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a b s t r a c t

A flow analysis method using Navier–Stokes equations has been applied to a parametric investigation of
mixing two fluids in a three-dimensional serpentine microchannel, which has not been reported so far.
The serpentine microchannel with “L-shaped” repeating units is found to be effective in mixing fluids
at Reynolds numbers, 1, 10, 35 and 70. Mixing performance and pressure drop characteristics with two
geometrical parameters, i.e., the ratio of channel height to channel width and the ratio of the length of a
straight channel in an “L-shaped” unit to the channel width, have been analyzed at four different Reynolds
eywords:
ixing
umerical analysis
iffusion
aminar flow
hree-dimensional serpentine

numbers. A mixing index has been used to quantify and elucidate mixing behavior in the microchannel.
The vortical structure of the flow in the channel is also analyzed to identify the relationship with mixing
performance. The results reveal that mixing and pressure drop characteristics in a serpentine channel are
very sensitive to the geometric parameters, showing different behavior at various Reynolds numbers.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Mixing of liquids in microfluidic devices presents a considerable
hallenge as the flow is predominantly laminar. In the past decade,
here has been remarkable achievement in both academic and
ndustrial realms in the development of micromixers. A number
f active and passive micromixers working on different operat-
ng principles have been reported in the literature [1,2]. Active

icromixers use an external source of energy, and are difficult to
abricate. However, passive micromixers are easy to fabricate and
ntegrate with other microdevices and they operate without exter-
al energy. A three-dimensional serpentine micromixer, a kind of
assive micromixer, has been reported to be very effective in mix-

ng at low Reynolds numbers. The geometry design is aimed at
nhancing the mixing of fluids by implementing chaotic advection.
two-dimensional serpentine micromixer meanwhile integrates a

quare-wave type channel. These geometries have been studied in
elation to mixing analyses by many researchers.
Liu et al. [3] experimentally investigated the mixing per-
ormance of a three-dimensional serpentine micromixer with
C-shape” repeating units for Reynolds numbers from 6 to 70.
he results were compared with square-wave and simple smooth

∗ Corresponding author. Tel.: +82 32 872 3096; fax: +82 32 868 1716.
E-mail address: kykim@inha.ac.kr (K.-Y. kim).
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hannels for various Reynolds numbers. It has been reported that
he mixing capability of a channel increases with an increase in
eynolds number [3,4]. Beebe et al. [4] qualitatively analyzed the
ixing performance of a three-dimensional serpentine microchan-

el by both experiment and numerical investigations for a range
f Reynolds number from 1 to 20. The geometry was a “L-shape”
epeating unit with channel dimensions of 300 �m × 300 �m. They
lso suggested that the mixing increases with an increase in the
eynolds number. Lin and Yang [5] numerically studied chaotic
ixing of two fluids in a planar serpentine mini-channel by

ntroducing alternating convergent–divergent cross-sections for a
eynolds number of 160. They analyzed the three-dimensional flow
eld and distribution of concentration. The result reveals improved
ixing performance due to enhanced stretching and folding of

he fluid interfaces. Yang and Lin [6] experimentally and numer-
cally analyzed the mixing and separation of two fluids in a planar
erpentine micromixer. They analyzed the effect of density differ-
nce of the fluid on the mixing performance of the channel, and
uggested that fluids can be mixed effectively by using a curved
hannel or other complicated channels at high speed. Liu et al. [7]
onducted a numerical study on mixing of two miscible fluids for

lanar and three-dimensional serpentine micromixers. The effects
f the fluid properties (e.g., viscosity, density and diffusivity) and
arge concentration gradient on the mixing behavior were inves-
igated in these microchannels for a range of Reynolds number
rom 1 to 10.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:kykim@inha.ac.kr
dx.doi.org/10.1016/j.cej.2008.10.006
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Nomenclature

A area (m2)
c mass fraction
d length of channel-d (m)
D diffusivity of the fluid (m2 s−1)
F objective function
h channel height (m)
Lo, Lc, Le lengths of channel (m)
M mixing index
n number of “L-shaped” repeating unit
N number of sampling points
P, �p pressure and pressure drop in channel (Pa)
Pi Pitch of “L-shaped” repeating unit
Re Reynolds number
s coordinate of channel-d
vx, vy, vz components of velocity in x-, y- and z-direction

(m s−1)
w channel width (m)
x, y, z streamwise, spanwise, and cross-streamwise coor-

dinates

Greek letters
� absolute viscosity of fluid (kg m−1 s−1)
� fluid density (kg m−3)
� variance
ω vorticity (s−1)
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Table 1
Properties of fluids at 20 ◦C.
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numbers ranging from 1 to 70. The Reynolds number is evaluated
˝ circulation (m2 s−1)

Kang et al. [8] studied mixing behavior in a planar serpentine
hannel with and without external actuation of rigid particles.
hey reported that the efficiency of the mixing process can be
ncreased by applying a periodic external force on a single rigid
article, thereby changing the trajectory of the particle. The mixing
f a fluid is also dependent on the strength of the external force.
ee et al. [9] fabricated and analyzed a three-dimensional serpen-
ine channel with a round bottom for mixing fluids in a range of
eynolds number from 10 to 90. The bottom was modified to a
ound shape with the aim of preventing clogging and loss of the
ample at the corners of the channel. The study, however, did not
eport on the effect on mixing as compared to a flat bottom. Chen
nd Cho [10] analyzed mixing characteristics for an electrokineti-

ally driven flow through microchannels with a wavy surface. The
avy shape increases the mixing performance by increasing the

nterfacial contact area between two fluid streams in comparison
ith a simple straight microchannel.

u

v
p

Fig. 1. Geometry of three-dimen
luid Density (kg m−3) Viscosity (kg m−1 s−1) Diffusivity (m2 s−1)

ater 9.998 × 102 0.9 × 10−3 1.2 × 10−9

thanol 7.890 × 102 1.2 × 10−3 1.2 × 10−9

It is clear that a serpentine geometry is effective in enhancing
he mixing of fluids by creating transverse flow structures. How-
ver, there have been no reports in the literature on a systematic
nvestigation of the effects of geometric parameters on mixing
erformance and fluid flow characteristics of three-dimensional
erpentine channels.

In the present work, numerical analysis of mixing in a
hree-dimensional serpentine channel have been performed to
nvestigate mixing behavior and fluid flow characteristics with
eometric parameters as well as Reynolds number. Mixing in the
hannel has been analyzed by using Navier–Stokes equations with
wo working fluids, water and ethanol. Pressure drop characteris-
ics have also been analyzed. Effects of two design parameters of a
hree-dimensional serpentine microchannel on the mixing behav-
or have been found for four Reynolds numbers, from 1 to 70.

. Physical model and numerical analysis

Fig. 1 shows a schematic model of the three-dimensional
erpentine microchannel with repeating “L-shape” units. Two dif-
erent fluids enter from two inlets, as shown in the figure, and there
s an outlet on the right side. Water and ethanol have been selected
s the two working fluids for mixing. The properties of the fluids
re given in Table 1. The main serpentine channel is joined to the
nlets at a T-joint. The width of the channel, w, is kept constant for
ll repeating “L-shape” units and the remaining part of the main
hannel at 300 �m, while the width of the inlet channels is half
hat of the main channel. The length of the straight part of the

ain channel near inlet, Lo, has been fixed as 900 �m while the
ther portions of the channel lengths, Lc and Le, vary with the value
f d/w and number of “L-shape” units. However, the total length
f the main channel is fixed as 12.9 mm, which is the sum of the
hannel section lengths, i.e. Lo, Lc, and Le. The length, Lc, can be
xpressed as nPi, where n is the number of units and Pi (equal to
w + d)) is the pitch of the “L-shape” repeating units. The number
f “L-shape” repeating units for d/w = 0.03, 0.5, 1.0 is 34, 24, 18
nd 14, respectively. The analysis has been performed for Reynolds
nder the assumption that both working fluids are water.
Two geometric parameters, i.e., h/w and d/w, shown in Fig. 1,

ary from 0.5 to 1.5 and from 0.03 to 1.5, respectively. Although
revious works [3,4] performed analyses for two different values

sional serpentine channel.
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fraction distribution of ethanol on a plane drawn at the middle of
the channel has been plotted. The previous numerical result [4]
does not provide information about the exact location of the plot.
The experimental result is an image of the flow captured by a CCD
camera for the whole channel depth while the present compu-
M.A. Ansari, K.-Y. kim / Chemical E

f h/w, 1.0 and 0.5, the effect of this parameter on the mixing
erformance has not been reported.

Numerical analyses of flows in the three-dimensional ser-
entine channel have been performed using the commercial
ode ANSYS CFX-10.0 [11], a general purpose code that solves
avier–stokes equations using the finite volume method via a cou-
led solver. The steady continuity and momentum (Navier–Stokes)
quations solved in this work are represented as follows:

· �V = 0 (1)

( �V · ∇) �V = ∇p + �∇2 �V (2)

A high quality mesh is critical to achieve accurate results, espe-
ially for mixing analyses. ANSYS ICEM 10.0 was used to make a
exahedral grid for the full model. Structured meshing provides
he advantage of better control in completely packing all the cor-
ers with a sufficient number of nodes as compared to unstructured
eshing for analyzing the effect of geometry on mixing.
The numerical simulation is not free from numerical diffusion

rror, which arises from the discretization of the convection terms
n the Navier–Stokes equation. In the present case, the advection
erms have been discretized by using a bounded second-order dif-
erencing scheme, which is an upwind scheme with a second-order
orrection [11]. While the numerical diffusion cannot be completely
gnored, it can be minimized by adopting certain techniques [12].

The boundary conditions for the model have been set as the
ormal velocity at the two inlets and zero static pressure at the
utlet. The two fluids are brought into contact and start to mix
n the T-joint prior to entering the main serpentine channel with
epeating “L-units”. The wall has been assigned no slip conditions.
he properties of the water and ethanol have been taken at 20 ◦C,
nd are listed in Table 1. The diffusivity for both water and ethanol
s 1.2 × 10−9 m2 s−1. The solutions are considered to have attained
onvergence for a rms residual value of 10−6.

The variance of species is determined in a cross-section of the
ixing channel perpendicular to the main flow. The variance is

ased on the concept of the intensity of segregation, which is based
n the variance of the concentration with the mean concentration.
o evaluate the degree of mixing in the micromixer, the variance of
he mass fraction of the mixture in a cross-section normal to the
ow direction is defined as

=
√

1
N

∑
(ci − c̄m)2 (3)

here N is the number of sampling points inside the cross-section,
i is the mass fraction at sampling point i, and c̄m is the optimal
ixing mass fraction. In this work, N on each plane was more than

00 in order to ensure high accuracy, and the sampling points
re equidistant on the cross-sectional plane. The values at the
ampling points are obtained by interpolations with the values at
djacent computational grids. The mixing index at an axial location
s defined so as to evaluate the degree of mixing of the fluids on a
lane perpendicular to the flow direction as follows:

= 1 −
√

�2
(4)
�2
max

here �max is the maximum variance over the data range. The
ariance is maximal for completely unmixed fluids and minimal
or completely mixed fluids. The actual path of the flow along the
treamline in the channel will be longer than the distance taken in
-direction. However, for simplicity in the analysis, the values have
een calculated along the x-direction instead of along streamlines.
Fig. 2. Grid independency test.

. Results and discussion

A grid dependency test has been carried out to find the optimal
umber of grids and to ensure that the solution is independent of
he grid size. Six different structured grid systems with the num-
er of grids ranging from 212 × 103 to 1550 × 103 were tested, as
hown in Fig. 2. The distribution of the variance of the mass frac-
ion along the serpentine channel was evaluated with an increasing
umber of grids. The grid distribution was checked and adjusted in
ach case due to the complicated geometry of the channel. The den-
ity of the grid was maintained higher at bend regions in order to
apture the flow structure precisely in the region where the flow
hanges rapidly. Finally, from the results of the grid dependency
est, 900 × 103 was selected as the optimum number of grids. An
xample of the structured grid system employed in this work is
hown in Fig. 3.

The present parametric study has been performed for a three-
imensional serpentine channel with “L-shape” repeating units
ith w/h and d/w as the two design parameters. The mixing index
as been selected as a parameter to quantify the mixing perfor-
ance of the microchannel. The analysis has been carried out for a

ange of Reynolds number from 1 to 70.
Fig. 4 presents a comparison of the present numerical results

ith previous experimental and numerical results obtained by
eebe et al. [4], shown in Fig. 4(a) and (b), respectively. The mass
Fig. 3. Example of structured grid system (h/w = 1.0 and d/w = 1.0).



442 M.A. Ansari, K.-Y. kim / Chemical Engineering Journal 146 (2009) 439–448

F rical re
o

t
H
s
r
f
n

p
w
r
i
w
l

t
a
s
f
o
d
t
g
o

ig. 4. Comparison with previous results; (a) experimental result, (b) previous nume
f ethanol in 3rd L-shaped unit at Re = 10.

ational image shown in Fig. 4(c) is captured on a specific plane.
owever, qualitatively, the image obtained in the present analy-

is corresponds well with previous experimental and numerical
esults. Since there is no available quantitative experimental data
or a serpentine micromixer, it was not possible to validate the
umerical results in more detail.

Fig. 5 shows mass fraction distributions of ethanol on yz-plane
erpendicular to the main flow direction for three grid systems
ith the number of nodes, 347 × 103, 900 × 103 and 1550 × 103,
espectively, at two axial locations, x = 1.65 and 2.25 mm. The plane
s drawn at the turn between two “L-shaped” repeating units

here fluid undergoes a turning flow. The first axial position is
ocated between second and third “L-shaped” repeating units, and

n
d
n
i

Fig. 5. Mass fraction distribution of ethanol vs. number of nodes for Re = 1
sult (Beebe et al. [4]), and (c) present numerical result, for mass fraction distribution

he second axial position between fourth and fifth units. The two
xial positions have been selected due to the presence of long
tretched interface of the two fluids to clearly compare the mass
raction as a function of number of nodes. The numerical solution
f Navier–stokes equation has numerical errors introduced due to
iscretization of the convective terms. Qualitative comparison of
he mass fraction shows wider interface of the fluids for the coarse
rid system with the number of nodes 347 × 103 compared to the
ther two fine grid systems. Hence, the grid system with smaller

umber of nodes (i.e. larger grid distances) shows higher mixing
ue to numerical diffusion which is also depicted in Fig. 2. As the
umber of nodes is increasing, the width of interface of the fluid

s becoming thinner. Hence, it becomes obvious that the numer-

0, d/w = 1.0, at axial distances, (a) x = 1.65 mm and (b) x = 2.25 mm.
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Fig. 6. Effects of d/w on mixing at Re = 10;

cal solutions predict higher value of the mixing than the actual
ixing taking place. The presence of numerical diffusion in the

olutions cannot be completely eliminated, but can be reduced by
dopting certain techniques. Hardt and Schonfeld [12] reported that
umerical diffusion can be minimized by selecting the edges of
rid cells parallel to local flow velocity. This condition is difficult to
e attained in the serpentine channel near bends where flow field

s complex. Instead, higher density of the grid can be selected to
educe numerical diffusion.

Fig. 6 shows the effect of the geometric parameter d/w on
he mixing performance of the serpentine microchannel. Mixing
ndexes are plotted along the channel length in the x-direction for
our values of d/w, 0.03, 0.5, 1.0, and 1.5, as well as for three values
f h/w, 0.5, 1.5, and 1.5 at a Reynolds number of 10. The curve is
lotted by evaluating the value of the mixing index on yz-planes
rawn in the middle section of alternate channel-d. Channel-d is
he straight section of the “L-shape” unit, as indicated in Fig. 1(a).
his figure shows that the two fluids are mixed rapidly in the ini-
ial part of the channel. Beyond a certain length of the serpentine
hannel, the mixing index becomes relatively constant. The mixing
erformance of the channel generally improves with a decrease in
he value of d/w. Furthermore, the gradient of the mixing index in

he initial part of the channel increases as d/w decreases.

Fig. 7 shows vector plots on yz-planes in channel-d at Re = 10 and
/w = 1.0. In the initial region of the channel (s/d = 0.16 and 0.33),
he flow is visualized with the presence of a strong transverse flow
tructure along with a single vortex near the bottom of the channel

s
a
t
c

w = 0.5, (b) h/w = 1.0, and (c) h/w = 1.5.

all. However, as the flow passes through the channel, the vortex
isappears beyond s/d = 0.33, and the strength of the transverse flow
eaches a minimum around the middle of the channel-d (s/d = 0.50).
he strength of the transverse flow then increases again, as the
ow turns through the bend of “L-shape” unit. The flow field is

nfluenced by the presence of the bend at the end of channel-d.
Fig. 8 shows the vector plots at Re = 1. At this low Reynolds

umber, the vortical motion disappears and the transverse flow
ecomes simpler. The flow only changes direction by 90◦ from the

nlet to the outlet of channel-d. As shown in these figures, the
omplexity of the flow in channel-d is a function of the Reynolds
umber.

Development of normalized streamwise vorticity on the yz-
lane along channel-d of a “L-shape” unit at Re = 10, h/w = 1.0,
nd d/w = 1.5 is presented as contour plots in Fig. 9 for the third
-shape unit. The following equation shows the expression for
orticity; ωx is the x-direction component and vz and vy are the
omponents of velocity in the z- and y-directions, respectively.

x =
(

∂vz

∂y
− ∂vy

∂z

)
(5)
Two clearly distinguishable regions of peak intensity with oppo-
ite signs exist inside the initial region of the channel. However,
s the flow proceeds, peak intensity regions around the center of
he channel disappear, and the peak values are found near the
enters of the side walls. The level of peak vorticity decreases
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Fig. 7. Vector plots on yz-planes in cha

apidly near the inlet, remains low in the relatively long section
long the channel, and rapidly increases again near the exit. The
ntensity of the vorticity is expected to be related to the mixing of
uids.

Fig. 10 shows the plot of normalized circulation on the yz-plane
ith a semi-log scale along channel-d for h/w = 1.0 and d/w = 1.5

t Reynolds numbers of 1, 10, 35, and 70. The circulation on the yz-
lane, ˝x is calculated by integrating the streamwise vorticity over
he entire area of the yz-plane of the channel as follows:

x =
∫

Ayz-plane

(
∂vz

∂y
− ∂vy

∂z

)
dy dz (6)
The circulation is highest at the inlet (s/d = 0.0) of the channel-d
t all Reynolds numbers, and decreases rapidly within a short dis-
ance of s/d = 0.1. On the other hand, near the exit (s/d = 0.9–1.0)
f channel-d, the circulation increases rapidly. The turning flow
hrough the 90◦ bend at the inlet and exit of the channel-d likely

i
m
l
s
t

Fig. 8. Vector plots on yz-planes in channel
d (Re = 10, h/w = 1.0, and d/w = 1.0).

ccounts for achieving the highest values at the inlet and the exit
f the channel-d. The strength of circulation increases with an
ncrease in the Reynolds number throughout most of channel-d.
or all four Reynolds numbers, except in the regions defined by 10%
f the channel length near the inlet and exit, respectively, the circu-
ation shows relatively uniform values. The rate of the decrease in
he value of circulation near the inlet to channel-d depends strongly
n the Reynolds number. The rate decreases rapidly as the Reynolds
umber increases. The vorticity induced at higher Reynolds num-
ers with stronger inertia force is able to sustain the friction force,
nd hence a lower drop in the value of circulation is observed near
he inlet.

Fig. 11 shows the effects of d/w on the circulation distribution

n channel-d at Re = 1. Higher circulation is observed throughout

ost of channel-d at lower channel lengths. At the minimum
ength of channel-d at d/w = 0.03, the circulation is almost con-
tant throughout the channel. However, near the inlet and exit of
he channel, the circulation for the other values of d/w becomes

-d (Re = 1, h/w = 1.0, and d/w = 1.0).
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Fig. 9. Development of vorticity contours on yz-planes in c

lightly higher than this constant value. However, this is only noted
n regions limited to short distance.

Fig. 12 shows mixing index distributions in channel-d at Re = 1,

0, 35, and 70 for h/w = 1.0 and d/w = 1.5. As the Reynolds number
ncreases, the level of the mixing index increases throughout most
f the channel. The same trend is also seen in Fig. 10 for the circula-
ion. The mixing index in the major portion of channel-d is almost

ig. 10. Normalized circulation distributions along channel-d of third L-shape unit.

h
fl

l
n

F
u

l-d (third L-shape unit, Re = 10, h/w = 1.0, and d/w = 1.5).

onstant. However, near the inlet and the exit, some variation of
he mixing index is found. As Reynolds number increases, the vari-
tion in these regions becomes more visible. This is related to the

igher circulation values (Fig. 10) and also to the larger transverse
ow (Fig. 7) in the same regions.

Therefore, the aforementioned complexities in the flow are
ikely to enhance mixing of the fluids in those sections of the chan-
el. However, the dominance of viscous forces at low Reynolds

ig. 11. Effects of d/w on circulation distribution along channel-d (third L-shape
nit and Re = 1).
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ig. 12. Effects of Reynolds number on mixing index distribution along channel-d
f third L-shape unit.

umber flows in the microchannels decreases the intensity of the
omplex flow as the fluid passes through any straight section of the
hannel.
The effects of the ratio of channel height to channel width, h/w,
n the mixing index for various Reynolds numbers are presented
n Fig. 13, which shows the mixing index along the serpentine
hannel for three values of h/w, 0.50, 1.0, and 1.50, as well as for
our Reynolds numbers, 1, 10, 35, and 70. It is clear that h/w = 0.5

a

o
e
o

Fig. 13. Effects of h/w on mixing at d/w = 1.0; (a)
ring Journal 146 (2009) 439–448

nd 1.5 provide better mixing performance than h/w = 1.0 for the
eynolds numbers 35 and 70. The surface to volume ratio of the
hannel is lowest for h/w = 1.0 among the three values of h/w.
he enhanced mixing performance observed for h/w = 0.5 and 1.5
ay be due to the fact that the interface of the two fluids is likely to

ndergo more stretching and folding along the channel due to the
igher surface to volume ratio of the channel. However, the higher
ixing shown at h/w = 0.5 can also be due to shorter diffusion

ength in the channel. The mixing characteristic for different h/w
s changing with Reynolds number. At lower Reynolds numbers,
e = 1 and 10, the effect of h/w on mixing is low, as indicated by the
lose proximity of the curves for the mixing index to each other.
he effect of the h/w ratio on mixing is more pronounced at higher
eynolds numbers. The mixing index distribution along x-axis for
traight channel at Re = 1 and h/w = 0.5 is also shown in Fig. 13(a).
he mixing index increases smoothly and slowly along x-axis. This
s due to the fact that mixing is taking place only due to diffusion
cross the interface of the two fluids, as there is no any transverse
ow like three-dimensional serpentine channel. The same trend of
ixing is likely to be shown for any value of h/w ratio as in all cases

he interface will be at the center of the straight microchannel. The
ncrease in Reynolds number in straight channel will only reduce
he residence time of the fluids and hence is not likely to contribute
o mixing. The mixing in straight smooth channel shows same trend

s reported by Stroock et al. [13].

The mixing index curves discussed in Fig. 13 shows the presence
f oscillations along channel length. This can be explained with ref-
rence to Fig. 14 which shows mass fraction distribution of ethanol
n xy-plane drawn at the middle of “L-shaped” unit for three dif-

Re = 1, (b) Re = 10, (c) Re = 35, and (d) Re = 70.
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F .5, z = 0.075 mm, Re = 70 (b) h/w = 1.0, z = 0.15 mm, Re = 70 and (c) h/w = 1.0, z = 0.15 mm,
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ig. 14. Mass fraction distribution of ethanol on xy-plane for d/w = 1.0, (a) h/w = 0
e = 1.

erent conditions. Fig. 14(a) and (b) shows the effect of h/w ratio
n mass fraction distribution at Re = 70. The contour shows mass
raction in alternates “L-shaped” units, i.e. first, third and so on.
he proportion of the mass fraction of ethanol shows oscillating
rend in “L-shaped” units along channel for h/w = 1.0 (Fig. 14(b))
hile it is relatively uniform for h/w = 0.5 (Fig. 14(a)). The propor-

ion of the two fluids, ethanol and water in first “L-shaped” unit
s almost same while in third unit ethanol seems more. The oscil-
ating trend in mass fraction distribution is also depicted at Re = 1
or h/w = 1 as shown in Fig. 14(c). This is due to the reason that
s the fluids flow through the three-dimensional serpentine chan-
el it undergoes many turns on every bend. At the bend, the effect
f centrifugal force may change the proportion of two fluids. And,
his effect increases as h/w increases. This might be the cause for
he varying proportion of mass fraction in “L-shaped” units along
hannel, and hence shows oscillating curve for mixing index.

Pressure drop characteristics in the serpentine channel have
een analyzed, as this information is important in designing the
ump needed to drive the flow in this microdevice. Fig. 15(a) and (b)
hows the pressure drop characteristics of the three-dimensional
erpentine microchannel for the design parameters d/w and h/w,
espectively, for a channel length of 11 mm with “L-shape” repeat-
ng units for Re = 10. It is clear that for a fixed value of h/w, the

ressure drop gradually decreases with an increase in the value of
/w for h/w = 0.5 1.0, and 1.5. The rate of decrease of the pressure
rop is almost the same for the three h/w ratios. The pressure drop

s remarkably higher for h/w = 0.5 as compared to h/w = 1.0 or
.5. For a given value of d/w, the pressure drop also decreases with

H
b
t

R

Fig. 15. Effects of geometrical parameters and Reynolds number on
Fig. 16. Pressure drop vs. Reynolds number at h/w = 0.5.

n increase in the h/w ratio (Fig. 15(b)). For Re = 1 and 10, the pres-
ure drop is not significantly affected by change to the h/w ratio.
owever, the effect becomes pronounced at higher Reynolds num-

ers, i.e., 35 and 70. The pressure drop reaches the highest value at
he lowest value of h/w and the highest Reynolds number.

Fig. 16 shows pressure drop characteristics as a function of
eynolds number for h/w = 0.5 and the values of d/w from 0.03 to

pressure drop; (a) d/w at Re = 10, and (b) h/w at d/w = 0.5.
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.5. The pressure drop increases with an increase in the Reynolds
umber for all values of d/w. At lower Reynolds numbers, i.e., Re = 1
nd 10, the effect of d/w on the pressure drop is almost negligible.
owever, at higher Reynolds numbers, the pressure drop increases
ith a decrease in the value of d/w. The pressure drop is the high-

st at the lowest value of d/w, i.e. 0.03, and at the highest Reynolds
umber, Re = 70. This means that an increase in the number of bends

or a given length increases the pressure loss. Hence, it is clear from
he above discussion that for lower Reynolds numbers, i.e., Re = 1
nd 10, increasing the number of bends by decreasing d/w for a
iven length does not increase the pressure drop.

The present analysis has been carried out with water and
thanol as working fluids with the aim to know the effect of design
arameters on mixing and fluid flow. In any microchannel, mixing

s affected mainly by the diffusivities of the fluids. Fluids with low
iffusivities will take longer time to mix. This is likely to be true for
ny shape of the microchannel. However, in serpentine channel,
uids with large difference in density will also give some different
ehaviors due to difference in the inertia force as it passes through
series of the bends in the serpentine channel. But, it is expected

hat the change in working fluids does not affect significantly the
ffects of the geometric parameters on mixing.

. Conclusions

A parametric study on the performance of a three-dimensional
erpentine channel with “L-shaped” repeating units has been per-
ormed using computational fluid dynamics. Mixing and pressure
rop characteristics have been investigated in terms of two geo-
etric parameters i.e., the ratio of channel height to channel width,

/w, and the ratio of the length of straight channel in a “L-shaped”
nit to channel width, d/w, as well as Reynolds number. The pres-
nce of bends at the end of the straight section of the “L-shaped”
nit strongly influences the transverse flow structure in the chan-
el, the vorticity contours on the planes perpendicular to the flow
irection, and variation of circulation and mixing index along this
egion. As the Reynolds number increases from 1 to 70, both the lev-

ls of circulation and the mixing index increase throughout most of
he channel. The results reveal that mixing is significantly depen-
ent on both geometrical parameters. The mixing performance of
he channel is generally improved with a decrease in the value of
/w. The mixing index shows a minimum value at h/w = 1.0 at

[
[

[
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igher Reynolds numbers, i.e., 35 and 70, as the lowest surface to
olume ratio of the channel is found under these conditions, while
he effects of h/w become negligible at lower Reynolds numbers,
.e., 1 and 10. The pressure drop characteristic of the serpentine
hannel is also sensitive to the two parameters. At lower Reynolds
umbers, variation of the two geometrical parameters has neg-

igible effects on the pressure drop. However, the effects of the
wo parameters on pressure drop become pronounced at higher
eynolds numbers. For a given Reynolds number, the pressure drop

ncreases as both parameters, d/w and h/w, are decreased.
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