.

As the momentum is increased at higher Reynolds numbers, the relative vorticity or angular force to spin
the fluid also increases and thus the number of contacts or collisions with or near the active surface feature
walls is also increased.

The performance enhancement of the active surface features relative to a corresponding featureless or flat or
smooth wall is typically improved as the residence time is decreased.
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Abstract

The present study is focused primarily upon the fluid mechanics of microchannel reactors for
synthesis gas production. The effect of surface features on the reactor performance is explored for the
steam reforming reaction. The conversion rate is used to compare the reactor performance of different
configurations. For the purpose of comparison, a baseline case is modeled which is a straight channel
of the same dimensions as those for the cases with surface features in terms of channel length, channel
width, and gap size. The reactor performance with surface features is quantitatively measured using
different enhancement factors. The results indicate that the surface features are preferably at oblique
angles, neither parallel nor perpendicular to the direction of net flow past a surface. Flow boiling can
achieve very high convective heat transfer coefficients, and that coupled with the isothermal fluid
allows the heat transfer wall to remain at quasi-constant temperature along the flow direction. Due to
the existence of vapor slugs, severe flow and pressure oscillation may occur in microchannel boiling.
Critical heat flux occurs when the temperature difference reaches a point where the heat transfer rate
changes from nucleate and bubbly flow to local dry out and gas phase resistance starts to dominate heat
transfer. As the momentum is increased at higher Reynolds numbers, the relative vorticity or angular
force to spin the fluid also increases and thus the number of contacts or collisions with or near the
active surface feature walls is also increased. The performance enhancement of the active surface
features relative to a corresponding featureless or flat or smooth wall is typically improved as the
residence time is decreased.

Keywords: Fluid mechanics; Microchannel reactors; Surface features; Synthesis gas; Catalyst
deactivation; Energy efficiency

1. Introduction

A synthesis gas product is a product comprising primarily carbon monoxide and hydrogen.
Reformed hydrocarbons may be further reacted in one or more shift reactors to form additional
hydrogen in the process stream and separated in a separation unit, such as a pressure swing adsorption
unit, to form a hydrogen product [1, 2]. Synthesis gas is conventionally used to produce synthesis gas
products such as synthetic crude, or further upgraded to form intermediate or end products [3, 4]. The
synthesis gas may also be used to produce one or more oxygenates, for example, ethers and alcohols.
Synthesis gas can be produced from methane-containing feedstocks by any number of primary
synthesis gas generation reactors [5, 6]. For example, synthesis gas can be produced in a steam methane
reformer, an endothermic reactor where reaction is carried out either in heat exchange reactors, or by
other means where substantial heat may be transferred to the reacting fluid, such as in the case of
autothermal reforming, where a portion of the feedstock is combusted inside the reactor to provide heat
for steam reforming either subsequently or in the same location as the combustion [7, 8]. Synthesis gas
can also be produced from methane-containing feedstocks by dry reforming, catalytic or thermal partial
oxidation and other processes.

Various feedstocks can be used to produce synthesis gas and industry desires to process multiple



feedstocks [9, 10]. Industry desires the ability to change from one feedstock to another during operation
without shutting down the reactor [11, 12]. For example, a synthesis gas producer may desire to use
natural gas for six months, naphtha for three months, and then a mixture of natural gas and naphtha for
two months [13, 14]. Industry desires to process different feedstocks at optimal energy efficiency while
avoiding carbon formation in the primary synthesis gas reactor [15, 16]. In addition to being able to
process multiple feedstocks, industry desires to be able to process a feedstock where the composition,
particularly the light hydrocarbon concentration in the feedstock, varies over time [17, 18]. For
example, synthesis gas may be produced from a refinery off-gas where the light hydrocarbon
concentration varies depending upon the refinery operation [19, 20]. If the feedstock contains higher
hydrocarbons than methane, that is, hydrocarbons having two or more carbon atoms are used in the
steam reforming process, the risk for catalyst deactivation by carbon deposition in the primary
synthesis gas generation reactor is increased [21, 22]. Industry desires to avoid carbon formation in the
synthesis gas generation reactor.

In order to reduce the risk of carbon deposition in the primary synthesis gas generation reactor,
hydrogen and synthesis gas production processes may employ at least one catalytic reactor prior to the
primary synthesis gas generation reactor where the catalytic reactor is operated at conditions less prone
to hydrocarbon cracking than the primary synthesis gas generation reactor [23, 24]. These reactors
positioned before the primary synthesis gas generation reactors are referred to as pre-reformers [25, 26].
Pre-reformers can be operated adiabatically or convectively heated by indirect heat transfer with
combustion products gases from the primary synthesis gas generation reactor [27, 28]. The activity of
the catalyst in the pre-reformer may degrade with use. Industry desires to compensate for the
degradation of the pre-reforming catalyst through operational changes to avoid carbon formation in the
primary synthesis gas generation reactor while maintaining optimal energy efficiency of the overall
process [29, 30]. In hydrogen and synthesis gas production processes employing pre-reformers and
steam methane reformers, the hydrocarbon feedstock may be mixed with hydrogen for a resultant
stream having one to five percent hydrogen by volume, and subsequently subjected to a
hydrodesulphurization pretreatment to remove Sulphur [31, 32]. The hydrocarbon feedstock may also
be treated to remove olefins in a hydrogenation reactor. In case hydrogen is present in the feedstock,
additional hydrogen might not be added [33, 34]. For steam reforming of heavy naphtha, hydrogen
concentrations as high as about 50 percent by volume of hydrogen are known where the mixture is
subsequently pretreated in a hydrodesulphurization unit and a hydrogenation reactor [35, 36]. Even
higher hydrogen concentrations are possible depending on the feedstock provided.

The feedstock, after pretreating, is combined with superheated steam to form mixed feed having a
prescribed steam-to-carbon molar ratio [37, 38]. The steam-to-carbon molar ratio is the ratio of the
molar flow rate of steam in the mixed feed to the molar flow rate of hydrocarbon-based carbon in the
mixed feed. The steam-to-carbon molar ratio for steam methane reforming of natural gas typically
ranges from 2 to 5, but can be as low as 1.5. The steam-to-carbon molar ratio is generally higher for
steam methane reforming of feedstock containing a greater number of higher hydrocarbons, for
example, propane, butane, propane and butane mixtures, and naphtha. Higher steam flow rates are used
to suppress carbon formation and enhance the steam reforming reaction. However, higher
steam-to-carbon molar ratios disadvantageously decrease the energy efficiency of the reforming
process. Industry desires to improve the energy efficiency of steam-hydrocarbon reforming systems [39,
40]. A significant disadvantage which inhibits the wider use of fuel cells is the lack of a widespread
hydrogen infrastructure. Hydrogen has a relatively low volumetric efficiency and is more difficult to
store and transport than the hydrocarbon fuels currently used in most power generation systems. One
way to overcome this difficulty is the use of reformers to convert the hydrocarbons to a hydrogen-rich
gas stream that can be used as a feed for fuel cells [41, 42]. Fuel reforming processes, such as steam



reforming, partial oxidation, and autothermal reforming, can be used to convert hydrocarbon fuels into
a hydrogen rich gas. In addition to the desired product hydrogen, undesirable byproduct compounds
such as carbon dioxide and carbon monoxide are found in the product gas. For many uses, such as fuel
for proton exchange membrane or alkaline fuel cells, these contaminants reduce the value of the
product gas in part due to the sensitivity of proton exchange membrane fuel cells to carbon monoxide
and sulfur [43, 44]. In a conventional steam reforming process, a hydrocarbon feed is vaporized, mixed
with steam, and passed over a steam reforming catalyst. The majority of the feed hydrocarbon is
converted to a mixture of hydrogen, carbon monoxide, and carbon dioxide. The reforming product gas
is typically fed to a water-gas shift bed in which much of the carbon monoxide is reacted with steam to
form carbon dioxide and hydrogen [45, 46]. However, water-gas shift beds tend to be large complex
units that are typically sensitive to air, further complicating their startup and operation.

The present study is focused primarily upon the method and apparatus for steam reforming
methanol. Carbon monoxide, carbon dioxide and mixtures thereof, can be removed from the
hydrogen-rich reformate by subjecting the hydrogen-rich reformate to one or more of a water gas shift
reaction, methanation, and selective oxidation. The present design provides a method of generating
electricity comprising the steps of reducing the sulfur content of the sulfur-containing hydrocarbon fuel,
catalytically converting the reduced-sulfur hydrocarbon fuel to hydrocarbons, steam reforming the
mixture of hydrocarbons at a steam reforming temperature in a catalyst bed to produce a reformate
comprising hydrogen and carbon dioxide, fixing at least a portion of the carbon dioxide in the
reformate with a carbon dioxide fixing material in the catalyst bed to produce a hydrogen-rich
reformate, and feeding the hydrogen-rich reformate to an anode of a fuel cell, wherein the fuel cell
consumes a portion of the hydrogen rich reformate and produces electricity, an anode tail gas and a
cathode tail gas. The method can further include the step of feeding at least a portion of the tail gases to
a combustor or anode tail gas oxidizer to produce an exhaust gas for use in the steam reforming of
sulfur-containing hydrocarbon fuels. Optionally, but preferably, the method further includes the step of
reducing the amount of carbon monoxide and carbon dioxide in the hydrogen-rich reformate by
subjecting the hydrogen-rich reformate to one or more of a water gas shift reaction, methanation and
selective oxidation. An integrated system in which tail gas from the fuel cell and hydrogen storage
system is used to provide heat needed to reform the feed fuel and regenerate the calcium oxide bed.
This study aims to feed the hydrogen-rich reformate to an anode of a fuel cell, wherein the fuel cell
consumes a portion of the hydrogen-rich reformate and produces electricity, an anode tail gas, and a
cathode tail gas. Particular emphasis is placed upon a fuel cell configured to receive the hydrogen-rich
reformate from the fuel processor and wherein the fuel cell consumes a portion of the hydrogen-rich
reformate and produces electricity, an anode tail gas, and a cathode tail gas.

2. Methods

The microchannel reactor is illustrated schematically in Figure 1 for the steam reforming process.
A catalytic reaction channel is a channel containing a catalyst, where the catalyst may be heterogeneous
or homogeneous. A homogeneous catalyst may be co-flowing with the reactants. Microchannel
apparatus is similarly characterized, except that a catalyst-containing reaction channel is not required.
The sides of a microchannel are defined by reaction channel walls. These walls are preferably made of
a hard material such as a ceramic, an iron-based alloy such as steel, or a Ni-based, Co-based, or
Fe-based superalloy [47, 48]. They also may be made from plastic, glass, or other metal such as copper,
aluminum and the like. The choice of material for the walls of the reaction channel may depend on the
reaction for which the reactor is intended. In some cases, reaction chamber walls are comprised of a
stainless steel or Inconel® which is durable and has good thermal conductivity [49, 50]. The alloys
should be low in sulfur, and in some cases are subjected to a desulfurization treatment prior to



formation of an aluminide. Typically, reaction channel walls are formed of the material that provides
the primary structural support for the microchannel apparatus. Microchannel apparatus can be made by
known methods, and in some cases are made by laminating interleaved plates, and preferably where
shims designed for reaction channels are interleaved with shims designed for heat exchange. Some
microchannel apparatus includes at least 10 layers laminated in a device, where each of these layers
contain at least 10 channels; the device may contain other layers with less channels.
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Figure 1. Physical representation of the microchannel reactor for the steam reforming process in which
tail gas from the fuel cell and hydrogen storage system is used to provide heat needed to reform the
feed fuel and regenerate the calcium oxide bed.

Microchannel reactors preferably include microchannels and a plurality of adjacent heat exchange
microchannels. The adjacent heat exchange microchannels are illustrated schematically in Figure 2 in
which contact time is maintained about constant but the length of each stage increases progressively to
accommodate the higher flow rate in each stage. Each stage can have the same length or stages can
have different lengths. The plurality of microchannels may contain, for example, 2, 10, 100, 1000 or
more channels capable of operating in parallel. In preferred cases, the microchannels are arranged in
parallel arrays of planar microchannels, for example, at least 3 arrays of planar microchannels.
Performance advantages in the use of this type of reactor architecture for the purposes of the present
design include their relatively large heat and mass transfer rates, and the substantial absence of any
explosive limits [51, 52]. Pressure drops can be low, allowing high throughput and the catalyst can be
fixed in a very accessible form within the channels eliminating the need for separation. In some cases, a
reaction microchannel contains a bulk flow path. The term bulk flow path refers to an open path within
the reaction chamber. A contiguous bulk flow region allows rapid fluid flow through the reaction
chamber without large pressure drops. In devices with multiple manifolds, the design can be
characterized by the volume ratio of one manifold to its connecting microchannels, or characterized by
the volumetric sum of plural manifolds and their connecting microchannels. However, if connecting
channels are connected to a header and footer, then both the header and footer must be included in the
calculation of manifold volume [53, 54]. The volume of the submanifold is included in the volume of
the manifold. A general methodology to build commercial scale microchannel devices is to form the



microchannels in the shims by different methods such as etching and stamping [55, 56]. For example,
shims may be stacked together and joined by different methods such as chemical bonding and brazing.
After joining, the device may or may not require machining.
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Figure 2. Physical representation of the adjacent heat exchange microchannels in which contact time is
maintained about constant but the length of each stage increases progressively to accommodate the
higher flow rate in each stage.

The law of conservation of mass is stated as
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in which p denotes the density and u denotes the velocity.
The law of conservation of energy in the solid phase is stated as
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wherein 4 is the thermal conductivity.
The law of conservation of energy in the gas phase is stated as
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in which T is the temperature, Y is the mass fraction, M is the molar mass, M’ is the mean molar mass,
V is the diffusion velocity, 4 is the enthalpy, and D" and D™ are the thermal and molecular diffusivity.
The law of conservation of surface species is stated as
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in which 6 denotes the coverage, y denotes the active site density, and s denotes the production rate.
The law of conservation of gas-phase species is stated as
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wherein x4 denotes the dynamic viscosity.

3. Results and discussion

The hydrogen mole fraction contour map in the reactor is plotted in Figure 3 wherein the leading
edge of the subsurface layer has a tapered shape that corresponds to the angle of cross-bars in the
top-most layer so that fluids from the bulk flow path are not trapped beneath the top-most layer. A
hydraulic diameter of a channel is defined as four times the cross-sectional area of the channel divided
by the length of the channel's wetted perimeter. A manifold is a volume that distributes flow to two or
more connecting channels. The entrance, or inlet, surface of a header manifold is defined as the surface
in which marks a significant difference in header manifold geometry from the upstream channel. The
exit, or outlet, surface of the footer manifold is defined as the surface which marks a significant
difference in the footer manifold channel from the downstream channel. For rectangular channels and
most other typical manifold geometries, the surface will be a plane; however, in some special cases
such as hemi-circles at the interface between the manifold and connecting channels it will be a curved
surface. The value of the Reynolds number describes the flow regime of the stream. While the
dependence of the regime on Reynolds number is a function of channel cross-section shape and size.
The porous supports may be stacked between a heat transfer wall and a sheet with apertures.
Alternatively, the porous supports may be etched, cut or otherwise have active surface feature grooves
placed within the sheets. The sheets may be stacked with non-porous sheets that serve as walls to form
an assembly. An active catalyst layer or layers may be disposed upon the large pore support. A surface
feature is a projection from, or a recess into, a microchannel wall that modify flow within the
microchannel. If the area at the top of the features is the same or exceeds the area at the base of the
feature, then the feature may be considered recessed. If the area at the base of the feature exceeds the



area at the top of the feature, then it may be considered protruded. The surface features have a depth, a
width, and a length for non-circular surface features. Surface features may include circles, oblong
shapes, squares, rectangles, checks, chevrons, zig-zags, and the like, recessed into the wall of a main
channel. The features increase surface area and create convective flow that brings fluids to a
microchannel wall through advection rather than diffusion. Flow patterns may swirl, rotate, tumble and
have other regular, irregular and or chaotic patterns, although the flow pattern is not required to be
chaotic and, in some cases, may appear quite regular. The flow patterns are stable with time, although
they may also undergo secondary transient rotations. The surface features are preferably at oblique
angles, neither parallel nor perpendicular to the direction of net flow past a surface. Surface features
may be orthogonal, that is at a 90-degree angle, to the direction of flow, but are preferably angled. The
active surface features are further preferably defined by more than one angle along the width of the
microchannel at least at one axial location. The two or more sides of the surface features may be
physically connected or disconnected. The one or more angles along the width of the microchannel act
to preferentially push and pull the fluid out of the straight laminar streamlines.
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Figure 3. Hydrogen mole fraction contour map in the reactor wherein the leading edge of the
subsurface layer has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so
that fluids from the bulk flow path are not trapped beneath the top-most layer.

The temperature contour map in the reactor is plotted in Figure 4 wherein the leading edge of the
subsurface layer has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so
that fluids from the bulk flow path are not trapped beneath the top-most layer. For decades, steam
reforming has been the principal industrial process for making hydrogen. More recently, steam
reforming has attracted great interest as a possible means to supply hydrogen for fuel cells [57, 58].
There have been intensive research efforts over many years to improve the steam reforming process [59,
60]. Despite these efforts, problems continue to exist with catalyst performance and cost, and the need
for catalyst replacement or regeneration due to the rather harsh conditions in which steam reforming is
typically conducted. The volume of a connecting channel or manifold is based on open space. The
volume includes depressions of surface features. The volume of gate or grate features, which help
equalize flow distribution as described in the incorporated published patent application, are included in
the volume of manifold; this is an exception to the rule that the dividing line between the manifold and
the connecting channels is marked by a significant change in direction. Channel walls are not included
in the volume calculation. Similarly, the volume of orifices, which is typically negligible, and flow
straighteners are included in the volume of manifold. Boiling is known as a highly efficient heat
transfer mechanism that provides high heat flux density based on surface area and volume. There are



several different boiling regimes including low vapor quality flow, nucleate boiling, film boiling and
transition boiling. Nucleate boiling is mostly found in the industrial applications. Boiling can take place
at heat transfer surface both in fluid flow and fluid pool or in the volume of the fluid. Through phase
change of the fluid, flow boiling has the potential to achieve an isothermal heat sink in the fluid while
the phase change is occurring. Flow boiling can achieve very high convective heat transfer coefficients,
and that coupled with the isothermal fluid allows the heat transfer wall to remain at quasi-constant
temperature along the flow direction. This is a desirable heat transfer situation for many thermal,
nuclear and chemical process applications. In many chemical processes, such as an exothermic
chemical reactor, the reaction rate strongly depends on the local temperature. An optimal temperature
throughout the reaction zone often leads to a maximum yield, conversion and desired selectivity. Thus,
boiling heat transfer is used in process control or thermal management of various reactions to maintain
an isothermal thermal condition where the exothermic reactions releases heat. Compared to a boiling
process control, a cooling system via single-phase fluid convection generally cannot achieve a near
isothermal boundary condition for the reactions without large flow rates needed to keep the stream at
constant temperatures and increase the convective heat flux.
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Figure 4. Temperature contour map in the reactor wherein the leading edge of the subsurface layer has a
tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids from the
bulk flow path are not trapped beneath the top-most layer.

The sensible enthalpy contour map in the reactor is plotted in Figure 5 wherein the leading edge of
the subsurface layer has a tapered shape that corresponds to the angle of cross-bars in the top-most
layer so that fluids from the bulk flow path are not trapped beneath the top-most layer. So far, boiling in
microchannels has not been used in the thermal management and control of the microchannel chemical
reaction processes due to various postulated or practical technical issues. Flow boiling in microchannels
is associated with the flow patterns different from that found in the ordinary flow channels where vapor
bubbles are smaller than the channel diameters and the channel wall is generally well wetted by the
liquid. The hydraulic diameter of microchannels is usually smaller than the characteristic diameter of
the vapor bubbles so that due to capillary effect vapor slugs and liquid slugs consecutively flow by a
fixed location of the channel. The prediction methods and design criteria for this flow pattern are not
well established. The other desired flow patterns such as bubbly flow and annular flow may only be
possible in a very narrow flow parameter range or limited operation conditions or may be absent. Due
to the existence of vapor slugs, local hot spot of the wall and in turn the temperature non-uniformity
may occur due to the low vapor-wall heat transfer rate. Due to the existence of vapor slugs, severe flow
and pressure oscillation may occur in microchannel boiling. Instability of the entire cooling system may



instantly occur. The heat transfer crisis can occur even at low heat duty due to the large difference
between the heat transfer coefficients by evaporation and by single-phase vapor convection. This is
characterized by the critical heat flux that may be very low and lead to non-isothermal heat transfer.
The flow distribution and manifolding are difficult in microchannel arrays with two-phase flow, while a
large number of integrated microchannels is usually needed for the desired process capacity. The
present process makes it possible to make use of flow boiling in microchannels integrated in unit
operations to realize a stable isothermal boundary condition for the exothermal reaction. The reaction
process can be thus thermally controlled to operate in an optimal condition. The local quality of the
convicting flow is needed to estimate the pressure drop in a channel. Knowing the void fraction and
vapor quality variation along the channel length, the two-phase pressure drop in the channel can be
calculated using a separated flow model. The term critical heat flux is the local heat flux at which wall
temperature cannot be maintained due to heat transfer mechanism change from boiling to vapor
convection. This results in the formation of a localized hot spot.

Sensible enthalpy

Figure 5. Sensible enthalpy contour map in the reactor wherein the leading edge of the subsurface layer
has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids from
the bulk flow path are not trapped beneath the top-most layer.

The enthalpy contour map in the reactor is plotted in Figure 6 wherein the leading edge of the
subsurface layer has a tapered shape that corresponds to the angle of cross-bars in the top-most layer so
that fluids from the bulk flow path are not trapped beneath the top-most layer. Smaller values of the
temperature difference range have single phase heat transfer and low heat fluxes. There is a threshold
temperature difference where nucleate boiling starts and increasing the difference slightly can result in
larger heat fluxes, as nucleate boiling starts to occur. Critical heat flux occurs when the temperature
difference reaches a point where the heat transfer rate changes from nucleate and bubbly flow to local
dry out and gas phase resistance starts to dominate heat transfer. Critical heat flux can occur before
dry-out. Critical heat flux results in larger hydraulic diameters are fairly well characterized. Channel
size and vapor quality are related to average wall heat flux in saturated boiling [61, 62]. Consequently,
higher process heat flux quickly approaches local critical heat flux via higher vapor generation rate and
accumulated vapor amount. The difference between the wall temperature and the saturation temperature
is defined as the overage temperature. For a matrix of aligned microchannels where the local heat flux
varies from channel to channel the difficulties described above become more challenging. Potential unit
operations that would have a varying heat flux profile over a matrix of connecting channels include but
aren't limited to the following factors: Exothermic chemical reactions, catalytic or homogeneous,
distillation tower heat removal, desorption stage in an absorption or adsorption system, exothermic



mixing processes, and the like. This can occur when the microchannels are aligned cross-flow to the
direction of the other unit operation's channels. For the varying channel flux situation there may be
need for more flow in channels with the higher heat fluxes and less flow to channels with less heat
fluxes to sustain convective boiling. It should be noted that from a heat transfer performance standpoint,
isolated bubbles are most desirable. The catalyst may be supported on a porous support structure such
as a foam, felt, wad or a combination thereof. The term foam is used herein to refer to a structure with
continuous walls defining pores throughout the structure. The term felt is used herein to refer to a
structure of fibers with interstitial spaces therebetween. The term wad is used herein to refer to a
structure of tangled strands, like steel wool. The catalyst may be supported on a honeycomb structure.
The catalyst may be supported on a flow-by support structure such as a felt with an adjacent gap, a
foam with an adjacent gap, a fin structure with gaps, a wash-coat on any inserted substrate, or a gauze
that is parallel to the flow direction with a corresponding gap for flow.
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Figure 6. Enthalpy contour map in the reactor wherein the leading edge of the subsurface layer has a
tapered shape that corresponds to the angle of cross-bars in the top-most layer so that fluids from the
bulk flow path are not trapped beneath the top-most layer.

The methanol conversion results are presented in Figure 7 for the reactor wherein the volume
occupied by the catalyst supported on a mesoporous matrix plus the volume of bulk flow path that is
adjacent to the catalyst supported on a mesoporous matrix defines the volume of reaction chamber. All
microchannel experiments are conducted with a certain fixed geometry. For the purposes of
summarizing heat transfer performance for these devices, the length-to-diameter ratio, typically the
channel length divided by the hydraulic diameter is a very useful metric [63, 64]. Boiling heat transfer
characteristics of a microchannel can also be enhanced by applying a porous coating or in some means
engineer porous or grooved structures on the wall surfaces of a microchannel. For unit operations,
including homogeneous chemical reactions and heat exchangers, interaction of the bulk flow species
with the active surface feature wall is advantageous to transfer heat to an adjacent heat transfer chamber.
Unlike the prior micromixers, it is desirable to move the bulk stream near and past the wall and not
necessarily completely and uniformly mix the bulk flow stream. An active surface feature wall that
moves more fresh fluid near and past the active surface will be preferential over a design that primarily
mixes the bulk stream. For these applications, performance is enhanced with higher Reynolds numbers
as opposed to disadvantaged at higher Reynolds numbers because the high momentum streams are
moved into a repeating rotating flow pattern that winds the bulk flow past the active surface features
and does not substantially stop the flow rotation and try to turn it back in an opposing direction. Once
the flow has started to turn in a fixed direction within the active surface features, it continues in the
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same direction thus demonstrating a high vorticity such that the fluid is replenished against the active
surface feature walls. As the momentum is increased at higher Reynolds numbers, the relative vorticity
or angular force to spin the fluid also increases and thus the number of contacts or collisions with or
near the active surface feature walls is also increased. For these cases, however, vorticity alone is not
the only element [65, 66]. Patterns that merely spin the fluid in the bulk flow path, such as that created
by a single angular diagonal feature groove across the width of a microchannel wall do not do a good
job of pulling the center flow stream into the active surface features. In the present invention, the
geometry of the active surface feature wall pattern may be designed to enhance contact, as defined to a
molecule breaking the plane of the active surface feature groove and entering into the recessed and
angled groove, with active surface features. The preferable active surface features have more than one
angle across the width of at least one wall of the microchannel. The feature is preferably contiguous
such as a chevron or zig-zag; but in some embodiments a surface feature having at least one angle
could be discontinuous if the elements of the feature are aligned so that, except for a gap, the recesses
or protrusions would connect, an example is a chevron with a missing apex. The catalyst may be
directly wash-coated on the interior walls of the process microchannels, grown on the walls from
solution, or coated in situ on a fin structure. The catalyst may be in the form of a single piece of porous
contiguous material, or many pieces in physical contact. The catalyst may be comprised of a contiguous
material and has a contiguous porosity such that molecules can diffuse through the catalyst. The
catalyst may comprise a porous support, an interfacial layer on the porous support, and a catalyst
material on the interfacial layer. The interfacial layer may be solution deposited on the support or it
may be deposited by chemical vapor deposition or physical vapor deposition.
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Figure 7. Methanol conversion of the reactor wherein the volume occupied by the catalyst supported on
a mesoporous matrix plus the volume of bulk flow path that is adjacent to the catalyst supported on a
mesoporous matrix defines the volume of reaction chamber.

The hydrogen productivity results are presented in Figure 8 for the reactor wherein the volume
occupied by the catalyst supported on a mesoporous matrix plus the volume of bulk flow path that is
adjacent to the catalyst supported on a mesoporous matrix defines the volume of reaction chamber. The
performance enhancement of the active surface features relative to a corresponding featureless or flat or
smooth wall is typically improved as the residence time is decreased. The featureless wall is defined by
a microchannel that has a gap not inclusive of the depth of the recessed features and having the same
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width and length. As the Reynolds number increases the importance of inertial forces increases. For
higher inertia or momentum streams, maintaining the momentum in a single primary direction rather
than reversing or changing directions makes it easier to keep the stream turning. As the stream keeps
turning, it keeps moving more and more flow or molecules into the active surface features where they
may interact with the walls that exchange either heat or mass or both. Mass of fluid entering a surface
feature is defined as the amount of mass at the inlet to a surface feature section that enters at least one
surface feature in a surface feature section, wherein entering a surface feature means the fluid molecule
breaks the plane of the recessed surface feature and moves out of the bulk flow channel. Computational
fluid dynamics code should be used to evaluate the percentage of mass that enters at least one surface
feature in a surface feature section, which allows the evaluation of the fluid flow path lines to be
illustrated and traced through the surface feature section. The surface feature section should be
discretized with a minimum of six volume cells in the depth and length directions to get reasonable
flow discretization, with the main straight channel discretized with proportionally sized cells to
maintain the cell size continuity in the channel adjacent to the surface features and the spaces between
the surface features. The Reynolds number is the commonly used ratio of the inertial over the viscous
forces seen by flow in a channel. Its definition is the ratio of the mass flux rate times the hydraulic
diameter divided by the dynamic viscosity. Coatings could also be applied onto microchannel walls by
filling channels to the desired height with a liquid coating composition and removing volatile
components under reduced pressure. Care may need to be exercised to avoid bubbling defects. The
effect of surface features on the reactor performance is explored for the steam reforming reaction. The
intent of the features is to increase the conversion per length, especially at low catalyst activity. The
surface features increase the available surface area for catalyst, they allow a solution derived catalyst to
be wash-coated uniformly, and they reduce external mass transport limitations in the bulk microchannel
and thus allow the reactor to operate closer to the intrinsic potential of the catalyst activity.
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Figure 8. Hydrogen productivity of the reactor wherein the volume occupied by the catalyst supported
on a mesoporous matrix plus the volume of bulk flow path that is adjacent to the catalyst supported on
a mesoporous matrix defines the volume of reaction chamber.

4. Conclusions

The effect of surface features on the reactor performance is explored for the steam reforming
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reaction. The conversion rate is used to compare the reactor performance of different configurations.
For the purpose of comparison, a baseline case is modeled which is a straight channel of the same
dimensions as those for the cases with surface features in terms of channel length, channel width, and
gap size. The reactor performance with surface features is quantitatively measured using different
enhancement factors. The major conclusions are summarized as follows:

The surface features are preferably at oblique angles, neither parallel nor perpendicular to the
direction of net flow past a surface.

Flow boiling can achieve very high convective heat transfer coefficients, and that coupled with the
isothermal fluid allows the heat transfer wall to remain at quasi-constant temperature along the
flow direction.

Due to the existence of vapor slugs, severe flow and pressure oscillation may occur in
microchannel boiling.

Critical heat flux occurs when the temperature difference reaches a point where the heat transfer
rate changes from nucleate and bubbly flow to local dry out and gas phase resistance starts to
dominate heat transfer.

As the momentum is increased at higher Reynolds numbers, the relative vorticity or angular force
to spin the fluid also increases and thus the number of contacts or collisions with or near the active
surface feature walls is also increased.

The performance enhancement of the active surface features relative to a corresponding featureless
or flat or smooth wall is typically improved as the residence time is decreased.
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