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Flow-driven instabilites in microdevices, consisting of small features (posts), are
studied using 2-D computational fluid dynamics simulations as a means of enhanching
mixing at the microscale. It is found that oscillatory flow developed above a critical
Reynolds number in the wake of a post is weakly affected by volumetric and surface
(catalytic) reactions. The observed reactivity, on the other hand, is strongly affected by
flow-driven instabilities. Based on these results, a novel post micromixer that capitalizes
on this oscillatory flow while exhibiting a low pressure drop is proposed. Finally, different
feature configurations are investigated to gain insights into the mixing performance and
to develop design guidelines. © 2005 American Institute of Chemical Engineers AIChE J, 51:
3193–3204, 2005
Keywords: microreactors, oscillations, micromixers, Hopf bifurcation, bluff bodies, von
Karman vortex

Introduction

Microscale devices have recently been explored for numer-
ous applications. Examples include in situ production of toxic
and specialty chemicals, mixing, high throughput screening of
catalysts, chemical and biological agents, energy production,1-5

in situ microfabrication of structures of sizes � 5 �m within
small capillaries,6 chemical and biological analysis and synthe-
sis,7-10 DNA separation and amplification using the polymerase
chain reaction,11 and even medical diagnostics. Because of
their small size, the flow in these devices is laminar and mixing
is driven only by molecular diffusion. Their small size also
translates into low surface areas for catalytic reactions.

To overcome some of the challenges stemming from device
miniaturization, ideas reminiscent of microstructured cata-
lysts12-14 are used to fabricate microscale features in the form of
cylindrical posts (or other shapes) within a reactor to create
large catalytic surface area and possibly enhance mixing. Such
microscale posts have recently been implemented experimen-

tally for enhanced chemical reactivity15,16 and for flow unifor-
mity.17

It is well known that under suitable laminar flow conditions,
flow past bluff bodies gives rise to hydrodynamic instabili-
ties.18 These flow-driven instabilities generate periodic wakes
behind the bluff body that lead to the formation of the von
Karman vortex street. Such vortices can prove useful in en-
hancing mixing and thus the effective reactivity in microde-
vices. Reacting turbulent wakes past bluff bodies have been
well studied in the combustion literature (see, for example,
Mavridis et al.19); however, not many studies have been re-
ported for laminar flows. Mass transfer enhancement observed
for multiphase flow arising from bubble wakes20 and in spacer-
filled narrow channels of spiral-wound membranes21 and pre-
liminary investigations for a catalytic reaction occurring at the
surface of an oscillating cylinder22 constitute a few studies
reported for laminar flow conditions, although a systematic
investigation of this subject is lacking.

In this article, we first present a brief overview of laminar
flow patterns in flow past bluff bodies. Time-dependent com-
putational fluid dynamics (CFD) simulations are performed and
our results are compared to the existing literature at the mac-
roscale. Next, instabilities driven by the flow past a single
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micropost are investigated with a focus on understanding the
coupling between reactions and flow dynamics, a relatively
poorly understood topic, for both volumetric and surface reac-
tions. These investigations are finally extended to an array of
posts, which is representative of an actual microdevice, to
explore the practicality of using post micromixers and to de-
velop design principles for them.

Laminar Flow Past Bluff Bodies and Relevance to
Microdevices

In this section we present a brief overview of the existing
literature on the flow past bluff bodies. Most of these studies
have been carried out at the macroscale for flow past a single
cylindrical post (that is, a cylinder) with a diameter ranging
from 1 mm23 to 50 mm.24 The flow patterns were identified
using both experimental flow visualization techniques23-27 and
simulations28-33 and are typically characterized based on the
Reynolds (Re) number using the post diameter, defined as

Re �
dU�

�
(1)

where � is the fluid viscosity (kg m�1 s�1), � is the fluid
density (kg/m3), d is the post diameter (m), and U is the free
stream velocity (m/s).

Figure 1a shows typical flow patterns in terms of the bound-
ary layer behind a post (flow patterns are based on our simu-
lations detailed below). At very low Re number (Re �� 1), the
flow is creeping, and no boundary layer separation is observed
behind the post.34 In the range of 2 � Re � 6, a recirculation
zone appears behind the post with two symmetrical and fixed
eddies, although the flow is still steady. The eddy size increases
with increasing Re.35 At a critical Re number, 40 � Rec � 50
(typically around 47), the flow becomes unsteady, eddies be-
hind the post lose their symmetry, and an asymmetric time-
dependent wake appears behind the post. Vortices, parallel to
the post, are shed alternately from the upper and lower sides of
the post, giving rise to a von Karman vortex street. This
transition from a steady to a periodic unsteady flow corre-
sponds to a Hopf bifurcation and is described by the Stuart–
Landau equation.36 The periodic flow is characterized by the
Strouhal (St) number, that is, the dimensionless frequency of
the oscillations, defined as

St �
fd

U
(2)

where f is the frequency of oscillations (s�1). With further
increase in the Re number, the onset of oblique vortex shedding
takes place around Re � 190, giving a three-dimensional (3-D)
character to the wake.37,38 As the Re number increases further,
the wake becomes irregular in space and time and ultimately
the flow becomes turbulent at Re � 2100.

The onset of time-dependent asymmetric wakes, that is, the
value of critical velocity, depends on the shape as well as the
size of the post. The effect of the post size is obvious. A larger
post diameter translates to a higher Re number, which implies
that the onset of oscillatory behavior shifts to slower flows. The
effect of post shape has been investigated by Jackson.39 It was

reported that the shape of the bluff body affects the critical Re
number. For a given length perpendicular to the flow, the
critical Re number increases with an increase of the size
parallel to the flow (such as Rec � 27.8 for a flat plate and
�45.5 for a cylinder).

Residence times in microchemical devices range from mil-
liseconds to a few seconds. Larger residence times are common
for slow chemistries and low temperatures, such as thermal
decomposition and reforming reactions, whereas millisecond
residence times are characteristic of fast chemistries, such as
combustion and catalytic partial oxidation reactions. Typical
post sizes in structured microdevices are of the order of hun-
dreds of microns. For a device of length of L � 1 cm and a
residence time of 1 ms, the Re number, based on a post
diameter of 300 �m, (considering fluid properties of air) is 75.
These back of the envelope calculations clearly show that

Figure 1. Flow patterns for different values of Re num-
ber.
Panel (a) indicates the boundary layer behind a post for low to
moderate Re numbers. Panels (b)–(d) show schematics for
“inline ” or “tandem, ” “side-by-side, ” and “staggered ”
configuration of two posts, respectively, along with the ve-
locity contours at Re number of 123 and a separation between
the centers of two posts of � � 2d. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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flow-driven oscillatory instabilities at the microscale are en-
tirely feasible and could play an important role in enhancing
mixing, at least for the fastest reactions. When liquids are
considered, the transition to oscillatory flow occurs for slower
flows.

A limited number of experimental and theoretical studies are
available for multiple post configurations. For the case of two
cylinders, the experimental studies40-43 have focused on the
high Re number (103–104) regime, whereas numerical stud-
ies44,45 have focused on the low Re number (102–103) regime.
Different flow patterns have been reported depending on the
configuration. They are briefly summarized here and the reader
is referred to the above references for details. A configuration
of two posts with an angle 0 or 180° is termed as “inline ” or
“tandem ” configuration (see Figure 1b). For a separation � 3d,
no distinct vortices are seen behind the first post. For larger
separations, vortices are seen behind both posts. The shedding
frequency is initially lower and then reaches the single post
value for larger separations. In a “side-by-side ” configuration
(angle of 90 ° between the two posts; see Figure 1c), the two
posts act like a single body for spacing � 1.4d. For spacing
larger than this but �2d, a bistable vortex shedding, which is
unique to this configuration, occurs with two different frequen-
cies observed behind each of the posts. This biased flow (the
wake behind one post is larger than that behind the other)
changes intermittently. For all other orientations of the posts
(“staggered ” configuration; see Figure 1d), the wake behind
the upstream post is found to be narrower and sheds with a
higher frequency than that of a single post. Similar but more
complex flow patterns have been observed experimentally for
three and four posts.46-49 A simple superposition principle does
not provide an adequate explanation of these flow patterns. A
complete understanding of the highly nonlinear multiple post
vortex shedding still remains elusive.

CFD Modeling, Numerics, and Validation

Laminar flow is first studied past an infinitely long cylindri-
cal post. In a typical microdevice, the height of the device is
about 5–10 mm,16 whereas the post diameter is in the 0.1- to
0.5 mm range. Because of this large aspect ratio (post diameter
to height), a 2-D model is used in this study. A 200 �m
diameter cylindrical post is investigated. The size of the flow
domain simulated around a post is known to affect the solution.
Typical domains used in literature are 10 diameters (wide) �
20 diameters (long).28,32,50-52 A recent study investigated the
effect of finite domain on the flow past a cylinder albeit under
steady-state conditions.53 With increasing domain size, the
eddies become fully developed, resulting in an increase in the
time period (that is, decrease in the St number). Thus, a larger
domain of 20 diameters (wide) � 25 diameters (long) has been
used here to minimize finite domain effects. A nonuniform
mesh was generated with 200 nodes along the flow direction
and 160 nodes perpendicular to it. A finer mesh is generated
around the cylindrical post with about 104 nodes on the post
surface, resulting in a total of nearly 52,000 nodes within the
domain. The geometry and the mesh are shown in Figure 2.

Simulations with finer meshes were performed, and it was
found that this mesh provides an adequate balance between
accuracy and computational effort. For example, the change in
the St number between the domain size and mesh used here and

the next larger domain (an increase by 5d along the width and
by 10d in the length) or a finer mesh (resulting from doubling
the number of nodes) was found to be �1%. The optimization
of computational effort is especially important because time-
dependent calculations, involving thousands of time steps, are
performed.

In most simulations, no symmetry is assumed. However, for
a limited number of cases the effect of symmetry has been
explored. Specifically, for simulations with a single post where
symmetry was imposed, half of the above domain was simu-
lated.

For multiple-post simulations, the width of the domain is
kept at 20d and the length is increased to 37.5d (this translates
to a domain of 4 � 7.5 mm, which is representative of a
microdevice). The nonuniform mesh discretization in this case
is 120 nodes (width) � 225 nodes (length) � 60 nodes (on the
surface of each post), which results in a mesh consisting of
nearly 200,000 nodes.

The commercial CFD software, Fluent (version 6.1.22)54 is
used to obtain time-dependent solutions using a finite-volume
method. The time-dependent 2-D continuity, momentum, en-
ergy, and species conservation equations are solved using a
second-order, implicit time-stepping method. A first-order up-
wind discretization scheme is used for density, momentum,
species, and energy equations and a “Standard ” pressure
interpolation scheme is used along with the “Simple ” algo-
rithm for the pressure–velocity coupling.54 A segregated solver
with an underrelaxation scheme is used to obtain the solution.
The equations are integrated with a time step of 0.5 �s,
typically, for a total of 5000–10,000 time steps and up to
65,000 time steps. Time-dependent statistics are obtained after
3000 initial time steps to eliminate initial transients. A single
simulation, as described above, takes about 1 week of CPU
time on a single Pentium Xeon (2.4 GHz with 2GB of RAM)
processor.

The inlet gas (A), having properties of air (that is, molecular
weight of 29 and a diffusivity of 2.9 � 10�5 m2/s) is assumed
to flow in at a uniform velocity and a fixed inlet temperature of
923 K. These conditions come from our previous work on
ammonia decomposition in post microreactors that ensure com-
plete decomposition of ammonia.55 Re � 100 is a standard
benchmark problem in the fluid dynamics community,56 and is
also chosen here, unless otherwise stated. These reactive flow

Figure 2. Flow domain and computational grid.
The simulated domain size is 4 � 5 mm and the post diameter
is 200 �m. The blowup shows the finer mesh near the post
surface. The solid arrows indicate the flow direction. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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simulations are carried out under isothermal conditions, unless
otherwise stated. The outlet is at a fixed pressure of 1 atm and
the diffusive flux is set to zero. No-slip boundary condition is
applied at the post surface(s). The physical properties are the
same for all gaseous species.

To investigate the interplay of fluid flow and catalytic reac-
tions, a reaction

A 3 nB (3)

of variable order is allowed to occur at the post surface(s) with
a rate given by

� �kmol m�2 s�1� � 148CA
� (4)

where � is the reaction order in A and Ci is the concentration
of species i (kgmol/m3). The reaction rate constant is chosen so
that the surface concentration of the reactant is close to zero.

To investigate the interplay of fluid flow and volumetric
reactions, a reaction

A � B 3 C (5)

which is first order in both A and B, is considered. Pure
components A and B enter the domain with equal flow veloc-
ities in a nonpremixed manner from the top and bottom half of
the channel, respectively (see the inset of Figure 6a below). It
should be noted that this reaction is highly dependent on
mixing and occurs at the interface between the two fluids. The
rate of this volumetric reaction is given by

� �kmol m�3 s�1� � 2.7 � 105CACB (6)

The reaction rate constant is chosen so that significant exit
conversions (�20%) occur.

To confirm the existence of oscillations at the microscale and
validate our approach, simulations were carried out for a single
post in the absence of chemical reactions over a range of Re
numbers. A comparison to available experimental and simula-
tion data, albeit at the macroscale, is presented in the Appen-
dix. Studies involving either surface or volumetric reactions in
the presence of a single post are undertaken next.

Effect of Chemistry on Flow-Driven Instabilities

To investigate the effect of chemistry on flow-driven insta-
bilities, the catalytic reaction (Eq. 3) is allowed to occur at the
post surface for various reaction orders and values of n. Figure
3a shows typical velocity magnitude contours and Figure 3b
the mass fraction contours of species A for the first-order
reaction A 3 B. It is clearly seen that asymmetric wakes
develop behind the micropost. The developing wake near the
post surface gradually increases in size and is finally shed into
the flow. The alternate shedding of wakes gives rise to a von
Karman vortex street (clearly seen in Figure 3b).

To gain further understanding, a point 3d downstream from
the post, termed as a reference point, is selected (see Figure 3a)
to monitor local variables. Figure 3c shows the phase portrait
of local mass fraction of species A and the transverse velocity
(Y-velocity) component for 5000 time steps. The retracing of

the curve clearly indicates the periodicity of the flow but also
the asymmetry of the two lobes.

The Y-velocity at the reference point as a function of time is
shown in Figure 4a (crosses). The corresponding mass fraction
of species A is shown in Figure 4b (bottom solid line). The
distance �–E in Figure 4b constitutes one period of the oscil-
lation that is about 59 �s. The intermediate peak 	 splits the
period into two unequal parts, consistent with the phase portrait
in Figure 3c. During one set of alternately shed wakes, the
Y-velocity goes through a complete cycle but the mass fraction
(being a scalar quantity as opposed to the Y-velocity) goes
through two cycles, causing the splitting of the peak.

Figure 4a shows also the local Y-velocity as a function of
time for the cases without reaction (solid line) and with a
surface reaction A3 B that is second-order in A (circles). All
trajectories overlap, indicating that the effect of surface reac-
tion, with respect to its presence and reaction order, on oscil-
lations is negligible.

Next, a first-order reaction involving a change in the number
of moles, A 3 2B, is studied (dashed lines in Figures 4a and

Figure 3. Contours of (a) velocity magnitude (m/s) and
(b) mass fraction of species A for flow past a
catalytic post with a first-order reaction A3 B
occurring at its surface.
The phase portrait at the reference point shown in (a), indi-
cating the periodicity of the flow, is depicted in (c). [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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4b). In this case the amplitude of the oscillations decreases by
about 10% and the period of the oscillations increases slightly
by about 2.5%. The density change caused by the difference in
the molecular weights of the reactant and product (such as in
the reaction A3 2B, where the molecular weight of A is twice
that of B) affects the flow because of its compressibility. The
actual density contours observed are shown in Figure 4c. A
maximum change in the density of almost 100% occurs as a
result of the change in the number of moles.

Next, volumetric reactions were studied. A simple reaction
A 3 B has no effect on the oscillations, as has also been
observed for surface reactions. However, the fluid phase reac-
tion (Eq. 5) involving a change in the number of moles again

affects the oscillatory flow (an increase in the amplitude of the
oscillations by about 50% and a decrease in the period of
oscillations by about 15% have been observed). Finally, sim-
ulations involving nonisothermal reactions, where the change
in density is driven by temperature variation only, were also
found to affect the oscillatory instabilities, that is, reaction
exothermicity and endothermicity caused an increase and a
decrease in time period of the oscillations, respectively (data
not shown).

Effect of Flow-Driven Instabilities on Chemistry

Here we investigate the effect of flow-driven instabilities on
chemistry. To this end, the flow past a single catalytic post
where a surface reaction A3 B (first-order in A) occurs on its
surface was first solved in a half of the domain by imposing
symmetry. The corresponding velocity magnitude and mass
fraction contours are shown in Figures 5a and 5b, respectively.
The symmetry constraint eliminates the formation of asymmet-
ric wakes and results in a stable stationary solution (a single

Figure 5. Effect of symmetry of a catalytic post on mix-
ing and conversion.
Contours of (a) velocity magnitude (m/s) and (b) mass frac-
tion of species A for symmetric flow past a catalytic post with
a first-order surface reaction A 3 B. (c) Comparison of the
time-averaged conversion at the reference point with and
without symmetry imposed for a catalytic surface reaction A
3 nB for various values of n and reaction orders. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 4. Effect of a catalytic post on oscillatory behav-
ior for various types of surface reactions.
Trajectories of (a) the transverse velocity component (m/s)
and (b) mass fraction of species A, for the catalytic surface
reaction A 3 nB for various values of n and reaction orders
indicated. (c) Snapshot of the density contours (kg/m3) for a
first-order reaction A 3 2B. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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elongated wake behind the post) without oscillations. This
finding clearly indicates that symmetry breaking is a necessary
condition for the formation of oscillatory wakes.

Figure 5c shows the effect of symmetry on the time-aver-
aged conversion calculated at the reference point for various
values of n and reaction orders of the surface reaction (Eq. 3).
In all cases the time-averaged conversion in the oscillatory flow
is lower than the corresponding steady-state conversion for the
symmetric case. For the latter case, the single wake behind the
post creates a stationary region of lower velocity and higher
residence time and thus of higher conversion. The time-aver-
aged exit conversion is also found to be higher for the sym-
metric case but the difference is marginal (in the decimal
places) because of the low surface area of a single post.

The case of volumetric reactions of non-premixed reactants
is studied next. Equal flow rates of non-premixed components
A and B enter the domain (as shown in the schematic in Figure
6a) and react according to the volumetric reaction (Eq. 5).
Figures 6b and 6c depict the mass fraction contours of product
C in the absence and presence of a post, respectively. In the

absence of a post, the reactants mix only by molecular diffu-
sion and the reaction is confined to a very small zone. In the
presence of a post, on the other hand, the flow-driven oscilla-
tions create an enlarged reaction zone. Figure 6a shows the
cup-averaged mass fraction of product C at the outlet as a
function of time. Significantly higher conversions are found in
the oscillatory case, which is explained by the larger interfacial
area created by the wakes behind the post.

In summary, it is found that flow-driven instabilities signif-
icantly affect the observed reactivity. The absence of the vortex
shedding (symmetry enforced) would lead to the formation of
a single wake and higher conversions for non product–inhibited
positive order surface reactions. For volumetric reactions be-
tween non-premixed reactants, the wakes enhance the contact
area and can result in much higher conversions.

Arrays of Posts

Investigations of a post array, which is more representative
of an actual experimental microdevice, are considered in this
section. In the following simulations, the length of the domain
has been increased to 7.5 mm. As alluded to earlier in the
overview of the previous work on flow past bluff bodies, the
arrangement of the posts can play a role in mixing. For exam-
ple, constructive interference between the wakes behind suc-
cessive posts could result in increased wake amplitude, causing
enhanced mixing. Regarding the transverse post spacing, as
mentioned in the literature overview, when the post separation
is small, multiple posts act like a single one, resulting in a
single wake. On the other hand, when the transverse spacing is
large enough, all the wakes are independent of each other and
in-phase. Finally, for intermediate spacings a bistable wake is
expected. Independent wakes behind each post allow tuning of
the mixing and, thus, the corresponding separation of 3d in the
transverse direction was used in the simulations that follow.

To quantify the extent of mixing, a mixing parameter is
introduced

�mix � 1 	 2��
S

�yi 	 0.5�VdS
�
S

VdS� (7)

where yi is the mass fraction of species A at the transverse node
i, V is the magnitude of the local velocity, and S is the
cross-sectional area of the exit (device height for a 2D case).
The quantity within the brackets represents the cup-mixing
average of the local deviation from the perfectly mixed case.
The value of �mix � 0 implies a totally unmixed case, whereas
�mix � 1 indicates complete mixing.

First, the effect of the number of posts on mixing is studied
for two non-premixed streams. Figures 7a–7d show the mass
fraction contours of species A for the case of no posts and for
arrays with one, two, or five rows of posts each, respectively,
with a row spacing of � � 3d. Even with a single row of posts,
wakes in the flow develop behind all posts (not shown). How-
ever, only the post located at the interface of the two fluids
plays an active role in mixing (see Figure 7b).

The corresponding mixing parameter at the exit as a function
of time is shown in Figures 8a–8d. The creation of chaotic flow
is one possible means of increasing the extent of mixing

Figure 6. Effect of a noncatalytic post on reactivity for a
volumetric reaction A � B 3 C with non-pre-
mixed reactants.
(a) Conversion vs. time. Contours of mass fraction of product
C without a post (b) and with a post (c). The inset is a
schematic of the flow geometry. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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achieved. Although the flow over a single post is relatively
simple and periodic (as reported in Noack and Eckelmann57

and seen in Figures 3c and 4a), the dynamics in an array of
multiple posts is rather complex, as shown in Figure 9. It has
been previously hypothesized that multiple cylinders in a flow-
ing stream may not produce chaotic turbulence.58 Over the
relatively short time window (�12 ms) we have been able to
simulate with long simulations (of the orders of 3–4 weeks),
we do not observe periodic flow. Obviously this time window
is too short to definitively conclude about long-term dynamics.

The attractor appears complex but longer simulations with
more efficient numerical schemes or parallelization are needed
to study the long-term dynamics. We leave this task for future
research. (Preliminary simulations over �40 ms indicate peri-
odicity with a period of �5.3 ms.) Finally, one has to keep in
mind that the reported values of mixing parameter are the
corresponding time averages over these relatively short time
intervals, so the results should be valuable to understand trends.

It is interesting that an increase in the number of posts does
not always lead to increased mixing. In fact, the actual mixing

Figure 7. Contours of mass fraction of species A indicating the effect of different number of post rows and spacing
between posts on mixing.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 8. Effect of the number of post rows and row spacing on mixing.
Panels (a)–(f) depict the average mixing parameter at the exit for conditions corresponding to the contours in Figure 7. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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is slightly reduced when more than one row of posts is used for
a relatively small spacing between rows. For this spacing,
wakes do not have “room ” between successive rows of posts
to develop. Apparently, this post spacing does not lead to
constructive interference. As indicated in Figures 7c and 7d,
the small separation between the rows of posts (of � � 3d)
renders the multiple rows effectively acting as a single row.

The pressure drop in the micromixer is another important
performance criterion. Because of the relatively open config-
uration, a small pressure drop (�2 Pa) is observed for a single
row of posts. For five rows of posts, the pressure drop is still
small (�250 Pa), indicating no additional pumping devices
will be required to overcome the loss of pressure head resulting
from the enhanced mixing achieved in these post micromixers.

Figures 7e and 7f show the species contours for increased
separation of � values of 4.5d and 10d, respectively, between
two rows of posts and Figures 8e and 8f show the correspond-
ing mixing parameter. With an increase in row interspacing
(� � 4.5d), a wake develops behind the first row that causes a
constructive interference with the wake from the second row of
posts, resulting in an increase in the wake amplitude. This
further results in enhanced mixing, as seen from the mean
values in Figure 8e. Because of the larger amplitude of the
oscillations, the standard deviation, however, increases from a
value of 0.005 to 0.0184 with this increase in row spacing.
With a further increase in spacing (� � 10d), the wakes behind
the first row of posts reach the second row with a very large
amplitude, causing a destructive interference and resulting in
worse performance but still better than that of the � � 3d
separation case. Given the variation in the mixing performance
as a function of row spacing, the separation between the two
rows is systematically varied in integer multiples of post di-
ameter (at Re � 60 and 100). The results shown in Figure 10
indicate that mixing is a highly nonlinear function of row

spacing and the optimum mixing occurs for separations in the
range of about 4d to 5d and at Re � 60, in the range of about
5d to 7d. Due to the large number of posts present in the
system, a significant number of time steps (�30,000 to 35,000)
is required to ensure that the change in the cumulative average
mixing parameter with every 2,000 more time steps is less than
1%. A comparison of the wakes for the two Re numbers
indicates that the wake length is longer at Re � 60. Also, the

Figure 9. Effect of feature staggering.
Contours of species mass fraction for flow in a 5 � 4 post array arranged in different configurations shown in (a)–(c). (d) Corresponding
average mixing parameter at the exit. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 10. Effect of interrow spacing on mixing.
The mixing enhancement in an array of two rows (of five
posts each) is found to be a highly nonlinear function of the
inter row spacing and of the Reynolds number. Averages
reported here are obtained over 18 ms. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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slower flow at Re � 60 ensures that the wake behind the first
post extends to the second post for larger post separations, and
hence, the optimum in spacing for this slower flow occurs
further apart and over a longer range of spacings (see Figure
10). A more detailed investigation on the optimal configuration
of the post micromixer will be the subject of a forthcoming
communication.

The configuration whose post row spacing is 4.5d is used to
determine the effect of post arrangement on mixing. Three
different configurations are explored as shown in Figures 9a–
9c. Figure 9d shows the corresponding mixing parameter at the
exit. In the (100) type of configuration, an increase in wake
amplitude is seen at the very end of the post array. The same
configuration rotated through 45° (Figure 9b) causes the wake
amplitude to increase from the second row of posts. The wakes
are shed symmetrically and thus the standard deviation is
smaller (0.0184 vs. 0.0347 in the previous case). The config-
uration of Figure 9c, on the other hand, is skewed and the
shedding of wakes is also skewed, resulting in a larger standard
deviation despite a slightly better mixing performance. Our
simulations indicate that increasing the amplitude of the wake
holds the key to enhancing the mixing and the post staggering
is not as critical, at least for the configurations explored herein.
Enhanced mixing can be used to increase the conversion of
mixing-sensitive reactions. For example, for the volumetric
reaction A � B 3 C, oscillations using an array of posts
enhance the conversion by �100% (data not shown).

Comparison to Other Micromixers and Potential
Improvements

Micromixers aimed at enhancing the mixing under laminar
flow conditions can be characterized into two types.59,60 The
first one entails active micromixers that use variable-frequency
pumps61,62 or ultrasonics63 and are more complex and prone to
break down. On the other hand, passive or “static ” micromix-
ers have no moving parts and rely on laminar shear flow (which
causes the stretching of fluid elements)64,65or distributive mix-
ing (physical splitting of fluid streams into smaller seg-
ments)66,67 or hydrodynamic focusing68,69 or vortices.70-73 With
the exception of interdigital mixers, the above micromixers are
designed for low throughput because they typically use chan-
nels � 100 �m.

Micromixers based on the flow-driven oscillatory instability
have been exploited here. Figure 11a shows the average mixing
parameter at the exit as a function of the Re number for a 5 �
4 post array with � � 4.5d (configuration of Figure 9b) and the
associated pressure drop is shown in Figure 11b. Below the
critical Re number, mixing is comparable to that without posts
because diffusion is the only mixing mechanism in both cases.
In fact, the posts show a slightly worse performance as the
tortuous path lowers the effective diffusivity in the post array
(see Deshmukh et al.74for the effective diffusivity). As the Re
number increases, mixing becomes worse as a consequence of
decreasing residence time. Above the critical Re number, the
oscillations in flow provide an additional mechanism that en-
hances mixing. Typically an enhancement in the mixing is
accompanied by an increase in pressure drop, which necessi-
tates additional power input. The pressure drop in the post
array is about an order of magnitude higher than that in the
absence of posts (see Figure 11b). Yet, the absolute values of

pressure drop are less than a few percent of the operating
pressure because of the relatively open post configuration. A
comparison of the two figures indicates a maximum in mixing
enhancement, over that of a reactor without posts, per unit
pressure drop between Rec and 2Rec.

The effect of flow rate on mixing is typically quantified in
terms of the Peclet (Pe) number

Pe �
UL

D
(8)

where L is the length of the device and D is the molecular
diffusivity (m2/s). Generally, mixing deteriorates rapidly at
large Pe numbers. For the flow conditions corresponding to
Re � 100, the Pe number for this device is about 6 � 103. The
mixing achieved in this device is considerably lower (�mix �
30%) compared to a value of 80%75 and 90%71 for some of the
best micromixers reported in the literature but comparable to
some of the micromixers reported in Hardt and Schönfeld68 and
Johnson et al.70 The pressure drop in the post micromixer is
comparable to the micromixers reported in Johnson et al.,70

Figure 11. Effect of Reynolds number on mixing and
pressure drop.
Above a critical Re number, enhanced mixing performance
is observed because of the onset of oscillatory instabilities.
The configuration used is that depicted in Figure 9b.
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Strook et al.,71 and Enfield et al.,75but lower than the superfo-
cus micromixer of Hardt and Schönfeld.68

The post micromixers studied here will be well suited for
high-throughput applications. In contrast to the additional
secondary vortices used by most mixers, these mixers rely
on the primary vortices. Given the length scales of mixing
indicated in the previous graphs, a distributive feed over a
millimeter length scale (each substream size should be of the
order of the transverse post spacing or smaller) and an
increased mixer length, will substantially improve the per-
formance of the post micromixers. This is indeed the case as
shown in Figure 12.

Conclusions

In this article, flow-driven instabilities at the microscale
were explored using 2-D CFD simulations. Flow past a single,
cylindrical post at the microscale was found to exhibit the same
nonlinear behavior as that at the macroscale and to be associ-
ated with symmetry breaking. Chemical reactions were found
to have an effect on oscillatory instabilities only when a change
in the fluid density occurs. Such a density change may arise
when the number of moles is not conserved or under noniso-
thermal conditions. For isothermal flows the effect of chemis-
try on oscillations is weak. On the other hand, the observed
reactivity was found to be strongly affected by flow instabili-
ties. As an example, increased conversions were found for
volumetric reactions as a result of enhanced mixing, and re-
duced conversions were observed for nonproduct-inhibited
positive order surface reactions arising from an effective re-
duction of the mass transfer coefficient, compared to a sym-
metric flow, caused by the fast removal of reactants from the
back of a post.

Aside from the flow–chemistry interplay, flow-driven oscil-
lations were found to enhance mixing at the microscale, above
a critical Reynolds number, with a relatively small pressure
drop. The performance of the micromixer was quantified in
terms of a mixing parameter at the exit. It appears that inter row
spacing can be tuned to enhance the mixing, and staggering
affects the variance in the exit more than the net mixing.
Potential improvements were suggested. However, further
studies are needed to fully optimize these mixers. Given that
posts are often fabricated for other reasons, such as increased
surface area, one could take advantage of them to enhance
mixing by working in the proper Re number regime. Advan-
tages of this new method of mixing include the ease of fabri-
cation and handling of particulate solutions compared to most
existing micromixer designs, the ease of scalability, and the
ability to handle relatively fast flows.
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Appendix: Validation for Nonreactive Laminar
Flow Past a Single Bluff Body

The laminar flow past a cylinder of diameter 200 �m, a
benchmark problem to test our numerical work, is simulated at
various Reynolds numbers. It is observed that oscillatory flow
patterns, similar to those at the macroscale, develop in micro-
devices. Our results are compared with previous studies in
Figure A1 in terms of the Strouhal number. The St vs. Re
number relationship at the microscale obtained from our cal-
culations is similar to that seen at the macroscale in the exper-
iments of Roshko23 and Fey et al.76 At Re � 100, correspond-
ing to a fluid free stream velocity of 23.4 m/s, the St number
obtained with the first-order upwind scheme is 0.159. A value
of St � 0.164 was recently proposed based on the “universal”
St vs. Re curve.77 Using higher-order discretization schemes
(second-order and QUICK), the value of St number calculated
was 0.169. Using an adaptive meshing strategy, that is, refine-
ment in the grid along the wake, also gave results slightly
different from 0.164. Even though it has been suggested that
the experimentally obtained universal St vs. Re curve is accu-
rate to within 1%, significant differences, by as much as 15%,
have been reported in the literature among simulations.77 The
source of this deviation is still a topic of discussion and several
reasons have been suggested, such as different boundary con-

ditions, mesh and domain sizes, and the possibility of solution
multiplicity of the Navier–Stokes equation. The boundary con-
ditions used in this work are representative of the experimental
conditions for a typical post microreactor. Our values of St
obtained using different numerical schemes are within about
3% of the universal value. Typical CPU times for 100 iterations
using the first-order, second-order, and QUICK schemes are
3704, 5921, and 6082 s, respectively. Given the large number
of time steps required for a solution and nearly the same
deviation from the value of 0.164, use of first-order upwind
scheme is a reasonable trade-off between solution accuracy and
computational effort. Our value of St � 0.16 using the first-
order upwind scheme lies in the range of values for St (0.15–
0.18) found by either experiments78-80 or simulations,28,30,57

indicating that only the dimensionless groups, and not the
actual device dimensions, play a role. This is an expected result
given that the continuum approximation is still valid at these
scales. The transition from a steady wake to a periodic un-
steady one at the critical Re number is characterized by a Hopf
bifurcation. Our results for nonreactive flow simulations indi-
cate that the Stuart–Landau equation is satisfied near the crit-
ical Re number (not shown), as reported in Provansal et al.36
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Figure A1. Comparison of Strouhal number vs. Reynolds
number for flow past a single micropost with
available literature data at the macroscale.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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