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Hydrodynamic focusing in microchannels under consideration
of diffusive dispersion: theories and experiments
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This paper investigates hydrodynamic focusing inside a microchannel. Hydrodynamic focusing has a number of applications in microfluidics
such as micromixer, microcytometer, fluidic switch, and cell infection. In contrast to most of the previous works, hydrodynamic focusing
phenomenon in this study is described analytically with a two-phase Navier–Stokes equation system. The model considers the effect of the
different viscosities of the sample stream and the sheath streams. Based on this theory, the width of the sample flow cannot only be adjusted by
the flow rates but also by the viscosity ratio between the sheath stream and the sample stream. Furthermore, the effect of diffusive dispersion
b ations such
a chniques.
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etween the sheath stream and the sample stream is investigated analytically and numerically. This effect is important for applic
s mixing and cell infection. The velocity field and concentration field of hydrodynamic focusing was measured using fluorescent te
icro particle image velocimetry (micro-PIV) was used for measuring the velocity of the three streams quantitatively, while the conc

eld was evaluated from fluorescent images. The results presented in the paper are fundamental for the design of hydrodynamic
icrofluidics.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, microfluidics have been emerging as a key
echnology in miniaturization of analytical chemistry. Mi-
rotechnologies allow fabricating and integrating tiny devices
n a single chip, the so called lab-on-chip (LOC) or micro total
nalysis system (microTAS). A number of microfluidic com-
onents such as microchannels, micropumps, microvalves,
icromixers and microseparators have been fabricated and

ested[1]. All these microfluidic components are used for
andling fluids and preparing sample in the LOC platform.

Hydrodynamic focusing is a simple but powerful method
or handling a sample stream. The concept is based on con-
entional flow cytometry[2]. In conventional flow cytometry,
he sample flow and the sheath flow are axis-symmetric. The
ocused sample in the center is passed through a detection
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region, where particles such as cells can be counted o
arated. The miniaturized version of hydrodynamic focu
is planar. A basic device for hydrodynamic focusing con
of a long channel with three inlets. The middle inlet is
the sample flow, while the sheath fluids entry through
two other inlets. A number of devices with hydrodyna
focusing were fabricated on stainless steal[3], quartz[4],
silicon[8], soda-lime glass[5], or on polymers such as po
methylmethacrylate (PMMA)[6] and polydimethylsiloxan
(PDMS)[7].

Hydrodynamic focusing was used to improve the mix
behaviors in microchannels. Due to the laminar flow in
crochannels, mixing relies on molecular diffusion. Hydro
namic focusing reduces the stream width, and consequ
the mixing path. The mixing time can be reduced to few
croseconds[8]. If the solute contents biological agents suc
virus, cells in the sheath streams can be infected by diffu
mixing [7]. With an optical detection system, a device w
hydrodynamic focusing can count single biological parti
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such as cells[5] or DNA [9]. By adjusting the flow rates of the
sheath streams, the sample streams can be switched between
multiple outlets[6]. Combining the optical detection and the
switching capability, cells can be sorted by hydrodynamic
focusing[10].

Despite the wide range of applications and the signifi-
cance of hydrodynamic focusing in microfluidcs, no detailed
studies have been carried out for this effect in microscale.
Simple analytical models were established based on the po-
tential flow theory[11]. This theory only considers the con-
tinuity equation, and thus neglects the influence of viscosity
gradients. This theory can estimate the focused width, if the
viscosities of the streams are assumed to be equal.

The effect of viscosity gradients were considered in the so-
called hydrodynamic spreading. Galambos and Forster were
the first to investigate the influence of viscosity on two immis-
cible liquid stream in a microchannel[12]. The hydrodynamic
spreading effect was utilized for measuring the viscosity of
one stream using the known viscosity of the other stream.
The flow rates of both streams were equal in this work. Re-
cently, Stiles and Fletcher proposed an analytical solution
for the same problem with an arbitrary ratio of the flow rates
[13]. The analytical model of Galambos and Forster is dif-
ficult to implement, while Stiles and Fletcher did not give
the explicit forms of the velocity distribution using Fourier
series. While Galambos and Forster only presented results
o work
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microfluidic devices under consideration of diffusive disper-
sion.

2. Theories

The microchannel under consideration is rectangular. The
flow direction is inx-axis. The cross-section of the channel
lies in they–z-plane. The channel width is iny-axis, while
the channel height is inz-axis. The analytical and numer-
ical models are reduced to two dimensions. The model of
hydrodynamic focusing of three immiscible flows is in the
y–z-plane, while the model of diffusive dispersion is in the
x–y-plane.

2.1. Hydrodynamic focusing

The model of hydrodynamic focusing consists of three
streams: one sample stream sandwiched between two identi-
cal sheath streams,Fig. 1. Fig. 1a shows the actual geometry
of the channel cross-section with the three streams. The width
and height of the channel are 2W andH, respectively. The
position of the interface isrW. Since the model is symmetri-
cal regardingy-axis andz-axis, only 1/4 of the cross-section
needs to be considered. The velocity distributionu1 andu2 in
the channel can be described by the Navies–Stokes equations:

w d the
s -
c on-
d
a del
(

s

u

u

f the interface location between the two streams, the
f Stiles and Fletcher was not supported by experiment
ults. Both works only considered immiscible streams.
ame effect was numerically modelled using a comme
oftware in[14]. All the three models are based on a tw
tream system and were not validated by measured ve
elds.

This paper presents analytical and numerical mode
three-streams system, which represent the true mod

ydrodynamic focusing. First, an analytical model of
rodynamic focusing in a rectangular microchannel is
ented. The model considers a system of three immis
treams. The two sheath streams are identical. The m
esults to the velocity distribution inside the microchan
ext an analytical model for the diffusion effect betw

he streams is presented. This model assumes a unifor
ocity in all three streams. Since this simplified analyt

odel can not describe well the diffusive/convective eff
numerical model of three streams with different veloc
nd diffusion coefficients is established. Results of all t
odels are compared with experimental data. A fully p
eric microdevice was fabricated for investigating the e
f hydrodynamic focusing. The velocity field inside the fl
hannel was measured with micro particle image veloc
ry (micro-PIV), while the concentration field was evalua
rom fluorescent images. The experimental results show
lear coupling between the velocity field and the conce
ion field. Thus, hydrodynamic focusing and diffusive d
ersion are strongly coupled effects. The results of this p

s fundamental for the design of hydrodynamic focusin
∂2u1

∂y2
+ ∂2u1

∂z2
= 1

η1

∂p

∂x
,

∂2u2

∂y2
+ ∂2u2

∂z2
= 1

η2

∂p

∂x
(1)

here indices 1 and 2 describes the sample flow an
heath flow, respectively. In(1) η1 and η2 are the vis
osities of the sample fluid and of the sheath fluid. N
imensionalizing the velocity by a reference velocityu0
nd the coordinates byW leads to the dimensionless mo
Fig. 1a):

∂2u∗
1

∂y∗2
+ ∂2u∗

1

∂z∗2
= W

η1u0

∂p

∂x∗ ,
∂2u∗

2

∂y∗2
+ ∂2u∗

2

∂z∗2
= W

η2u0

∂p

∂x∗

(2)

WithP ′ = W
η1u0

∂p
∂x∗ andβ = η2/η1, andθ = (2n − 1)π/h the

olutions of(2) have the forms (0< y∗ < 1, 0< z∗ < h/2):

∗
1(y∗, z∗) = P ′

[
z∗2 − h2/4

2

+
∞∑

n=1

cosθz∗(An1 coshθy∗ + Bn1 sinhθy∗)

]
,

∗
2(y∗, z∗) = P ′

β

[
z∗2 − h2/4

2

+
∞∑

n=1

cosθz∗(An2 coshθy∗ + Bn2 sinhθy∗)

]

(3)
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Fig. 1. Analytical model of hydrodynamic focusing: (a) actual geometry;
(b) the dimensionless model.

The non-slip conditions at the wall results in:

u∗
2(1, z∗) = 0 (4)

The symmetry condition atz∗-axis is:

∂u∗
1

∂y∗

∣∣∣∣
y∗=0

= 0 (5)

At the interface between the sample flow and the sheath flow,
the velocity and the viscous rate are continuous:

u∗
2(r, z∗) = u∗

1(r, z∗),
∂u∗

1

∂y∗

∣∣∣∣
y∗=r

= β
∂u∗

2

∂y∗

∣∣∣∣
y∗=r

(6)

For a flat channel (h � 1), the position of the interface can
be estimated as:

r = 1

1 + 2βκ
(7)

whereκ = Q2/Q1 is the flow rate ratio between the one
sheath stream and the sample stream. In case of a channel
with low aspect ratio, the positionr can be determined by
solving the flow rate ratioκ with the velocity profile given in
(3).

A Fourier analysis with the above boundary conditions
results in the coefficients of(2):

A

1) sinh2 θr sinhθ coshθ

sinhθr coshθr coshθ(coshθ − coshθr)]

(β − 1) sinh2 θr coshθr sinhθ coshθ]
(8)

A
hθr coshθr sinhθ − (β − 1) sinhθr(coshθ − coshθr)]

θ − (β − 1) sinhθr coshθr sinhθ coshθ]
(9)

B (10)

B
]

θr coshθr sinhθ]
(11)

Fig. 2. The dimensionless velocity profile (h = 0.14, κ = 1): (a)β = 0.5;
(b) β = 1; (c)β = 2.

whereDn = (−1)n+1 4h2

(2n−1)3π3 . Fig. 2shows the typical ve-
locity field inside the flow channel. The velocity of the sam-
ple flow is lower, if the sample flow is more viscous than
the sheath flow (β < 1), Fig. 2a. If the viscosities are equal
(β = 1), the flows behaves as a single phase,Fig. 2b. If the
sheath flows are more viscous (β > 1), the sample flow is
faster,Fig. 2c.

2.2. Diffusive dispersion

The convective/diffusive dispersion is characterized by the
Peclet number:
n1 = Dn

[β sinhθr cosh2 θr coshθ − sinh3 θr coshθ − (β −
− (β − 1) sinh2 θr(coshθ − coshθr) + (β − 1)

[β cosh2 θr sinhθr cosh2 θ − sinh3 θr cosh2 θ −

n2 = Dn

[β cosh2 θr coshθ − sinh2 θr coshθ − (β − 1) sin

[β cosh2 θr sinh2 θ − sinh2 θr cosh2

n1 = 0

n2 = Dn

[(β − 1) sinhθr(coshθ − coshθr)

[β cosh2 θr coshθ − sinh2 θr coshθ − (β − 1) sinh
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Fig. 3. Models for convective-diffusive mixing with arbitrary mixing ratio in the channels: (a) the physical model; (b) the dimensionless model.

Pe= UW/D, (12)

whereU,WandD are the uniform velocity, the channel width
and the diffusion coefficient, respectively. The velocity of
each stream is important for this effect. However, the follow-
ing analytical model is only possible under the assumption of
a uniform velocity. The subsequent numerical model can con-
sider the different flow velocities of each stream as derived
in the above model of hydrodynamic focusing.

2.2.1. Analytical model
Assuming a uniform velocityU across the microchannel,

no diffusion flux exists in thez-direction. This situation ap-
pears in a Hele–Shaw-flow or in an electronically driven flow.
Thus, withh � 1 the problem can be simplified as a two-
dimensional model as depicted inFig. 3. Because of the sym-
metry condition, only half of the channel is considered. The
two cases (I) and (II) consider the diffusion from the sample
flow or from the sheath flow, respectively. The mass conser-
vation equation including both diffusion and convection can
be formulated as[15]:

U
∂c

∂x
= D

(
∂2c

∂x2
+ ∂2c

∂y2

)
(13)

whereD is the diffusion coefficient of the solute. The dimen-
s on
o
r
d sys-
t ion
c -
s

P

T case
(

f(I) (y
∗) =




c∗|(x∗=0,0≤y∗<r) = 1

c∗|(x∗=0,y∗=r) = r

c∗|(x∗=0,r<y∗≤1) = 0

(15)

f(II) (y
∗) =




c∗|(x∗=0,0≤y∗<r) = 0

c∗|(x∗=0,y∗=r) = r

c∗|(x∗=0,r<y∗≤1) = 1

, (16)

respectively.
Full mixing is assumed for the outlet, that means:

∂c∗

∂x∗

∣∣∣∣
(x∗=∞,0≤y∗≤1)

= 0 (17)

The channel wall is impermeable. Thus, the flux at the wall
(y∗ = 1) and the symmetry line (y∗ = 0) should be zero:

∂c∗

∂y∗

∣∣∣∣
y∗=0,1

= 0 (18)

Eq. (14) is a second order linear partial differential equa-
tion. Separating the variables in(14)and applying the corre-
sponding boundaryconditions (15)–(18), the concentration
distribution in the channel for the cases (I) and (II) are:

c∗
(I) (x

∗, y∗) = 2

π

∞∑ sinnrπ

n
cos[nπy∗]

c

ionless interface positionr is also equal the mass fracti
f the solvent in the final mixture (0≤ r ≤ 1), the mixing
atio of the solute and the solvent is (1− r) : r. By intro-
ucing the dimensionless variables for the coordinates

emx∗ = x/W , y∗ = y/W , the dimensionless concentrat
∗ = c/C0 and the Peclet number Eq.(13) has the dimen
ionless form:

e
∂c∗

∂x∗ = ∂2c∗

∂x∗2
+ ∂2c∗

∂y∗2
(14)

he corresponding boundary conditions of the inlets for
I) and case (II) are:
n=1

× exp[(Pe− x∗√Pe2 + 4n2π2)x∗/2] + r,

n = 1, 2, 3 . . . (19)

∗
(II) (x

∗, y∗) = 2

π

∞∑
n=1

sinn(1 − r)π

n
cos[nπ(1 − y∗)]

× exp[(Pe− x∗√Pe2 + 4n2π2)x∗/2]+1− r,

n = 1, 2, 3 . . . (20)
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Fig. 4. Normalized concentration distribution in the microchannel (β = 1,
κ = 1, r = 1/3,Pe= 200): (a) case (I), the sample flow contents the solute;
(b) case (II), the sheath stream contents the solute.

Fig. 4 depicts the solutions of concentration(19) and
(20).

2.2.2. Numerical model
A numerical model can be formulated for coupling the

Navier–Stokes equations(1) with diffusive/convective trans-
port Eq. (13). However, for simplification we only con-
sider the solution of transport Eq.(13) and assume the
step change in the velocity profile according to(3). The
simple two-dimensional model can investigate the contri-
bution of the different velocities to the non-linear mixing
behavior between the sample stream and the sheath stream
and to compare with the analytical model presented above.
The numerical model was formulated using the finite vol-
ume method (FVM) and implemented in FOTRAN. This
method divides the model into a large number of control
volumes (CV). Up wind scheme was used for discretization
of the governing equation. In our simulation, 37,500 CVs
were used and all results converged after 15 iterations.
The two-dimensional computing domain is the same as the
analytical model described above. The width and the ve-
locity of each stream in this model can be taken either
from the analytical model(7) or from results of micro-PIV
measurements.

In the following sections, the results of the analytical
model and of the numerical model are discussed and com-
p

3

3

rder
t two
1 an
a ., Ar-
c low

self-fluorescence and a good optical transmittance of 92% in
the visible spectrum. Thus the test device is suitable for flu-
orescent detections in both micro-PIV and measurement of
concentration fields.

The fabrication of the test device is based on laser mi-
cro machining and adhesive lamination technique. The test
device is 25 mm wide and 75 mm long. The device con-
sists of three layers: a top PMMA layer for optical ac-
cess, a middle layer defining channel structure, and a bot-
tom PMMA layer with position marks and fluidic intercon-
nects. The middle layer is a double-sided adhesive tape. Thus,
all three layers are bonded and hermetically sealed. Each
layer of the device was cut and engraved with CO2-laser,
which has a characteristic wavelength of 10.6�m. Align-
ment holes are drilled by the same laser in all three layers.
Position marks are ablated on the bottom layer for posi-
tioning the area of interest in the later measurements. The
three layers are laminated using alignment pins. The adhe-
sive layer thickness of 50�m defines the channel height. With
this technique a 52 mm long mixing channel with 900�m
width and 50�m height was fabricated for the experiments,
Fig. 5.

The details on our image acquisition system were re-
ported in[16]. Fig. 6 shows the measurement set-up. The
set-up consists of three main components: an illumination

sys-
p

m).
ure-
ge
ne
he
del
4).
and
uter

are
cent
cent
r, a
ared together with the experimental results.

. Experiments

.1. Materials and methods

A polymeric device was fabricated and tested in o
o verify the theoretical results. The device is made of
mm-thick polymethylmethacrylate (PMMA) layers and
crylic double-sided adhesive (Adhesives Research Inc
lad 8102 transfer adhesive). PMMA is a polymer with
system, an optical system, and an image acquisition
tem. The illumination system consists of a Mercury lam
and a double pulsed Q-switched Nd:YAG laser (532 n
The Mercury lamp was used for the fluorescent meas
ment, while the laser is able to illuminates two ima
frames with a short delay. An optical switch selects o
of the two light sources using a total reflection mirror. T
optical system consists of an inverted microscope (Mo
ECLIPSE TE2000-S) and a CCD camera (Sony ICX 08
The image acquisition system, its corresponding control
analysis software are implemented in a personal comp
(PC).

Both micro-PIV and concentration measurements
based on the fluorescent technique. A set of epi-fluores
attachments in the microscope allows noise-free fluores
measurements. Each set consists of an excitation filte
dichroic mirror, and an emission filter.

Fig. 5. Polymeric device with three inlets for the experiments.
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Fig. 6. Optical setup for the fluorescent measurements.

In the micro-PIV measurement, 3�m red microspheres
(Duke Scientific Co.) were used to trace the movement of the
fluid in the channel. The excitation wavelength and emission
wavelength of the microspheres are 540 and 610 nm, respec-
tively.

The concentration measurement used fluorescein dis-
odium salt (C20H10Na2O5) diluted in water. This dye is
also known under trade names such as Acid Yellow 73 or
C.I. 45350. The fluorescent dye has an excitation wave-
length and an emission wavelength of 490 and 520 nm, re-
spectively. To enhance the emission intensity of the fluo-
rescein, a 10× TBE buffer (1 l:108 g tris-hydroxymethyl-
aminomethane base, 55 g boric acid 40 ml 0.5 M ethylene
diamine tetraacetic acid with pH= 8.0, autoclave for 20 min)
was added to the dye solute. The separated florescent bands o
the microspheres (540/610 nm) and of the dye (490/520 nm)
could allow the measurements of both velocity field and con-
centration field at the same time.

In our experiments, DI-water works as the fluid with
low viscosity. Diluted glycerol with a volume ratio 1:4
(glycerol:DI-water at 25◦C) were used as the fluid with the
high viscosity. The expected viscosity ratio is aboutβ = 1.7–
1.9 [17]. Measurement of the two liquids with a viscometer
(Brookfield LVDV-I) results to a ratio ofβ = 1.8 ± 0.1. In
the micro-PIV measurement, the microspheres were added
to DI-water and then to diluted glycerol with the same vol-
u ratio
c fields
t iluted
g

mi-
c tight
1 ow
r
5

3.2. Results and discussions

3.2.1. Hydrodynamic focusing
Both micro-PIV measurement and fluorescent measure-

ment were carried out with a 4× objective. The CCD sen-
sor has a size of 6.3 mm× 4.8 mm and a resolution of
640 pixels× 480 pixels. Thus, the size of an image pixel is
2.475�m, while the total size of the measured area of interest
is 1584�m × 1188�m.

In the micro-PIV measurement, two 30 mJ laser pulses
were used as illumination sources. The camera’s operation
mode of double exposures in double frames was adopted
in our experiments to achieve a high signal-to-noise ratio
in the acquired images. Cross-correlation was the corre-
sponding correlation method for this operation mode. The
interrogation window and the evaluation grid were both
32 pixels× 32 pixels with a 50% overlapping ratio. To mini-
mize statistical errors, the velocity profiles were averaged in
the measured image along the flow direction.

Fig. 7 shows the measured velocity profiles at the same
position (x∗ = 22.2), but different flow rates. They-axis was
normalized with the channel width 2W. The flow rates of
the sample flow (water) and the sheath flows (diluted glyc-
erol) were kept equal (κ = 1) using the same syringe pump
for three identical syringes. It is clear fromFig. 7a that the
higher flow rates cause a higher velocity in each stream. Nor-
m
v the
t ,
t d
b the
e er
t

the
e
a ws a
s ver,
t tend
t the
m s are
c The
v

cond
c the
s e
s s
p atio
β ple
fl
a ity
fi

e
o en
d ities,
w m-
b the
me ratio as it was for water, so that the same viscosity
an be assumed. In the measurement of concentration
he dye/water solution was used as the solute and the d
lycerol was used as the solvent with high viscosity.

The two prepared liquids were primed into the
rochannel using two precision syringes (Hamilton gas
000�L). Both liquid flows are adjusted at the same fl
ate by a syringe pump (Cole-Parmer 74900-05, 0.2�L/h–
00 ml/h, accuracy of 0.5%).
f

,

alizing by the average velocity across the channelu0, the
elocity profiles and the interface position agree well with
heory (β = 1.8,κ = 1,r = 0.22 after(7)), Fig. 7b. However
he smaller gradients at the interface (Fig. 7c) were cause
y diffusive mixing of glycerol and water. Furthermore,
valuation grid of 32 pixels× 32 pixels may decrease furth
he actual velocity gradients.

Fig. 8a compares the normalized velocity profile at
ntrance (x∗ = 4.4), at the channel end (x∗ = 111.1) with the
nalytical result. At the channel entrance the velocity sho
imilar behavior compared to the analytical model. Howe
he division between the two streams disappear as they
o have the same velocity. The reason for this effect is
ixed area at the end of the channel. The two stream

onverted into a single phase if they are totally mixed.
elocity gradients become flatter at the channel end,Fig. 8b.

The same measurements were carried out for the se
ase. Diluted glycerol works as the sample flow, while
heath streams are water flows.Fig. 9shows the results at th
ame position (x∗ = 22.2) with different stream flow rates. A
redicted with the analytical model, the small viscosity r
= 1/1.8 < 1 leads to a slower sample flow. The sam

ow also occupies more place of the channel width (r = 0.47
fter(7)). The influence of diffusive dispersion on the veloc
eld can also be observed in this case,Fig. 9b.

The results shown inFigs. 7–10show clearly the influenc
f diffusive dispersion on the velocity field. Mixing betwe
iluted glycerol and water leads to a change in viscos
hich in turn affects the velocity field. At high Peclet nu
ers (high velocity or low diffusion coefficients) and at
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Fig. 7. Micro-PIV results with water in the sample stream at different stream
flow rates (β = 1.8,κ = 1,x∗ = 22.2): (a) velocity profiles; (b) normalized
velocity profiles; (c) normalized velocity gradients.

channel’s entrance, the measured results approach the analyt-
ical model of hydrodynamic focusing of immiscible liquids.
Diffusive dispersion of the two cases above will be investi-
gated by measurement with fluorescent dyes described next.

Fig. 8. Micro-PIV results water in the sample stream at the entrance
(x∗ = 4.4) and et the end of the microchannel (x∗ = 111.1) (β = 1.8,κ = 1,
750�l/h): (a) normalized velocity profiles; (b) normalized velocity gradi-
ents.

Fig. 9. Micro-PIV results with diluted glycerol in the sample stream at dif-
ferent stream flow rates (β = 1/1.8,κ = 1,x∗ = 22.2): (a) velocity profiles;
(b) normalized velocity profiles; (c) normalized velocity gradients.

Fig. 10. Micro-PIV results with diluted glycerol in the sample stream at the
entrance (x∗ = 4.4) and et the end of the microchannel (x∗ = 111.1) (β =
1/1.8, κ = 1, 750�l/h): (a) normalized velocity profiles; (b) normalized
velocity gradients.
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Fig. 11. Normalized concentration of fluorescent dye with water in the sample stream: (a) at the entrance (x∗ = 4.4) and (b) at the end of the microchannel
(x∗ = 106.7).

3.2.2. Diffusive dispersion
The fluorescent measurement of diffusive spreading were

carried out with an epi-fluorescent attachment of type Nikon
B-2A (excitation filter for 450–490 nm, dichroic mirror for
505 nm and an emission filter for 520 nm). The fluorescent
images were taken with the same CCD camera used for the
micro-PIV measurement. After recording the images on the
PC, the concentration profiles were evaluated using a cus-
tomized program written in MATLAB. First, the program
removes the noise in the measured image with an adaptive
noise-removal filter. For each pixel, a local mean value is
calculated for a window of 5 pixels× 5 pixels. The noise is
assumed to have the Gaussian distribution. Subsequently, a
path with the known position across the channel is evaluated.
The position across the channel was normalized against the
channel widthy∗ = y/2W , while the measured pixel inten-
sity I was normalized against the maximumImax and mini-
mumImin of the intensity at the inlet:

I∗ = I − Imin

Imax − Imin
(21)

The dimensionless concentration of the fluorescent dye in
both glycerol and water is assumed to be equal the dimen-
sionless intensity (c∗ = I∗).

Fig. 11 shows the normalized concentration of the first
case with water in the sample stream at the entrance (x∗ =
4.4, Fig. 11a) and at the end of channel (x∗ = 106.7,
Fig. 11b). The measurement results are compared with the
analytical and numerical results.

The diffusion coefficient in dye/water solution was de-
termined in our other works and isD0 = 1.8 × 10−9 m2/s.
Since the diffusion coefficient is inversely proportional to
the viscosity[18], the diffusion coefficient of diluted glyc-
erol was assumed to be 1× 10−9 m2/s. The non-linear effect
caused by the different diffusion coefficients in each stream
is considered in the analytical model by the concentration
dependent coefficient[16]:

D(c∗) = D0[(1 − a)c∗ + a] (22)

where D0 is selected as 1.8 × 10−9 m2/s and a = 0.5.
A constant average velocity of 4629.6�m/s and conse-
quently a constant Peclet numberPe= 2314.8 was assumed

F lycerol e
m

ig. 12. Normalized concentration of fluorescent dye with diluted g
icrochannel (x∗ = 106.7).
in the sample stream (a) at the entrance (x∗ = 4.4) and (b) at the end of th
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for all streams. The interface position was taken from
(7).

The numerical model for the problem was formulated
with 37,500 control volumes. The model consists of two
streams with different diffusion coefficients and velocities.
The velocities are taken from the micro-PIV measurement
described above. They are 5823�m/s for dye/water solution
and 2912�m/s for diluted glycerol in case (I),Fig. 11. In case
(II) with water in the sheath flows, the velocity of glycerol
and water are 3967 and 6953�m/s, respectively.

The influence of the different stream velocities can be ob-
served clearly inFigs. 11 and 12. While the numerical model
with the different velocities agrees relatively well with the
measurement, the analytical model cannot represent the mix-
ing effect in the microchannel. Because of the smaller av-
erage velocity assumed for the model, diffusion across the
dye/water stream is much higher then in reality.

4. Conclusions

This paper discusses the problem of hydrodynamic focus-
ing in microchannels under consideration of diffusive dis-
persion. Analytical models for hydrodynamic focusing and
diffusive dispersion were presented. A numerical model was
also developed for diffusive dispersion with different stream
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