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Velocity and residence time distributions play a crucial role in the performance of
microreactors for chemical synthesis. The specific features of fluid flow through multi-
plate microchannel reactors are examined by an approximate pressure drop model whose
®alidity is confirmed through comparison with more detailed finite-®olume calculations.
The model results allow for determination of the influence of the geometrical character-
istics of the microchannel structures on the flow distributions and are used to optimize
the reactor design for maximum flow uniformity.

Introduction

Recent advances in microfabrication technology offer the
possibility of low cost replication of microchannel structures
for industrial-scale production of fine chemicals. These reac-
tors present advantages over macroscopic reactors, particu-

Ž .larly with regard to heat management Hsing et al., 2000 , by
facilitating isothermal operation or enabling the coupling of

Žendothermic and exothermic reactions Gavriilidis et al., 1998;
.Peterson, 1999 . The use of microstructured reactors as tools

for process development not only facilitates optimization of
existing processes, but can reduce the lag-time between labo-

Žratory development and industrial production Worz et al.,¨
.2001 .

In addition, the small characteristic dimensions of mi-
crochannel reactors can provide safe operation with highly

Žreactive or hazardous products Vlachos, 1998; Hagendorf et
.al., 1998 , and these characteristics, combined with precise

heat management, suggest new and original design concepts
capable of reducing the number of reactive steps in long syn-

Ž .thesis processes Lowe et al., 1998 . Such improvements¨
should improve selectivity, and reduce energy consumption,
separation steps, and production cost.

Due to their small dimensions, microreactors can present
rapid response times that should be an advantage not only
for process control, but also for certain heterogeneous cat-
alytic reactions. Applying periodic reactant feed concentra-
tion, for example, has been shown to lead to a large increase
in conversion or even selectivity for certain reactions when
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Žcompared to steady-state operation Thullie and Renken,
.1993 , and new microreactor properties are likely to make

the required feed frequencies possible.
The use of microreactors for industrial-scale production of

chemicals requires a large number of reactors in parallel,
since each reactor provides only a small volume dedicated to
reaction. Unfortunately, process design by this ‘‘numbering-
up’’ approach is not exempt from some of the same difficul-
ties encountered in traditional scale-up. In particular, the
parallel process structures may exhibit poor uniformity in the
fluid distribution between microchannels, which is generally
undesirable and can limit severely the inherent advantages of

Žmicrochannel reactors described above Walter et al., 1999;
.Wiessmeier, 1997 . Equal fluid velocities in the microchan-

nels indeed are a necessary condition so as to have equal
mass-transfer coefficients, heat-transfer coefficients, and
space times. It is important, therefore, to design reactor ge-
ometries enabling narrow velocity distributions between
channels.

The objective of the present study is to analyze the influ-
ence of the geometrical dimensions of the reactor microstruc-
ture on the velocity distribution between channels. For this
purpose, an approximate model is developed, based on a sim-
plified description of the reactor as a network of equivalent
rectangular ducts. Results calculated with the approximate
model are then compared to more detailed finite-volume cal-
culations to validate the approach. Following validation, the
approximate model is used to optimize the reactor geometry
in order to eliminate the velocity variations responsible for
difficulties in the design of production-scale devices.
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Microreactor Geometry
Choice of the microreactor geometry

In order to be used for industrial-scale production of
chemicals, microreactors need to satisfy a certain number of
constraints regarding materials and cost. Indeed, the material
that constitutes the reactor must be adapted both chemically
and mechanically to the required operating conditions, to
avoid problems such as corrosion, clogging, or bending. The
large number of reactors required for industrial production
necessitates low manufacturing cost of each elementary unit,
even if development and process scaling costs will be de-

Ž .creased due to duplication Benson and Ponton, 1993 . The
microreactor should also enable coupling of chemical reac-
tion and heat exchange in the unit volume. Modular geome-
tries enabling a change in the number of channels without
requiring substantial investment appear particularly promis-
ing, provided that uniform velocity distributions can be at-
tained.

A number of different multichannel reactor geometries
have been investigated and, among these, two main reactor
concepts satisfy most of the above criteria. These geometries
are:

� the monolith geometry, in which the inlet stream is sim-
ply distributed between all the channels of the unit through a

Žlarge distribution chamber Honicke and Wiessmeier, 1996;¨
Hagendorf et al., 1998; Wiessmeier and Honicke, 1998; Bier¨

.et al., 1993; Wiessmeier et al., 1997 .

� the multiplate reactor geometry, in which the inlet stream
is first divided into substreams between microstructured
plates and each substream then distributed between the

Žchannels of the plate Richter et al., 1997; Ehrfeld et al., 1997;
.Tonkovich et al., 1998 .

The monolith geometry can exhibit detrimental velocity
differences between the channels, due to the formation of

Žstationary vortices in the distribution chamber Walter et al.,
.1999; Wiessmeier, 1997 . In contrast to the monolith geome-

try, the narrower volumes in the multiplate geometry are likely
to prevent the formation of undesired vortices, and CFD cal-

Ž .culation Commenge, 2001 has shown that this is indeed the

case for most situations of practical interest. For this reason,
the multiplate reactor geometry appears more attractive and
has been chosen for this study.

Description of the microreactor studied
The microreactor studied in this work consists of a stack of

Ž .microstructured plates Ehrfeld et al., 1997 , as shown in Fig-
Ž .ure 1 lefthand side . The parallel channels and distribution

chambers for each plate are etched into flat metallic sheets
and holes are drilled from side to side into each of the four
corners of the sheets to enable fluid flow perpendicularly
through the stack. The flow trajectory through one plate in

Ž .the stack is presented in Figure 1 righthand side . Only one
fluid substream is drawn for readability.

By placing the inlet and outlet tubes at lateral positions in
Žthe corners of the plate, as presented in Figure 1 lefthand

.side , an alternating stack of symmetric plates can be assem-
bled to allow two distinct fluid veins to flow through the reac-
tor, with one vein dedicated to the reaction fluid and the
other to the heat exchange fluid. By placing the tube open-
ings in the corners, cocurrent or countercurrent flow can be
achieved, a configuration that is not possible with central tube
positions.

Calculation of the Velocity Distribution
Characteristic dimensions of the microstructured plates

The calculations presented in this work consider the fluid
to be a continuous medium. For this approximation to be
valid, the minimum characteristic dimension of the channels
d must be significantly larger than the molecular mean freemin

Ž .path � of the process fluid. The Knudsen number, defined
as the ratio Kns�rd , indicates the degree of flow rar-min

Ž .efaction. For low Knudsen numbers KnF0.01 , the fluid can
still be considered as a continuum and Navier-Stokes equa-
tions are applicable, whereas for higher Knudsen numbers,
rarefaction effects such as ‘‘slip-flow’’ on the walls appear,

Žthat must be taken into account Harley et al., 1995; Piekos
.and Breuer, 1996 .

( ) ( ) ( ) ( ) ( )Figure 1. Microstructuredplatewith 1 inlet tube, 2 inletchamber, 3 channels, 4 outletchamberand 5 outlet tube.
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From the kinetic theory of gases, the mean free path � of a
gas is directly proportional to the absolute temperature T and
inversely proportional to the pressure P according to the re-

Ž .lation Villermaux, 1993

RT
�s 1Ž .2'� 2 PA�

For nitrogen, at a maximum operating temperature of 600
K and a minimum operating pressure of 1 bar, the longest
mean free path reached is equal to 0.14 �m. For continuum

Ž .mechanics to be valid KnF0.01 , the minimal characteristic
channel dimension must be larger than 14 �m, which is the
case for applications considered in this and many other stud-

Žies Gavriilidis et al., 1998; Honicke and Wiessmeier, 1996;¨
.Walter et al., 1999 .

In addition, this study is most particularly concerned with
chemical reactions occurring in the gas phase at relatively low
flow rates, for which the hydrodynamic flow regime can be
considered to be laminar. For laminar duct flow in the mi-
crochannels to be valid, Reynolds numbers should be lower
than 2,000, for a Reynolds number defined as

� u Dgas gas HductRes 2Ž .
�gas

with the hydraulic diameter of a duct with a given cross sec-
tion defined as

4S
D s 3Ž .Hduct Pw

For nitrogen, at 600 K and 1 bar, a Reynolds number lower
than 2,000 implies U D less than 0.01. The maximumgas Hdu ct

values of the product U D for the plates studied in thisgas Hdu ct

work are found in the inlet and outlet chambers where the
hydraulic diameter is maximum and the cross-sectional area
is minimum. In practice, velocities are lower than 10 mrs and
hydraulic diameters are lower than D s500 �m. UnderH
these conditions, Reynolds numbers in the chambers are
much lower than 2,000 and the flow regime is effectively lam-
inar at all points on the plate.

The flow is assumed steady with no entrance effects. Ne-
glecting entrance effects in a channel is valid for entrance

Ž .lengths L , 0.05ReD Midoux, 1993 significantlyentry H
smaller than the channel length L . For a hydraulic channelc
diameter D s500 �m, with nitrogen under atmosphericH
conditions flowing with a velocity 10 mrs, the Reynolds num-
ber in the channel is 100, which implies that the entrance
length is 5 dia. long. This entrance length remains short com-
pared to the channel length in most cases of interest. In prac-
tice, Reynolds numbers in the channels are frequently much
lower, and entrance effects can often be neglected com-
pletely.

Finally, the gas is considered as incompressible. This as-
sumption should not cause great deviations since fluid veloci-
ties U in the channels remain low, on the order of 10 mrs.
The density variation of a gas can be linked to the Mach

Ž .number M as Candel, 1990

� � U
2� M with Ms 4Ž .

� c

For nitrogen at 600 K and 1 bar, the speed of sound c is
290 mrs leading to Mach numbers typically lower than 0.035,
and incompressible flow is valid.

Detailed modeling of the reactor
Microreactor geometries can contain several hundreds to

thousands of channels. For heterogeneous catalytic reactions,
it is important to have equal space times in each channel of
the reactor, if the catalyst coating is restricted to channels,
or, in each plate, if the catalyst is also spread over the inlet
and outlet chambers. Thus, it is necessary to calculate the
fluid velocity over the entire reactor for proper design.

Calculation of the fluid velocity distribution over the entire
reactor is possible with existing computational fluid dynamics
Ž .CFD packages and, in the present case, the software code

Ž .Fluent based on the finite-volume method Patankar, 1980
has been used. Restricting the domain of this study to
steady-state incompressible hydrodynamics and isothermal
conditions, the equations to be solved in the three-dimen-

Ž .sional 3-D fluid domain are: the continuity equation

™�� us0 5Ž .

and Navier-Stokes equation

™ ™ ™2u ��usy�Pq�� u 6Ž .

To solve these equations, the boundary conditions assume
no slip on the walls and a uniform velocity at the entrance of
the inlet tube. The continuity and Navier-Stokes equations
are solved for a laminar regime with negligible gravity.

Approximate model
Although possible as indicated above, complete simulation

of complex reactor geometries requires nevertheless large
computer resources. In the case of a reactor with a thousand
channels, the calculation requires as many elementary geo-
metric volumes as existing channels and each volume must
contain a certain number of nodes. A single simulation will
therefore require significant calculation time and computer
memory. Furthermore, for each geometry, the simulation
must be performed with varying mesh grids in order to test
the influence of meshing on the computed results.

Since the present study concerns the influence of geomet-
ric parameters on the velocity distribution in the reactor, a
large number of different geometries must be calculated. For
engineering practice and optimization, therefore, an approxi-
mate distribution model that allows rapid calculation of the
velocity distribution as a function of various geometric pa-
rameters can be a useful complement to more exact CFD
calculations, and the development of such an approximate
model is the primary objective of the present work. CFD cal-
culations on selected test geometries are then used to vali-
date the approach.
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Figure 2. Finite-volume calculations of the pressure field in the inlet chamber of a plate with 23 channels.

A simple approach for studying the flow distribution in
parallel structures involves calculation of the pressure varia-
tion in the distribution system and such an approach has been

Ž .proposed by Bassiouny and Martin 1984 for plate heat ex-
changers. In some cases, the entire structure can be consid-
ered as a resistive network of ducts, where the resistances are

Ž .due to flow friction Boersma and Sammes, 1997 , and a simi-
lar approach will be used for the development of the approxi-
mate model presented in this article.

To calculate the velocity distribution in the reactor, the
Ž . Ž .fluid stream is divided into five zones: 1 the inlet tube, 2

Ž . Ž .the inlet chamber, 3 the channels, 4 the outlet chamber,
Ž . Ž .and, 5 the outlet tube Figure 1 . With this distinction, the

fluid distribution in a multiplate microchannel reactor is
composed of two overlapping systems: the distribution be-
tween the channels of a given plate and the distribution from
one plate to another in the multiplate stack. In this work, the
approximate model for the fluid distribution between the

Figure 3. Description of chamber zones with corresponding channels ranging from 1 to N .c
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channels of an individual plate will be developed and de-
tailed. A similar model can be used to describe the distribu-
tion from plate to plate and details of that approach can be

Ž .found in Commenge 2001 .
The absence of recirculation loops in the plate chambers

Ž .has been demonstrated numerically Commenge, 2001 and
the absence of recirculation leads to a particularly simple
pressure field that can be modeled easily with an approxi-
mate approach. To illustrate this point, Figure 2 presents the
pressure field calculated with the finite-volume method in the
inlet chamber of a plate with 23 channels. The regularity of
the pressure contours illustrates the absence of recirculation,
and the calculated pressure field suggests strongly that the
inlet and outlet chambers can be divided into simple zones as
presented in Figure 4, where the boundaries are very close to
constant pressure contours. The partitioning of the inlet and
outlet chambers into simple zones has been used, therefore,
to construct a simplified geometry for approximate calcula-
tion.

Simplified Plate Geometry. For a plate with N channels,c
the chambers are divided into N zones as indicated in Fig-c
ure 3. Each zone is oriented perpendicularly to a bisecting
line whose origin is situated in the inlet or outlet tube associ-
ated with the corresponding chamber. The zones are equally
spaced along the chamber geometry, each with an identical
zone length L . Since the position of each zone varies alonge
the chamber geometry, the width W of each zone i variesi
depending on its position. For all geometries studied in this
work, the inlet and outlet chambers are symmetrical, leading
to an identical zone construction for both chambers of a given
plate.

Once the widths W of these N zones are known, the ap-i c
proximate model is constructed according to the principle
presented in Figure 4. Each zone-channel pair is considered
as a portion of a duct with a rectangular cross section along
which the pressure drop can be calculated easily with stan-

Figure 4. Channels of a plate with the different parame-
ters and variables involved in the approxi-
mate model for velocity distribution.

dard hydraulic formulas. The resulting simplified geometry
corresponds to a resistive network of ducts of uniform thick-
ness, but with lengths and widths that vary as a function of
the position of each duct in the structure.

Pressure Drop Through Rectangular Ducts. The linear pres-
sure drop due to friction through a rectangular duct in lami-
nar creeping flow, with a length L, a width w, and a thick-

Ž .ness e, is equal to Midoux, 1993

�Lum
� P s32� 7Ž .f nc 2DH

where the hydraulic diameter is defined as

2we
D s 8Ž .H wq e

and the noncircularity coefficient of the duct � is a func-nc
tion of the ratio of duct thickness to duct width erw. The
complete set of equations is presented in Appendix A.

The solutions to the resulting set of equations yield the
velocities in each duct of the network and in particular in the

Žchannels. The dimensionless velocity distribution normalized
.with respect to the average velocity U through the channelsm

depends only on the number of channels N and N q2 di-c c
mensionless geometric ratios

W L Wi c cq q qW s , L s and W s 9Ž .i ce L ee

where Wq is the ratio of chamber width to thickness at thei
entrance to the i th channel, Lq is the ratio of channel length
to chamber zone length, and Wq is the ratio of channel widthc
to thickness. The geometric parameters are presented in Fig-
ure 4.

The dimensionless velocity distribution between channels
of a single plate does not depend on the flow rate in this
simplified approach since the pressure drop considered here
is only due to friction to the walls, resulting in a linear de-
pendence of pressure drop on inlet plate velocity. If addi-
tional pressure drop contributions due to flow singularities,
such as the change in duct cross section or chamber-channel
intersections, are considered, the pressure-drop dependence
becomes nonlinear and the distribution will depend on flow
rate. These additional nonlinear effects are of secondary im-
portance, however, and have been neglected in the approxi-
mate model.

Results
Comparison of the approximate model to finite-©olume
calculations

To compare calculated results obtained with the finite-
volume method to those obtained with the approximate

Ž .model, three standard geometries Table 1 have been exam-
ined. The chamber geometries are not presented in detail
since a complete description would require specification of
all the chamber widths. Nevertheless, the three geometries
are similar to the chamber geometry presented in Figure 3,
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Table 1. Geometric Parameters of the Studied Plates

Number of Channels per Plate 13 23 34
Ž .Channel width �m 500 500 300
Ž .Channel thickness �m 100 500 300

Ž .Channel length mm 8 20 20
qL 9.5 25.5 38.6
qW 5 1 1cqW 45 11 181

with regularly decreasing widths. The dimensionless widths
of the first zone for each of the three cases are reported in
Table 1.

The flow in each of the above geometries is simulated both
by the approximate model and by finite-volume calculations
Ž .Fluent . Figure 5 presents the normalized velocity distribu-
tion between the channels of the plate with 23 channels, cal-

Ž .culated with the approximate model left and the finite-
Ž .volume method right . Velocities are normalized with re-

spect to the mean velocity through the channels. The mean
velocities vary by less than 1% between the two methods in
all cases. For structured mesh grids, an increase from 20,000
to 50,000 nodes results in no significant variation in the cal-
culated distribution.

The calculated velocity distributions appear to be symmet-
ric. This result is expected since the plate geometry is
center-symmetric, although it cannot be proven directly from
the equation set of the approximate model. In fact, whereas
the velocity distribution is always found to be exactly symmet-
ric for the approximate model, the finite-volume results show
slight asymmetry, increasing with increasing inlet velocity.

Figure 5. Normalized velocity distribution in the 23-
channel plate calculated with the approximate

( )model left and the finite-volume method
( )right .

For the microreactor geometry calculated in Figure 5, a
convex velocity distribution is found with the lowest velocity
in the middle channel and the highest velocitites in the chan-
nels along the edge. The shape of the distribution depends
strongly on the geometry of the inlet and outlet chambers.
Figure 6 shows the variation of distribution shape as a func-
tion of the width of the last inlet zone for a plate with linear
chambers and 20 channels. Whereas a minimum velocity ap-
pears in the middle channel for Wqs10, a maximum velocity20
is calculated for Wqs0.5. This shape inversion between con-20
cave and convex distributions suggests the existence of an in-

Figure 6. Normalized velocity distributions calculated using the approximate model for plates with linear chambers,
20 channels, L+=50, W +=1 and various values of W +.c 20
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Table 2. Maximum Velocity Difference for the Reported
Geometries

Maximum Velocity Difference �U%

Number of Channels Approximate Model Finite-Volume Method

13 13.9% 10.5%
23 11.4% 7.6%
34 10.9% 7.9%

termediate geometry yielding a practically uniform distribu-
tion between the channels, and this is indeed the case for
Wqs1.6.20

In order to compare the quality of velocity distributions for
different geometries, a normalized maximum velocity differ-
ence, �U is used as defined below%

max U ymin UŽ . Ž .i i
�U s100. 10Ž .% mean UŽ .i

Table 2 presents the maximum velocity differences calcu-
lated by both methods for the geometries described in Table
1. An important feature of the equation set for the approxi-
mate model is the linearity between the pressure drop and
the velocity due to the laminar flow through ducts. As a re-
sult, the normalized velocity distributions determined by the
approximate model are independent of inlet velocity. Results
obtained with the finite-volume method confirm this charac-
teristic and exhibit only a slight influence of inlet velocity on
the velocity distribution. Indeed, an increase of less than 1%

in the maximum velocity difference is observed for a tenfold
increase in Reynolds number.

The main difference observed between the velocity distri-
butions calculated by the two methods can be seen in Figure
5 and concerns velocities in the channels near the edges. The
velocities in the edge channels are lower than in neighboring
channels, and this drop in the edge regions reduces the maxi-
mum velocity difference when compared to the approximate

Ž .results Table 2 . A reason for this effect may be the influ-
Žence of the sidewalls of the inlet and outlet chambers Shah

.and London, 1978 that is not taken into account in the ap-
proximate model.

Apart from the edge effects, the comparison between the
approximate model and the finite-volume method indicates
good agreement for the geometries studied in all cases.

Influence of geometric parameters
For the approximate model, based on isothermal incom-

pressible creeping flow in rectangular ducts, only geometric
parameters appear in the equation system governing the fluid
distribution between the channels of a microstructured plate.
These geometric parameters are the N dimensionless cham-c
ber-zone widths Wq, the ratio Lq of channel length toi
chamber zone length, the ratio Wq of channel width to fluidc
vein thickness, and the number of channels N . The totalc
number of parameters is therefore N q3. A few qualitativec
features of the dependence of the normalized maximum ve-
locity difference �U on channel length and channel width%
are presented in the next sections.

Figure 7. Influence of L+ on the plate geometry for fixed channel number N , channel width W , channel thicknessc c
e, zone length L and chamber geometry.e
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( )Figure 8. Correction factor � Eq. 11 as a function of
the ratio L+/////L+ for L+ =50. Results are pre-ref ref
sented for the three plate geometries pre-
sented in Table 1.

Influence of Dimensionless Channel Length Lq. For a given
set of parameters Wq, Wq and N , the maximum velocityi c c
difference �U is found to be roughly inversely proportional%
to dimensionless channel length Lq. Figure 7 presents three
plate geometries to visualize the influence of Lq. A recipro-
cal dependence of the maximum velocity difference with re-
spect to Lq is not surprising since the velocity distribution
between channels is due to a pressure drop balance between
the channels and the chamber zones. According to Eq. A3,
the fluid velocity difference between adjacent channels de-
pends on pressure drop through the channels and through
the corresponding chamber zones. Since equal velocities in
adjacent channels require equal pressure drop through the
channels, a larger contribution of pressure drop through the

( )Figure 9. Normalized velocity difference �U Eq. 10%
with respect to the ratio W +, for the plate ge-c
ometries presented in Tables 1 and 2.

Ž q.channels higher L should result in a more uniform veloc-
ity distribution.

From a reference value �U , calculated for a chosen%,ref
reference length Lq , the maximum velocity difference �Uref %
for any other Lq can be estimated approximately as follows

Lq
ref

�U s�U 1y	 11Ž . Ž .% %,ref qL

where 	 should represent in general a small correction.
Figure 8 presents the variation of the correction factor 	

for the three plate geometries of Table 1, for a reference
value Lqs50. The figure is plotted for the plate geometriesref
described in Table 1 for values of Lq ranging from 5 to 500.
As a consequence, the ratio LqrLq ranges from 0.1 to 10.ref
The correction factor 	 can be seen to decrease slightly with
an increase in the ratio LqrLq .ref

Influence of Dimensionless Channel Width Wq. Figure 9c
shows the qualitative variation of �U calculated as a func-%
tion of the dimensionless channel width Wq. A square chan-c
nel corresponds to Wqs1. Thus, values of Wq less than 1c c
correspond to narrow channels, values of Wq greater than 1c
to wide channels. Figure 10 presents three different channel
cross sections obtained with varying dimensionless widths Wq.c
To facilitate comparison of different cases on a single graph,
�U is normalized with respect to its value calculated for%
square channels

�U%
12Ž .

q�U%,W s1c

The plotted values are calculated for several plate geome-
tries. The trend is the same in all cases: the maximum veloc-
ity difference increases with increasing channel width Wq.c
Two variation domains can be seen: the ratio �U r�U q% %,W s1c

evolves rapidly for narrow channels whereas the influence of

Figure 10. Influence of W + on channel cross section c,c
and on wall cross section W, for fixed chan-
nel number N , channel thickness e, dimen-c
sionless length L+ and chamber geometry.
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Wq is weaker for wide channels. As for the influence of Lq
c

described above, the influence of Wq can be explained fromc
pressure drop considerations. Indeed, increasing Wq in-c
creases the cross section for fluid flow through the channels,
thereby decreasing the pressure drop through the channels
compared to the pressure drop in the chambers that remains
unchanged. As a result, velocity nonuniformities increase with
Wq.c

Optimization of the Chamber Geometry
Purpose

For applications of microchannel reactors for heteroge-
neous catalysis, chemical reaction is most often restricted to
the catalyst-coated walls of the channels. Reliable scale-up of
such systems requires therefore equal velocities through each
of the channels in the structure. The approximate pressure-
drop model will be used in the following section to obtain a
velocity distribution between the channels of the reactor that
is as uniform as possible. Uniformity will then be verified by
finite-volume calculations on the predicted structure.

Condition on chamber geometry
ŽThe pressure drop relation for the approximate model Eq.

.A3 results from the assumption that the boundaries of
chamber zones are iso-pressure contours. As a result, pres-
sure at the entrance to channel i and to inlet zone i are
equal. Equal velocities in the channels i and iq1 imply equal
pressure drops through these channels

� P s� P for 1F iFN y1 13Ž .channel i channel iq1 c

Using Eq. A3 and the mass balances presented in Ap-
pendix B, the condition for a uniform velocity distribution
between the channels implies the equality condition

N y i ic s2 21 1q qW 1y0.351 W 1y0.351iq1 N q1yiq qcž / ž /W Wiq1 N q1y ic

14Ž .

resulting in a direct relation between the width Wq of inletiq1
zone iq1 and the width Wq of outlet zone N q1y i.N q1y i cc

Determination of an optimum chamber geometry yielding
a uniform velocity distribution can be performed by calculat-
ing the widths Wq satisfying the above condition. With noi
further assumptions, Eq. 14 results in N r2y1 equations re-c

q Ž .lating the W if N is an even number and N y1 r2 equa-i c c
tions if N is an odd number.c

Choice of the optimization criterion
In order to obtain a uniform velocity distribution, the fol-

lowing criterion J to be minimized can be defined

is Nc Ui
Js 1y 15Ž .Ý Umis1

J is equal to zero if the widths Wq exactly satisfy conditioni
14.

It should be noted, however, that Eq. 14 only relates an
inlet zone to a corresponding outlet zone and does not relate
the various inlet zones to each other. Consequently, an infi-
nite number of optimum chamber geometries can be deter-
mined. Indeed, for an optimized chamber geometry, one inlet
zone and its corresponding outlet zone can be modified, while
keeping other zone widths constant, to find new widths that
will also satisfy condition 14. Hence, it is possible to design
optimized chambers with unrealistic or technically unfeasible
width profiles. This point highlights the fact that a relation
between adjacent zones is required so that the geometry may
be regular enough to avoid recirculation or additional hydro-
dynamic singularities, and be simple to produce.

For this reason, a second term is added to the optimization
criterion to yield the following two-term condition

is N is Nc cU Wi i , l i n
Js 1y q
 1y 16Ž .Ý ÝU Wm iis1 is 2

where the width W is defined asi ,l in

iy1
W sW q W yW 17Ž .Ž .i , l in 2 N 2cN y2c

The second term evaluates the difference between the op-
timized chamber geometry and a linear chamber based on
the width of the first and last zones. The width W does not1
appear in this expression since it is not a parameter of influ-
ence in the optimization process. Furthermore, the second
term in criterion 16 is weighted with a numerical factor 
 , so
that both terms may have the same order of magnitude. The
factor 
 is fixed at the beginning of the calculation and kept
constant thereafter.

General case
The optimization process thus consists of minimizing the

criterion J defined in Eq. 16 for fixed values of N , Lq andc
Wq. The problem is also constrained since every variable Wq

c i
ranges between a lower and an upper limit. The optimization
method used to solve the problem is based on the gradient
projection method and uses a limited memory BFGS matrix
to approximate the Hessian of the objective function. A full

Ž .description of the method can be found in Byrd et al. 1995
Ž .and Fletcher 1991 .

Example of an optimized chamber
As an example, the optimization process has been applied

to the plate geometry with 23 channels, whose dimensions
are presented in the Table 1. The numerical parameter 
 is
equal to 0.01. The optimized geometry is presented in Figure
11.

Optimized geometries yield velocity differences that are
lower than a hundredth of a percent. The obtained shape is
quite regular, but also complex, since a slight curvature ap-
pears along the chamber wall. As a result, such a geometry
may be technically quite difficult to produce in the microfab-
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Figure 11. Optimized chamber geometry of the plate
with 23 channels.

rication process of the plate. For this reason, the following
paragraphs will focus on the special case of linear chambers,
whose fabrication should be easier.

Special case of a linear chamber
For a linear chamber geometry, the number of parameters

is reduced to

Lq, Wq, Wq, Wq, N 18Ž .c 1 N cc

since the widths of the chamber zones are related to each
other through the relation

iy1
q q q qW sW q W yW 19Ž .Ž .i 1 N 1cN y1c

While the study of linear chambers is important to simplify
design of technically feasible microstructured reactors, this
case is only an approximation of the generalized optimization
process. Indeed, the constraint of a linear chamber wall is
too strong to allow completely uniform velocity distributions
to be obtained. Nevertheless, the differences can be reduced
to less than a few percent in most cases, which is sufficient
for practical application.

For the linear chambers, direct calculation has been used
and an optimization procedure is not employed. For fixed
values of N , Lq, and Wq, all possible linear chamber ge-c c

Ž q q.ometries can be represented as points W ;W in a 2-D pa-1 Nc

rameter space. Direct calculations of velocity nonuniformity
with the approximate model can be used to determine a curve

Ž q q.in W ;W space along which nonuniformity is minimal.1 Nc

To choose an acceptable geometry among the possibilities
offered by the minimization curve, an additional criterion
must be used. For reactor design, pressure drop through the
microstructured plate is often an important consideration.
The pressure drop can be calculated by following any of the
N substreams flowing through the channel structure. Thec

+ + ( )Figure 12. Values of W and W solid line yielding1 Nc

the most uniform velocity distributions for a
plate with linear chambers, L+=50, W +=1,c
and N =20 channels.c
Values of the pressure drop parameter ranging from 130

Ž .to 200 are also shown dashed lines .

pressure drop of a substream j is

N y1y jj c
inlet zone outlet zone� P s � P q� P q � PÝ Ýplate i channel j i

is1 is1

20Ž .

Using Eqs. A2 and A1, this equation can be written in its
dimensionless form as

� P e3 qLplate s 212�L W U 1e c c qW 1y0.351c qž /Wc

N q1y i NŽ .c cNcqÝ q 21Ž .is1 2 21 1
q qW 1y0.351 W 1y0.351i 1q qž / ž /W Wi 1

in terms of a dimensionless pressure drop parameter
� P e3r12�L W U .plate e c c

To summarize, the approximate optimization process cal-
Ž q q.culates the chamber geometry W ; W that gives the mini-1 Nc

mum velocity difference between the channels of a plate for
given geometric parameters Lq, Wq, N , and dimensionlessc c
pressure drop � P e3r12�L W U .plate e c c

Optimized linear chambers
Figure 12 presents the results obtained for a plate with 20

channels and linear chambers. The solid line presents the lin-
Ž q q.ear chamber geometries W , W giving the most uniform1 Nc

velocity distributions. The dashed lines present the geome-
tries corresponding to dimensionless pressure drop parame-
ters � P e3r12�L W U ranging from 130 to 200. For ex-limit e c c
ample, the optimized chamber for a pressure drop parameter
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Figure 13. Values of W + and W + yielding the most uni-1 Nc

form velocity distributions for plates with lin-
ear chambers, L+=50, W +=1, for numbersc
of channels, N , ranging from 10 to 50 andc
indicative values of the pressure drop pa-
rameter ranging from 130 to 200.

equal to 130 has its first dimensionless width Wq and its last1
width Wq equal to 37.5 and 2.51, respectively.Nc

As indicated previously, this approximate optimization does
not yield a perfectly uniform velocity distribution. Minimum
nonuniformity increases slightly with decreasing Wq. Never-1
theless, for Wq greater than 3, nonuniformities in this case1
are at most 2%.

This calculation has also been performed for plates with
10, 30, 40 and 50 channels. A summary of the results is pre-
sented in Figure 13. For each case, the solid line presents the
linear chamber geometries yielding the most uniform distri-
butions between the channels. For readability, the families of
lines presenting the pressure drop parameter are not shown,
but a few values of this pressure drop parameter are reported
on the uniform distribution curves for information.

Here again, the optimum velocity distributions are not per-
fectly uniform. For a plate with 50 channels, Wqs1 and Lq

c
s50, for example, geometries with Wq larger than 15 yield1
at most 1% differences, whereas, for Wq greater than 10, the1
differences are never greater than 3%. For plates with a large
number of channels, linear chamber geometries may not be
sufficient for adequate flow uniformity. For such cases, the

Ž .general optimization method nonlinear chambers can be
used.

Use of the results for the design of microstructured plates
For engineering practice, the design of optimal microstruc-

tured plate geometries for a given application will generally
involve several steps. A typical design sequence might resem-
ble the following procedure:

� First, the width W and the thickness e of the channelsc
are chosen depending on mass-transfer considerations be-
tween the bulk fluid and the coated wall, particularly for het-
erogeneously catalyzed reactions.

� The thickness of the walls between channels can be cho-
sen based on heat exchange considerations, if required, as
well as the technical capabilities of the microfabrication pro-
cess and the mechanical resistance of the reactor. Wall thick-
ness and channel width determine the chamber zone length

Ž .L Figure 3 .e
� Next, the channel length L and the fluid velocity U arec c

chosen, depending on the space time required for reaction in
the channels, as well as the maximum pressure drop through
the reactor.

� The total number of channels N can then be calculatedc
depending on the flow rate that must circulate through each
plate.

� Once all other geometric parameters have been deter-
mined, the optimum linear chamber can be designed by using
optimization results such as Figure 13 to determine the widths
of the first and last zones of the chamber, as a function of the
pressure drop through an individual plate.

Conclusion
Microstructured reactors are currently used as effective

tools for process development, and their use for industrial-
scale production of fine chemicals can be envisioned in the
near future thanks to advances in microfabrication technolo-
gies. Such reactors should offer new possibilities such as en-
hanced heat exchange, improved process control, and inher-
ent safety due to the specific geometrical features of their
microchannel structures.

An understanding of the fluid distribution in the parallel
process structures required for chemical production in mi-
crochannel systems is critical for industrial scale-up. It is
therefore of interest to develop a tool to estimate quickly the
quality of the distribution and the maximum velocity differ-
ence attained in the reactor.

In this work, a multiplate microchannel reactor, consisting
of a stack of microstructured plates has been investigated.
The study compares two approaches: an approximate pres-
sure drop model and more detailed finite-volume calcula-
tions. The results obtained by the approximate model, based
on pressure drop calculations through a resistive network of
ducts, are shown to be in good agreement with those ob-
tained with the finite-volume method. The approximate
model provides rapid calculation of the fluid distribution and
offers a qualitative understanding of the influence of geomet-
ric parameters and characteristic dimensions on the quality
of fluid distribution among the channels of a microstructured
plate.

In addition, the approximate model can be used to design
plate geometries resulting in uniform velocity distributions
between the channels. Finite-volume calculations confirm the
validity of the optimized designs.

The approximate pressure drop model has been applied in
this work to an individual microchannel plate, but a similar
approach is also possible for estimations of plate-to-plate
variations in flow, thereby allowing for optimization of inlet
and outlet tube geometries as well.

Notation
AsAvogadro number
csspeed of sound, mrs

d sminimal characteristic dimension, mmin
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D shydraulic diameter, mH
esduct thickness, m
gsgravitational acceleration, m2rs

KnsKnudsen number
Lsduct length, m

L schannel lengthc
L schamber zone length, me

L shydrodynamic entrance length, mentry
Lqsratio of channel length to zone length
MsMach number
N snumber of channels per platec
P swetted perimeter, mw
Pspressure, Pa
Rsuniversal gas constant, JrmolrK

ResReynolds number
Sscross section, m2

Tsabsolute temperature, K
usfluid velocity, mrs

u smean velocity, mrsm
U svelocity in channel i, mrsi
V svelocity in inlet zone i, mrsi

0V �svelocity in outlet zone i, mrsi
wsduct width, m

W schannel width, mc
0Wqsdimensionless channel widthc
0W swidth of inlet and outlet zones i, mi

0Wqsdimensionless zone widthi

Greek letters
� P spressure drop due to friction, Paf

�U smaximum velocity difference%
	scorrection factor
�smolecular mean free path, m

� snoncircularity coefficientnc
�sdynamic viscosity, Pa � s

 soptimization parameter
�sdensity, kgrm3

� smolecular diameter, m
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Appendix A: Equations for the Velocity Distribution
The noncircularity coefficient of a rectangular duct is de-

fined as

3
e2

� s for 0F F1 A1Ž .nc 2e e w
1y0.351 1qž / ž /ž /w w

February 2002 Vol. 48, No. 2 AIChE Journal356



For the case where erw�1, � can be obtained by replacingnc
erw by wre in Eq. A1. Consequently, the general form of Eq.
7 becomes, for all values of erw

�Lum
� P s12 A2Ž .f 2w e

2min e, w 1y0.351 min ,Ž . ž /ž /e w

To facilitate the readibility of the text, the complete set of
equations is presented here for a ratio erw less than unity.

In order to calculate the velocity distribution between the
channels, one can consider two adjacent channels and the
inlet and outlet zones that separate them. In this presenta-
tion, channels i and iq1, inlet zone iq1, and outlet zone
N q1y i are considered. If the fluid flows through channel ic
and outlet zone N q1y i, its pressure drop is the same as ifc
it had flown through inlet zone iq1 and channel iq1

� P q� Pchannel, i outlet zone N q1y ic

s� P q� P for 1F iFN y1 A3Ž .inlet zone, iq1 channel iq1 c

Including Eq. A2 and simplifying yields the following

�L V �
�L U e N q1y ic i cq2 2e e

1y0.351 1y0.351ž / ž /W Wc N q1y ic

�L U �L Vc iq1 e iq1s q A4Ž .2 2e e
1y0.351 1y0.351ž / ž /W Wc iq1

In this equation as in the following, denominators are de-
fined for ratios erW and erW ranging from zero to unity.c i
Out of this range, the ratio should be replaced by its recipro-
cal value. Mass balances allow the velocities U with respecti
to V and V , and V � with respect to V and V toi iq1 N q1yi 1 iq1c

be expressed as follows

W V yW V W V yW Vi i iq1 iq1 1 1 iq1 iq1�U s and V si N q1y icW Wc N q1y ic

A5Ž .

Assuming a constant fluid viscosity in the plate and includ-
ing the mass balances in the above equation yields

For 2� i� N y2c

W L1 eyV1 2e
W 1y0.351N q1y ic ž /WN q1yic

W L W Li c iq2 csV qVi iq22 2e e� 0W 1y0.351 W 1y0.351c cž / ž /W Wc c

W Liq1 cqV y2iq1 2e� W 1y0.351c ž /Wc

W Liq1 ey 2e
W 1y0.351N q1y ic ž /WN q1yic

Ley A6Ž .2e 01y0.351ž /Wiq1

For is1

W L W L1 e 1 cyV yV1 12 2ee � 0W 1y0.351W 1y0.351 cNc ž /ž / WW cNc

W L W L3 c 2 csV qV y23 22 2e e�W 1y0.351 W 1y0.351c cž / ž /W Wc c

W L L2 e ey y A7Ž .2 2ee 01y0.351W 1y0.351Nc ž /ž / WW 2Nc

For isN y1c

W LW L N y1 c1 e cyV sV1 N y12 2ce e� 0W 1y0.351 W 1y0.3512 cž / ž /W W2 c

W LN ccqV y2N 2c e� W 1y0.351c ž /Wc

W L LN e ecy y A8Ž .2 2e e 0W 1y0.351 1y0.3512 ž / ž /W W2 Nc

The following dimensionless parameters can now be intro-
duced

V W L Wi i c cq q q qV s , W s , L s and W s A9Ž .i i cV e L e1 e
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The set of Eqs. A6 to A8 can be written as AXsB, where
X is a vector composed of N y1 dimensionless fluid veloci-c
ties in inlet zones from V to V and A a square matrix2 Nc

defined by

Wq Lq
iq1

A i , i sy2Ž . 21
qW 1y0.351c qž /Wc

Wq 1iq1y y2 211
q 1y0.351W 1y0.351N q1yi qqc ž /ž / WW iq1N q1yic

WqLq
i

A i ,iy1 sŽ . 21
qW 1y0.351c qž /Wc

Wq Lq
iq2

A i ,iq1 s A10Ž . Ž .21
qqW 1y0.351c qž /Wc

and B is defined by

Wq W Lq
1 1

B 1 sy yŽ . 2 211 qq W 1y0.351W 1y0.351 cN qqc ž /ž / WW cNc

Wq
1

B i sy for 2F iFN y2Ž . c2
1

qW 1y0.351N q1y i qc ž /WN q1y ic

A11Ž .

Once the velocities have been calculated in the inlet zones,
mass balances allow calculation of the velocities in the chan-
nels.

Appendix B: Condition on Chamber Geometry
ŽThe pressure drop relation for the approximate model Eq.

.A3 results from the assumption that the boundaries of

chamber zones are iso-pressure contours. As a result, pres-
sure at the entrance to channel i and to inlet zone i are
equal. Equal velocities in the channels imply equal pressure
drops through the channels

� P s� P for 1F iFN y1 B1Ž .channel i channel iq1 c

Using Eq. A3, the condition for a uniform velocity distribu-
tion implies

� P s� P for 1F iFN y1outlet zone N q1y i inlet zone iq1 cc

B2Ž .

For equal velocities U through channels, mass balances onc
the zones from i to N of inlet chambers and on the zonesc
from i to N of the outlet chambers are, respectivelyc

W V s N q1y i W U and W �V �s N q1y i W UŽ . Ž .i i c c c i i c c c

B3Ž .

For symmetric inlet and outlet chambers

W �sW which yields V �sV for 1F iFN y1 B4Ž .i i i i c

For the pressure drop relation A2, the equality condition
can be rewritten as follows

N y i ic s2 21 1q qW 1y0.351 W 1y0.351iq1 N q1yiq qcž / ž /W Wiq1 N q1y ic

B5Ž .

resulting in a direct relation between the width Wq of inletiq1
zone iq1 and the width Wq of outlet zone N q1y i.N q1y i cc
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