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The flow and mass transport within a twice–folded microchannel is investigated. For
the measurement of the concentration field the microlaser–induced fluorescence tech-
nique (lLIF) is engaged. Microparticle image velocimetry (lPIV) is further employed
to obtain the velocity field. Deviation from standard lPIV by seeding a partial stream
of the flow only, results in partial velocity profiles. This procedure allows for the ob-
servation of the contact interface between the seeded and the unseeded liquid. Dis-
torted contact interfaces is recognized within and after each bend, indicating strong
secondary flows. The measurements are compared to numerical simulations, solving
for both the flow, and the mass-transport equations, and, subsequently, performing par-
ticle tracking. The results are, on one hand, in reasonable agreement with the experi-
ments. On the other hand, the differences between the contact interface from the mass-
transport equation and from particle tracking clarifies the effect of diffusion. � 2007
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Introduction

The relevance of microfluidics is reflected by the growing
number of research and development projects in this subject
area, and the resulting multitude of technical applications.
The advantages of miniaturization are used in the field of
microheat exchangers, where the micro channel’s high-sur-
face to volume ratio enables a substantial increase of heat
transfer.1 The excellent thermal–management features, fur-
ther, allow for a safe and efficient process control within

microreactors,2 whose establishment in the chemical industry
has just begun. Moreover, in the field of chemical and bio-
logical analysis, the use of microfluidic devices proves to be
beneficial. This leads to the concept of ‘‘micro total analysis
systems’’ (lTAS),3 which can be also extended to lab proc-
esses other than analysis and is called ‘‘lab on a chip’’
(LOC). The application of these concepts does not only
allow more operation steps per unit time, it additionally
ensures the consumption of fewer reagents and the produc-
tion of less waste, while at the same time energy consump-
tion is reduced.4 To fulfil these ambitious demands, several
integrated microcomponents, such as pumps, valves, or
detectors are arranged on a plastic or glass chip and con-
nected by a system of microchannels. Transport, separation,
and focussing of species are typical microfluidic processes
that may take place within these chips. Additionally, the
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rapid mixing of small quantities, in order to reduce analysis
and reaction time, is one of the key steps with regard to
LOC and lTAS.5 A typical scenario occurring in microflui-
dic systems is the mixing of liquids in a flow regime of
Reynolds numbers Re ; 0.1 � 10. The transition from lami-
nar to turbulent flow in a (macroscopic) channel arises typi-
cally at Reynolds numbers of Re ; 103 � 104. Hence, in
microfluidic systems we are far away from the turbulent flow
regime, and no turbulent fluctuations serve to significantly
improve mixing. Mixing in microchannels instead proceeds
by molecular diffusion across an interfacial area on a rela-
tively long time scale. Thus, one possibility to enhance mass
transport is the increase of this interfacial area.

Meisel and Ehrhard6 have suggested the concept of an
electrically–excited micromixer with the objective of applica-
tion in microfluidic systems. In detail, the mixer comprises a
Y–junction and a single meander, i.e., a simple twice–folded
channel segment, downstream in the common channel. The
mean transport is realized by a pressure–driven base flow.
Mixing is improved by applying a time–dependent electrical
field, resulting in a superimposed oscillatory electroosmotic
flow. The two–dimensional (2-D) simulations of Meisel and
Ehrhard indicate clearly that, given a reasonable ratio of
pressure–driven base velocity and electroosmotic velocity,
the oscillatory electroosmotic flow through the folded chan-
nel leads to substantially higher degrees of mixing at the
micromixer outlet. Even though 2-D simulations are able to
capture the principal mode of operation, a detailed reproduc-
tion of the complex 3-D flow field is necessary to compare
against experiments: All theoretical research on flows in
microchannels needs validation with respect to the assump-
tions and simplifications, usually used for modeling. There-
fore, we shall perform 3-D simulations and compare the
results with the corresponding experiment. In this article, we
focus on the pure pressure–driven base flow.

Even for the pure pressure–driven base flow, a complex
three–dimensional flow field can be expected. Since the work
of Dean7,8 it is well known that curved channels with circu-
lar cross sections may result in secondary flows. Dean solved
the Navier–Stokes equations analytically for the laminar flow
within curved channels of large radii. He found that second-
ary flows are characterized by the dimensionless parameter
De ¼ Re

ffiffiffiffiffiffiffiffiffiffiffi
d0=r0

p
, these days termed Dean number, where Re

is the Reynolds number, d0 the diameter of the channel, and
r0 the radius of curvature. The analytical solution features
two counter–rotating vortices, orthogonally superimposed
onto the main flow. This can be explained as follows: (1)
The fluid near the center of a curved channel experiences the
greatest centrifugal forces due to its greatest axial velocity.
This is responsible for the outward movement of this fluid.
(2) The replacement fluid meanwhile flows inward along the
walls, where the axial velocity, and, hence, centrifugal
forces, are smaller. This recirculation flow establishes two
counter–rotating vortices, also referred to as Dean vortices.
The numerical computations of Joseph et al.9 showed that
Dean vortices arise likewise in curved channels with square
cross-sections. Moreover, a secondary flow regime with two
pairs of counter–rotating vortices is observed for square cross
sections in the range 100 [ De [ 520. This is also con-
firmed by the numerical work of Cheng et al.10 and Ghia and
Sokhey.11 The experimental confirmation of this additional

pair of vortices is attained within the Laser–Doppler–ane-
mometry (LDA) experiments of Hille et al.12 These authors
claimed that differences in literature with regard to the Dean
number range of the second vortex pair may be attributed to
different curvature ratios d0/r0. Results may be only compa-
rable if both parameters, Dean number and curvature ratio,
are kept identical. Recent numerical work on secondary
flows in microchannel of similar geometry is presented by
Schoenfeld and Hardt.13 These authors propose a (chaotic)
micromixer, relying on the periodic switching between the
secondary flow pattern with one and two pairs of vortices.
The laminar flow and the concentration field in a microchan-
nel with hair–pin curves is investigated numerically by
Yamaguchi et al.14 The comparison of the simulated concen-
tration field with experimental results, measured by confocal
fluorescence microscopy, shows qualitative agreement. Finally,
secondary flows in microchannels are not only advantageous
with respect to mixing. They are also beneficial for the designs
of chemical reactions at the interface of reactants,15 or for the
extraction between aqueous and organic phases.16

A multitude of theoretical and experimental articles on
secondary flows in macro channels, and a few on microchan-
nels, are published in literature. Nevertheless, they all relate
to smoothly–curved channels, and, to our knowledge, there
are no investigations on the flows in sharply–folded micro-
channels. Further, a quantitative comparison of numerical
and experimental results within one article is rather hard to
find. This article is organized as follows: (1) The micromixer
geometry is introduced. (2) The experimental setup and the
simulation methodology are explained. (3) The results of the
flow and concentration fields are presented and discussed. (4)
A summary and an outlook is given.

Micromixer

The object under investigation is a twice–folded micro-
channel, the essential fluidic part of the micromixer. The
microfluidic chip has been mainly manufactured from
FOTURAN glass by mgt mikroglas technik, Mainz (Ger-
many), and is shown in Figure 1. FOTURAN is a photosensi-
tive glass, reacting to UV light (wavelength k � 310 nm),
and allows for selective etching.17 The microfluidic chip con-
sists of three glass layers, the micromixer layer, a base, and
a cover layer. To realize the micromixer layer, a FOTURAN
glass layer of thickness 110 lm is exposed to UV light
through a quartz/chromium mask during a lithographic pro-
cess. The mask comprises the plane geometry of the micro-
mixer. In detail, the geometry includes two inlet channels
forming a Y-junction under an angle of 408, followed by a
common outlet channel. The twice–folded channel segment
is located in the outlet channel, at a distance of 130 lm
downstream to the junction. The channel width is d0 ¼
110 lm, which in combination with the thickness of the
micromixer layer will result in a square microchannel of
110 3 110 lm2 cross section. Following the exposure, the
micromixer layer is heated up to 870 K, so that the exposed
parts of the chip crystallize, while the nonexposed parts
retain their glass structure. The crystallized parts are finally
etched away in a solution of hydrofluoric acid (HF(aq)), and,
thus, the geometric structure of the mask is assigned to the
micromixer layer. The base layer is also made from
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FOTURAN; the cover layer, however, is made from B270
glass for optical reasons. Both layers have a thickness of
1,000 lm. Several holes are drilled in these layers to enable
inflow, outflow, and positioning, respectively. Finally, to seal
the etched microchannel structure, the base and the cover
layer are attached to the micromixer layer by means of diffu-
sion–bonding.

Experimental Setup

We aim to investigate the concentration field and the flow
field within the twice–folded channel segment of the micro-
mixer. The concentration field is measured by means of a
micro laser–induced fluorescence method (lLIF), while
microparticle image velocimetry (lPIV) is used for the mea-
surement of the velocity field. Hence, an experimental setup,
allowing for two measuring techniques on the basis of easy
adaption, is used. Figure 2 shows the common experimental
setup used for velocity and concentration field measurements.
The microfluidic device is mounted onto a PMMA support,
containing channels for delivering and discharging the liquid.
Syringe pumps (kd Scientific), available with different vol-
umes, enable the flow of two liquids through the micromixer.
The range of flow rates is _V ¼ 0.05 � 20 ml/h, which corre-
sponds to a range of Reynolds numbers of Re ^ 0.1 � 50.
We determine the accuracy to D _V ¼ 0.05 ll/h at the lowest
flow rate and to D _V ¼ 20 ll/h at the highest flow rate. The
mass m(t) leaving the microfluidic device is collected and
measured by means of a precision scale (Sartorius). This bal-
ance has an accuracy of dm ¼ 0.01 mg, and communicates
via a RS232 serial interface with LabVIEW (National Instru-
ments), the applied data processing software. The mass flow
rate is determined from the collected mass Dm per collecting
time Dt, according to _m ¼ Dm/Dt. It should be mentioned
that, for proper determination, the flow rate has to be cor-
rected by the evaporation rate. For optical access, an inverted
microscope (Leica, DMIRM) is used and connected to a
CCD camera (PCO, Image Intense). The images from the

CCD camera are transferred to a computer and analyzed by
an image–processing software (LaVision, DaVis 6.0). The
further setup, i.e., the light source and several optical devi-
ces, depends on the object of investigation.

Concentration field

For mass-transport investigations in microfluidic devices, it
is important to capture the concentration fields within the
microchannels. For this purpose, a concentration field mea-
surement technique (lLIF) has been developed by Matsu-
moto et al.18 Provided that an adequate fluorescent dye is
chosen, the emitted fluorescence intensity from a mixture of
liquid and a fluorescent dye depends on the concentration of
the dye, on the pH value, and on the temperature.

Within one of the syringe pumps pure, filtered, and deion-
ized water as non–fluorescent liquid is used. Within the other
pump water with the dissolved fluorescent dye Rhodamine B
is used. Rhodamine B can be excited by green light and
emits red light with the maximum intensity in the range k ¼
575–585 nm.19 Therefore, a continuous–wave argon ion laser
(Model 2550, Spectra-Physics), providing green excitation
light at a wavelength of k ¼ 514 nm, serves as light source.
The green laser beam is expanded through a set of lenses
before it is coupled into the microscope and guided coaxially
through the objective to the microchannel. We apply a 53
microscope objective, which offers a large field of view. The
red fluorescent light from inside of the microchannel is
passed back through the microscope and recorded by the
CCD camera. A set of optical filters ensures purely–fluores-
cent (red) light to arrive at the CCD camera and avoids the
entry of foreign light into the illumination path. This fluores-
cence technique collects the emitted fluorescent light from
all depths of the microchannel, and, thus, is linked to the
height–averaged concentration field. Further, with regard to
quantitative results extensive calibration has to be performed.
All details of this micro laser–induced fluorescence method
can be found in Matsumoto et al.18

Figure 2. Common experimental setup.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 1. Layers of the microfluidic chip and close–up
sketch of the twice–folded channel segment.
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Velocity field

The velocity field within the twice–folded channel segment
is measured by means of microparticle image velocimetry
(lPIV), described in detail e.g., by Santiago et al.20 or by
Meinhart et al.21 In contrast to the measurement of the con-
centration field, fluorescent microspheres are suspended for
that purpose in the water of one syringe pump. The micro-
spheres, obtained from Duke Scientific Cooperation, have a
diameter of dp ¼ 500 nm. These particles are made of poly-
styrene which has a density of qp ¼ 1050 kg/m3. The diffu-
sion coefficient of these particles is of order ;10�13 m2/s.

To allow for an estimation of the influence of buoyant
forces, we introduce the Archimedes number

Ar ¼ ðq� qpÞgd3p
qm2

(1)

Here, q is the density, and m is the kinematic viscosity of
the liquid; g denotes gravitational acceleration. The Archi-
medes number represents the ratio of buoyant and viscous
forces, acting at the particles. We find Ar ^ 10�8 � 1 and
conclude that buoyant forces should not have an appreciable
effect onto the particles. Following Crowe et al.22 the Stokes
number provides another helpful means to characterize the
movement of particles within flows. The Stokes number for
the present situation is given by

St ¼ sp
sf

¼ d2pqpu0
18mqd0

(2)

Here sp ¼ qpd2p/18l is the response time scale of the par-
ticles (due to drag and Stokes flow) and sf ¼ d0/u0 is the
time scale of the flow. Whereas u0 denotes the mean axial
velocity in the channel, and l the dynamic viscosity of the
liquid. Hence, the Stokes numbers allows to judge, whether
the particles can follow the flow. Typical Stokes numbers
within our experiments are of the order St ^ 10�4 � 1.
From this it can be concluded that the microspheres have
ample of time to follow any change of velocity within the
flow. In summary, both the Archimedes number and the
Stokes number clearly indicate that the particles should per-
fectly follow the flow.

Two Nd:YAG lasers (Solo-PIV, New Wave Inc.) are used as
light sources providing two consecutive pulses of green light
of wave length k ¼ 532 nm. The light, guided through the op-
tical devices and the microscope objective (magnification
103), illuminates the measuring volume within the channel.
The microspheres are customized for emission within the red
regime, i.e., at a wave length around k ¼ 612 nm. An image of
the particle distribution is captured by the CCD camera at
each laser pulse. The images are subdivided into so–called
interrogation areas. We select a size of 16 3 16 pixels, and
50% overlap for an interrogation area. The displacement of
the particles within an interrogation area is determined by a
comparison of two consecutive images by means of statistical
methods (cross correlation). The displacement vectors in con-
junction with the time between two images then allows to
infer the local velocity field. Only particles within the focal
plane of the microscope are imaged in sharp fashion and,
moreover, at high fluorescence intensity by the CCD camera.
The other particles remain unfocused and have little intensity,

contributing essentially to the background noise. In contrast to
the conventional PIV method, with the thickness of the light
sheet defining the measuring volume, in lPIV the properties
of the imaging system determine the thickness of the meas-
uring volume. Following Meinhart et al.21 the thickness of the
measuring volume is given by the so–called depth of correla-
tion, which for our parameters can be estimated to dz ^
10 lm. The lPIV method allows for the determination of two
velocity components, the third component, in the direction of
the microscope axis, cannot be captured. Moreover, both ve-
locity components are averaged over the depth of correlation.
Nevertheless, the two components of the velocity vector can
be measured across the complete channel cross-section by
shifting the focal plane along the microscopic axis.

If only one syringe pump is charged with seeded liquid,
the partial (velocity) measurements give, moreover, valuable
information on the (virtual) contact interface: the seeded and
the unseeded liquid streams merge in the Y-junction, and
enter the twice–folded channel segment in a layered fashion.
Consequently, the contact interface can be found between
seeded and unseeded portion of the liquid. This procedure,
hence, does not only provide partial velocity profiles, but
also allows to follow the evolution of the contact interface
along the twice–folded channel segment. An evaluation of
the secondary–flow effects, caused by the folded geometry,
contributing to mixing or reaction zone enhancement, then
appears possible by the distortion of the contact interface.
Moreover, this partial seeding can perfectly be reproduced by
numerical simulations. Unlike solving the mass transport
equation, with the common problems due to numerical diffu-
sion, numerical particle tracking is free of diffusion.

Simulation methodology

In this work the aim is to compare experiments with nu-
merical simulations. Hence, the governing equations have to
be identified and adequate boundary conditions have to be
chosen. Further, the details of the computational domain and
of the numerical procedure are described within this chapter.

Governing equations

To model the pressure–driven base flow, we rely on the
standard Navier–Stokes equations. Since we expect second-
ary flows, the 3-D equations are necessary. Hence, the gov-
erning equations for a time–dependent flow of an incompres-
sible Newtonian fluid are

r �~v ¼ 0 (3)

q

�
@~v

@t
þ ð~v � rÞ~v

�
¼ �rpþ lD~v (4)

Here, ~v represents the velocity vector, and t time, l is the
dynamic viscosity, and p is pressure. The concentration field
of the fluorescence dye is simulated by means of a standard
convection–diffusion equation, namely by

@c

@t
þr � ð~vcÞ ¼ DDc (5)

In Eq. 5, c denotes the concentration, and D is the binary
diffusion coefficient. However, the discretization of the con-
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vective term in Eq. 5 usually creates numerical diffusion,
which may substantially add to physical diffusion.23 Numeri-
cal diffusion in the mass transport equation appears due to
large j~vj=D, which would require an (unfeasible) extremely–
fine mesh. Instead, the mesh is chosen to resolve the flow
Eqs. 3–4 adequately. Therefore, it can be expected that the
computed concentration fields differ noticeably from the ex-
perimental concentration fields. Numerical simulations of dif-
fusion–free mass transport, on the other hand, are possible on
the basis of particle tracking, which is likewise part of our
investigations.

The velocity of a single particle i corresponds to the deriv-
ative of its position vector with respect to time, i.e.

~vP;i ¼ @~xP;i
@t

(6)

We consider the (numerical) particle to be free of mass, i.e.,
free of inertia. Further, the (numerical) particle has a vanishing
diameter, and, hence, does not disturb the flow. It has been
shown by means of the Archimedes number and Stokes num-
ber (cf. Eqs. 1, 2) that the experimental particles also follow
the flow in an (almost) ideal manner. The particle velocity is
then determined by the velocity field of the liquid and the par-
ticle trajectory can be obtained from integration, i.e.

~xP;i ¼
Z t

0

~vdtþ~xP;iðt ¼ 0Þ (7)

A comparison of the computed concentration field, and the
particle distribution allows to qualitatively judge on the influ-
ence of diffusion. Further, the contact interfaces from numer-
ical particle tracking, and from experimental partial particle
tracking can be compared to obtain more insight into the
transport processes.

A nondimensionalization of Eqs. 3–7 is advantageous in
many respects, e.g., we can solve an entire class of problems.
Hence, we introduce a homogenous (channel) length scale, a ho-
mogenous velocity scale, a (convective) transport time scale, a
(viscous) pressure scale, and a concentration scale, namely

~X ¼ ~x

d0
; ~V ¼ ~v

u0
; T ¼ tu0

d0
; P ¼ pd0

lu0
; C ¼ c

c0
(8)

Within the scaling (8) c0 denotes the preparation concentra-
tion of the dye. After the introduction of these scales we
obtain the dimensionless version of the governing equations as

r � ~V ¼ 0 (9)

Re

�
@~V

@T
þ ð~V � rÞ~V

�
¼ �rPþ D~V (10)

@C

@T
þr � ð~VCÞ ¼ 1

ReSc
DC (11)

~XP;i ¼
ZT

0

~VdT þ ~XP;iðX ¼ 0Þ (12)

Within Eqs. 9–12 the dimensionless Reynolds number Re,
and Schmidt number Sc arise, which are defined by

Re ¼ u0d0
m

; Sc ¼ m
D

(13)

The Dean number does formally not appear within a carte-
sian coordinate system. Furthermore, the investigated folded
microchannel consists of sharply–folded bends, and, hence,
an average radius of curvature, necessary to determine the
Dean number, is not obvious. To obtain an estimation of the
Dean number within this sharply–folded bend, we engage a
comparable smoothly–curved bend. This smoothly–curved
bend features identical square cross section and identical vol-
ume as the sharply–folded bend (cf. Figure 3). From this, the
mean radius of curvature can be calculated to be r0 ^
195 lm and the Dean number within the sharply–folded bend
can be estimated as

De ¼
ffiffiffiffiffiffiffiffiffiffiffi
d0=r0

p
Re ’ 3=4Re (14)

Computational procedure

To obtain a reasonable computation time, the computa-
tional domain is limited to the twice–folded microchannel as
sketched in Figure 3. This computational domain is cut out
of the complete micromixer geometry in a distance of five
channel widths upstream of the first and downstream of the
last bend, respectively. At all walls we employ the no–slip
condition, i.e.

~Vwall ¼ 0 (15)

With respect to the long straight inlet and outlet channel
segments, the assumption of a fully–developed flow profile
appears justified. Hence

V ¼ W ¼ 0 (16)

is used as boundary condition at the inlet and at the outlet
cross section. The inlet profile U(Y0, Z0), moreover, can be
taken from an analytical series solution (cf. Ward-Smith24)
for a square channel to be

Figure 3. Computational domain.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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UðY; ZÞ ¼ � 1

2

dP

dX

�
1

4
� Y2 � 4

X1
n¼0

ð�1Þn
ðð2nþ 1ÞpÞ3

3
coshðð2nþ 1ÞpZÞ
coshðð2nþ 1Þp=2Þ cosðð2nþ 1ÞpYÞ

�
ð17Þ

Thus, we have to employ

@U

@X
¼ 0 (18)

at the outlet cross section. To mimic the experiments, we
must enable the merging of the fluorescence dye mixture and
the pure water. Since the upstream Y-junction is not part of
the computational domain, we adapt the boundary condition
at the inlet cross-section instead. At the lower half of the
inlet cross section we implement a concentration of C ¼ 1,
while at the upper half C ¼ 0 is used. All other properties of
the liquid, i.e., density and viscosity, remain exactly the
same. At the outlet cross section and the wall a vanishing
flux is used as boundary condition, i.e.

@C

@~n
¼ 0 (19)

Here, ~n is the vector normally directed to the specific do-
main. The seeding of the particles corresponds to the
employed concentration boundary conditions.

All simulations were performed with the commercial fi-
nite–element–method (FEM) code FIDAP 8.7.2. For the spa-
tial discretization we engage 27–node quadratic elements,
featuring triquadratic interpolation functions, proving to be
second–order accurate. Overall, the entire simulated geome-
try includes about 1.2 � 106 nodes. The time step is discre-
tized by using an implicit second–order predictor/corrector
scheme (explicit Adams–Bashford/stable trapezoidal rule).
The velocity–pressure coupling is realized by a penalty func-
tion approach. Element sizes and the size of the time step
are chosen in such a way that the solution has converged at
all time steps, so that the RMS of the residuum, summed-up
over all equations, remains smaller than 1 � 10�4. The parti-
cle trajectories are integrated by a second–order Runge–Kutta
integration scheme.

Results

Measurements and computations are performed at Reyn-
olds numbers of Re ¼ 27 and Re ¼ 42, corresponding to
average axial velocities of u0 ¼ 0.245 m/s and u0 ¼ 0.382 m/s,
respectively. According to Eq. 14 we estimate Dean numbers
of De ^ 20 and De ^ 32. Given these moderate Reynolds
(Dean) numbers, the secondary flow is limited to one pair of
counter–rotating vortices. The investigation of flows with
higher velocities, however, is not relevant for lab on a chip
microflows. The diffusion coefficient of Rhodamine B in
water is D ¼ 4.27 � 10�10 m2/s.25 In conjunction with a den-
sity of q ¼ 1,000 kg/m3, and a dynamic viscosity of l ¼ 1 �
10�3 Pas of the solvent water, a Schmidt number of Sc ^
2340 is estimated. The simulation of systems with such large
Schmidt numbers leads to numerical instabilities (spatial
oscillations) within the solution of the concentration field due

to limited mesh refinement capabilities. Hence, we limit the
Schmidt number to Sc ¼ 100, corresponding to a diffusion
coefficient of D ¼ 1 � 10�8 m2/s, to obtain stable numerical
solutions for the concentration field. These solutions, there-
fore, will suffer from strong diffusion, if compared to the ex-
perimental situation.

We shall mainly concentrate on the results for Re ¼ 42,
the flow at Re ¼ 27 exhibits weak secondary flow only. Fig-
ure 4 shows axial velocity profiles within the midplane (Z ¼
0) at various positions I–IX of the folded microchannel. The
numerical simulation indicates secondary flows at certain
positions within the meander. In the middle of the first
straight channel segment (position I), we recognize an ordi-
nary laminar flow indicated by the corresponding symmetric
velocity profile. After the first bend at position II the velocity
profile is nonsymmetric; the maximum of the velocity is
shifted to the right (outer) channel wall. Obviously, this is a
result of centrifugal forces acting in the first bend and trans-
ferring momentum perpendicular to the main flow towards
the outer wall. In the second bend, the centrifugal forces are

Figure 4. Axial velocity profiles within the midplane
(Z = 0) at various positions of the folded
microchannel.

The simulation is performed at Re ¼ 42.
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in the opposite direction, and, hence, the velocity peak at
position III is shifted toward the opposite (left) channel wall.
At position IV the influence of the centrifugal forces is still
present, as can be inferred from the outward displacement of
the velocity maximum. As we follow the flow downstream to
position V, the influence of centrifugal forces has vanished
and the symmetric velocity profile is restored; this also holds
for position VI. In other words, the secondary flow decays
along the straight channel segment. Following the further
bends of the channel, at positions VII and VIII we again see
shifted velocity maxima, and, hence, indications of secondary
flows. The profile within the last straight channel segment at
position IX is again of symmetric shape. It is remarkable that
all shifted velocity profiles appear identical, regardless of
whether the flow has passed through one bend, two, or even
more bends in sequence. It appears that the last bend of a
sequence shapes the velocity profile downstream. This can
likewise be confirmed by inspecting the secondary velocity
maps, taken e.g., in cross sections II and VIII and plotted in
Figure 5. The velocity vectors within cross-section II clearly
indicate the presence of two counter–rotating (Dean) vortices.
The velocity vectors within the center of the cross-section
are directed outwards, while along the channel walls a recir-
culation is established. The secondary flow vectors are
obtained from the complete velocity vector without axial
component. We superpose two (virtual) particle trajectories
in each cross section of Figure 5 for clarity. These particle
trajectories have been obtained from integration, based on
the secondary flow field. The secondary flow field within
cross section VIII appears almost identical to cross-section
II. However, the upstream conditions are different for both
cross sections II and VIII. The flow at position II has passed
through one bend, while the flow at position VIII, starting
from a symmetric profile at position VI, has passed through
two bends. The secondary flow characteristics, therefore,
appears little affected by the number of bends.

Height–averaged concentration fields within the micro-
channel, measured by the lLIF method, are presented in Fig-
ure 6, where (a) shows the result for Re ¼ 27, and (b) shows
the result for Re ¼ 42. In Figure 6a we basically recognize

three layers of liquid. The lower layer is at intensities around
100%, corresponding to c0 ¼ 0.21 g/dm3 or C ¼ 1; the upper
layer is at intensities around 0% (C ¼ 0) and, further, a con-
centration boundary layer can be recognized between the

Figure 5. Secondary velocity vector field and particle trajectories within the cross sections at position II and VIII
for Re = 42.

Figure 6. Measured height–averaged concentration
fields within the folded microchannel at (a)
Re = 27, and (b) Re = 42.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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upper and the lower layer. The concentration boundary layer
is relatively thin at all horizontal segments of the folded
microchannel. Within the vertical segments, however, the
layer appears wider, indicating the effect of the secondary
flow onto the mixing. In Figure 6b a similar concentration
pattern is found, but the secondary–flow mixing appears
more pronounced. Especially in the middle vertical micro-
channel segment, an almost homogenously–mixed region can
be found. For relatively–large Reynolds numbers, diffusion
in the upstream common channel does not have enough time
to achieve significant mixing. This conclusion can be drawn
e.g., from the measurements of Matsumoto et al.18 Thus, at
lower Reynolds numbers a thicker concentration boundary
layer can be expected due to a larger residence time. For the
interpretation of these concentration fields, however, we have
to keep in mind that the experimental method provides only
height–averaged concentration fields. Secondary flows,
induced at bends, are responsible for concentration variations
along the optical path (channel height), which then may lead
to apparently–mixed regions.

We now compare the experiments against the results of
the simulation for Re ¼ 42, given in Figure 7. The presented
concentration field is height-averaged in a similar manner as
in the experiments. We find a qualitative agreement with
minor discrepancies. The concentration boundary layers
within the vertical channel segments appear likewise wider,
but the widening in the middle vertical channel is not present
along the complete length. Moreover, the concentration
boundary layer appears wider also within parts of the hori-
zontal segments. This cannot be recognized within the exper-
imental data (cf. Figure 6b). The differences between simula-
tion and experiment could be related to diffusion. In the sim-
ulations we have on one hand numerical diffusion and on the
other hand an unphysically–large diffusion coefficient to mit-
igate the numerical oscillations. This results in diffusion,
which is substantially stronger than the true diffusion of Rho-
damine B in water. The differences could also be related
to different flow fields. Slightly–different flow fields may
arise, since the experimental microchannel features rounded
corners, while the simulations feature sharp corners (cf. Fig-
ures 6 and 7).

To clarify the effect of diffusion, we apply partial seeding
both experimentally and numerically, as described in section
velocity field. Experimentally, the seeding of the lower
inflow with microspheres enables us to follow the seeded
stream through the microchannel and to obtain velocity infor-
mation for this stream. The unseeded upper inflow and its
stream, of course, does not provide any velocity information.
We measure the particle and velocity field within 17 levels
from the bottom to the top of the microchannel. Hereby, we
observe that the area of the microchannel occupied by the
seeding particles changes from level to level, demonstrating
the 3-D character of the flow. Figure 8a shows an example
for such a measured particle and velocity field at a level
40 lm above the bottom wall of the microchannel (Z ¼
�0.145). Numerically, we bring approximately 1,100 par-
ticles into the lower half of the folded microchannel and inte-
grate their paths. At all positions, where we find particles,
e.g., around the level Z ¼ �0.145, we plot the velocity vec-
tors and, hence, obtain an analogous image of the particle
and velocity field, comparable to the experimental findings.
The result of this numerical procedure is shown in Figure 8b
also for the level Z ¼ �0.145. It should be noted that the
particle and velocity information from the experiments is col-
lected across about 10 lm in depth, while within the simula-
tions spacing of the mesh leads to a range of 4 lm. This cer-
tainly leads to different particle densities from both methods.
Within both figures the velocity vectors are, moreover,
color–coded to allow for immediate comparison, whereas the
dimensional value of u ¼ 0.7 m/s within the experimental
data corresponds to the dimensionless value of V ¼ 1.8
within the theoretical data.

We see from the numerical image (cf. Figure 8b) that,
even though the inflow is strictly layered, the secondary flow
leads to a deflection of the seeded stream across the complete
cross section at the very outlet. The effect of the Dean vorti-
ces appears particularly strong downstream of each bend.
Comparing the theoretical particle distribution to the experi-
mental particle distribution (cf. Figure 8a) reveals qualitative
agreement. However, the seeded stream appears wider within
the experimental image, which is due to a larger mean parti-
cle concentration. This is not surprising, since the theoretical

Figure 7. Simulated height–averaged concentration field at Re = 42.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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image relies on local information, while the experimental
image involves substantial height–averaging in each level. It
can, therefore, be expected that the theoretical image shows
a sharp transition from the seeded to the unseeded stream,
while the experimental image features a smeared transition.
The comparison of the regions of large velocities (yellow/red
arrows) certainly shows good agreement, all characteristic
features are present in both images. Particularly, after each
bend the velocity maxima are shifted outwards in both
images. Again, the numerical results reflect local (dimension-
less) velocities, while the lPIV method averages likewise the
(dimensional) velocity data across layers of about 10 lm
thickness. Moreover, we need to recall that the real channel
geometry, featuring several rounded corners, does differ from
the simulation geometry, where for simplicity sharp corners
have been implemented. Finally, the merging of both inlet
flows at the Y–mixer and the flow downstream to the mean-
der is not simulated numerically. Instead, an idealized con-
centration boundary condition is formulated at the inlet cross
section for the simulations. Given all these differences, the
overall agreement is acceptable.

In a next step, we collect (partial) profiles of the axial
velocity at all height–levels to obtain a three–dimensional
insight. The results are presented in Figure 9 for the cross
sections II, V and VIII (cf. Figure 4), i.e., within all vertical

channel segments. The first column gives the measured (par-
tial) axial velocity fields, the second column gives the corre-
sponding simulated fields. The effect of the secondary flow
onto the profile at position II can be recognized from two
features: (1) The unseeded liquid in the channel center has
penetrated into the seeded liquid, which in turn has pene-
trated into the unseeded liquid along both channel walls.
This is due to the pair of counter–rotating vortices (cf. Fig-
ure 5). (2) The velocity maximum is shifted from the center
into the outward direction. The area adjacent to the inner
wall (X ¼ 5), and the adjacent penetration finger is occupied
by unseeded liquid, and, hence, provides no velocity infor-
mation. Within the middle of the long vertical channel (posi-
tion V) the velocity profile is different. Here, the penetration
finger consists of seeded liquid, penetrating into unseeded
liquid in the channel center. The seeded stream occupies the
inner part of the cross section through two bends, which is
opposite to the situation after the first bend (cross section II).
Hence, the pattern in cross section II appears reversed and
even developed further to the complementary pattern, visible
at cross section V. The profile at cross section VIII, finally,
is similar to the profile at cross section II. Again, this simi-
larity is surprising, not only with respect to the flow, but also
to the distribution of seeded and unseeded liquid, since
upstream conditions for both cross sections are different.

The comparison of experimental and simulated profiles
reveals reasonably–good agreement with regard to both ve-
locity amplitudes and shapes of the profiles. As expected, the
penetration pattern and velocity profile at the seeded/
unseeded transition appears sharp within the simulations and
smeared within the experiments, due to the spatial averaging
within the measuring technique. Additionally, we find minor
discrepancies with regard to the penetration of both liquids
into each other: this penetration appears more pronounced in
the simulations. At position V another discrepancy arises
from the place of the velocity maxima. The measured veloc-
ity maximum is found outside of the channel center, while it
is in the center within the simulations. This indicates a
slightly–faster decay of centrifugal effects along straight seg-
ments within the simulations. This faster decay can only be
attributed to different flow fields in experiment and simula-
tion. Again, the slight differences in geometry (rounded/sharp
corners) can lead to different streamline curvature in experi-
ment and simulation.

The distributions of the seeded and non–seeded liquid at
cross sections II, V and VIII are directly imaged in Figure
10 without the velocity information. Within the left column
we see results from numerical simulations of the concentra-
tion field, obtained for the unphysically–large diffusion coef-
ficient. The middle column shows the distribution of seeded
and unseeded liquid as result of numerical particle tracking.
This method should provide theoretical results without diffu-
sion. The right column gives the experimental distribution,
i.e., the areas in which consistent velocity information is
obtained experimentally. Such areas are obviously character-
ized by the presence of (sufficient) seeding particles.

With regard to the middle and right columns, these particle
distributions are already present in Figure 9. Hence, we
recover all characteristics of these particle distributions, with-
out the difficulties related to the perspective view and to
regions, hidden by the velocity profiles. There is no need to

Figure 8. Measured (a) and simulated (b) velocity field
for Re = 42 at a level 40 lm (Z = �0.145)
above the channel bottom.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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discuss these characteristics again. Additionally, the effect of
diffusion can be accessed from a comparison of the particle
distributions in the left and middle column. The numerical
particle tracking (middle column) reveals a sharp transition
from seeded to unseeded liquid. The simulation of the con-
centration fields (left column) reveals in contrast a pro-
nounced concentration boundary layer between both liquids.
The general shapes of both theoretical distributions, though,
appear similar. Differences are present particularly with
regard to both length and width of the penetration fingers.
The length of the penetration finger, obviously, is reduced
with increasing diffusion; the width of the penetration finger
is increased with increasing diffusion. We have to recall that
both results in the left and middle column are based exactly
on the same velocity field. Further, the (numerical) particles
follow the flow in an ideal manner without any disturbance
to the flow. Given identical flow fields, the differences can
only be attributed to differences in diffusion.

To obtain a quantitative measure, we have extracted the
fraction a of the cross section occupied by the seeded liquid,
according to

a ¼ A

A0

(20)

Here A is the area occupied by the seeded liquid, and A0 is

the entire cross–sectional area. The results are summarized in

Table 1. For cross sections II and VIII the fractions a from

numerical particle tracking (b) agree reasonably with the

fractions from experimental particle tracking (c). This agree-

ment remains remarkable, as we already discussed the differ-

ences in spatial averaging between the theoretical and experi-

mental methods. At cross section V this agreement, however,

is not as good. At cross section V the fraction a from the

simulation of the concentration field (a) appears to agree bet-

ter with the experimental findings (c).

Figure 9. (Partial) velocity fields at cross sections II, V, and VIII for Re = 42. The left column is obtained from
experiments, the right column is obtained from simulations.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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The contact interface of both liquids certainly would be
the site of chemical reactions. Hence, increasing the contact
interface by means of e.g., the secondary flow is essential to
improve the yield of such reactions. Consequently, we have
further calculated the projected length of the concentration
boundary layer (case a) and the projected length of the con-
tact interface (cases b,c) in all cross sections. Table 2 gives
the ratios of these lengths to the projected lengths of the
undistorted contact interfaces. The more this ratio departs
from unity, the greater is the increase of the contact inter-
face. It should be mentioned, though, that by evaluating the
cross sections II, V, and VIII we can only obtain partial in-
formation on the 3-D contact interface. For case (a), the pro-
jected length of the concentration boundary layer is taken
from isoconcentration line of C ¼ 0.01. The ratios obtained
from numerical and experimental particle tracking (cases b,c)
agree to a reasonable degree, while the ratios from the nu-

merical simulation of the concentration field (case a) are gen-
erally lower. Overall, an increase of the projected length of
the contact interface by a factor of around 2 is found. As the
distortion of the contact interface in the axial direction
appears minor, this factor of 2 should be a good estimate
likewise for the contact interfacial area.

Summary and outlook

In the present article, we investigate the flow and mass
transport within a twice–folded microchannel, serving as
essential part of an electrically–excited micromixer. At this
point, we concentrate on the pure pressure–driven flow with-
out electrical excitation. Even for a pure pressure–driven
flow through a meander we can expect a secondary flow,
which can be beneficial for mixing and for the progress of
chemical reactions. Hence, experiments and numerical simu-

Figure 10. Cross–sectional distribution of seeded and unseeded liquid at cross sections II, V, and VIII for Re = 42.

The left column is obtained from simulation of the concentration field (with diffusion), the middle column from the simulated particle
distribution (without diffusion), the right column from experiment. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Table 1. Cross–Sectional Fraction a at Positions II, V and
VIII According to (a) Numerical Simulation of the

Concentration field, (b) Numerical, and (c) Experimental
Particle Tracking for Re = 42

– II V VIII

a) 0.59 0.62 0.59
b) 0.66 0.49 0.63
c) 0.71 0.64 0.71

Table 2. Increase of the Projected Length of the Contact
Interface at Cross Sections II, V and VIII, According to (a)

Numerical Simulation of the Concentration Field, (b)
Numerical, and (c) Experimental Particle Tracking

– II V VIII

a) 1.66 1.36 1.65
b) 2.01 1.87 1.98
c) 1.84 1.77 1.91
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lations at Reynolds numbers of Re ¼ 27 and Re ¼ 42 are
performed and compared carefully.

The experimental investigations of the concentration field
are based on a laser–induced fluorescence method (lLIF).
We mark one part of the flow by a fluorescent dye and illu-
minate the microchannel measuring volume by laser light.
The intensity of the recorded fluorescence light for this setup
is linked to the height–averaged concentration of the dye.
We find that the concentration fields exhibit mixed regions,
which appear more pronounced at the higher Reynolds num-
ber flow. Assisted by numerical simulations we identify sec-
ondary flows, induced at the bends, which are responsible for
concentration variations along the channel height. Since the
measuring technique provides height–averaged concentrations
only, we conclude that these mixed regions are only appa-
rently mixed. A detailed comparison of experimental findings
on the height–averaged concentration field and corresponding
numerical results shows reasonable agreement. Minor dis-
crepancies can be attributed to the unphysically–large diffu-
sion coefficient, used within the numerical simulations to
prevent instabilities of the numerical scheme.

Experimentally, the velocity field is captured by the micro
particle image velocimetry (lPIV). We deviate from standard
lPIV by seeding a partial stream only. This leads to regions
with and regions without particles. Even though we obtain
velocity information only from seeded regions, by this
method we can follow the evolution of the (virtual) contact
interface between seeded and unseeded liquid through the
microchannel. Moreover, this method reveals, to good
approximation, the pure convective mass transport, and,
hence, provides ‘‘diffusion-free’’ contact interfaces. It can
further be perfectly imitated by numerical particle tracking
simulations. We compare measurements and simulations of
these partial velocity fields at certain height levels of the
microchannel. There is good agreement both with regard to
the seeded regions, and with regard to the velocity ampli-
tudes. We further take all velocity data, measured at different
height levels, to construct the 3-D (partial) profile of the
axial velocity within the complete cross section. The results
clarify that the secondary flow is responsible for the penetra-
tion of seeded and unseeded liquids into each other. The pro-
files at selected channel segments are compared to corre-
sponding profiles from numerical simulations and reason-
ably–good agreement is found. Finally, we work out how the
obtained contact interface differs, depending on whether it is
obtained (1) from numerical simulations of the mass trans-
port equation (with diffusion), (2) from numerical particle
tracking (without diffusion), (3) or from experimental particle
tracking. The comparison of both numerical results clarifies
the effect of diffusion. The length of the projected contact
interface and the fraction of the seeded flow, both within a
cross section, are engaged to allow for a quantitative compar-
ison. The length of the projected contact interface after bends
is found to be typically stretched by a factor of two. The
agreement for both quantities is best between numerical and
experimental particle tracking.

The investigation of the pressure–driven flow within the
twice–folded microchannel shows that the combination of
lPIV and lLIF is an excellent tool, which allows to access
both 3-D profiles of the axial velocity and height–averaged
concentration fields. The experimental partial particle track-

ing provides additional insight into the mass transport and is
useful for the correct interpretation of the height–averaged
concentration fields from lLIF. The potential of these meth-
ods appears to be comparable to confocal fluorescence mi-
croscopy, but is achieved at much lower costs. Moreover,
particle tracking can be validated by corresponding numerical
simulations, without the problems associated with numerical
diffusion. The evolution of the contact interface between
both liquids, the secondary flow, and the consequences for
the height–averaged concentration fields can be perfectly
understood from the above combined information. The com-
parison of experimental and numerical results overall shows
reasonably–good agreement, discrepancies can be attributed
to differences in averaging ranges, to differences in the geo-
metric details of the microchannels, and to the limited do-
main (and corresponding boundary conditions), simulated
numerically.

With respect to future research, there are obvious exten-
sions towards the electrically–excited flow within this micro-
mixer. Open questions comprise whether the earlier experi-
mental methods are capable to resolve more complex flow
fields or concentration fields with a higher degree of mixing.
Certainly, e.g., the lPIV method will not resolve the velocity
profile across an electrical double layer (EDL) of some ten
nanometer thickness. Likewise, the height–averaged concen-
tration fields from lLIF will only allow for limited conclu-
sions with regard to complex 3-D concentration fields.
Finally, it remains interesting to learn whether the partial
particle tracking is capable to resolve highly–distorted con-
tact interfaces.
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