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Abstract

In this paper, criteria for the prediction of a 3-D divergence of streamtubes within the entrance region of developing laminar flows
between merging streams is presented. This divergence has a direct impact on the application of microscale flow cytometers based upon a
2-D design, as the exact downstream position of the sample population may not be accurately predictable. Also, the phenomenon could
adversely affect the efficiency of fluidic sorting systems that have been incorporated into such devices. In this study a mini-scale flow
cytometer with three streams merging at a single junction is analyzed to investigate the existence of any three-dimensional divergence
of the inlet streams. This is achieved by visualizing dyed inlet streams from both isometric and planar views. A theory to predict this
phenomenon is presented and validated using flow visualization and Particle Image Velocimetry (PIV). It is noted that the Reynolds
numbers of the inlet streams are the only characterizing parameters for such a device under isothermal pressure driven flow conditions.
A range of inlet flow ratios from 1 to 10 between the merging streams are examined. These flow ratio observations were carried out over a
Reynolds number range of 23-53. The results show that a three-dimensional divergence of the inlet streams exists within the entrance
region. The divergence was found to be almost non-existent at flow ratios of unity but becomes more apparent as the flow ratio is
increased. It was also observed that the higher the magnitude of the Reynolds number, the more apparent the divergence became for
each flow ratio investigated. Finally, the effect of this phenomenon on the development of microfluidic devices incorporating a similar
geometry is discussed and conclusions are drawn.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction all published extensive reviews on different aspects of

Lab-on-a-Chip technologies.

Over the past decade, the study of microfluidics has
received much attention in the literature. Most of this
research has been aimed at developing micro Total Analy-
sis Systems (LTAS) that can be used to increase the effi-
ciency of current macroscale systems. One such field of
research that has excelled particularly well in this task is
the miniaturization of many clinical diagnostic techniques
onto a single microchip (Lab-on-a-Chip Technologies).
Toner and Irimia (2005), Schasfoort (2004), Erickson and
Li (2004), Yang et al. (2002) and Huh et al. (2005) have
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In these reviews, probably the most commonly cited
requirement is to examine sample populations in detail
(e.g. particles, droplets, cells, DNA, etc.). This is usually
achieved with the use of optical sensors which require the
sample stream to be stretched out into a thin plane for
detailed observation. This concept of stretching out the
sample population for analysis has been used extensively
over the past few decades and is commonly referred to as
either hydrodynamic focusing (Wu and Nguyen, 2005) or
flow cytometry (Givan, 2001). However, the original design
of flow cytometers were axisymmetric where a high gauge
blunt needle is placed concentrically within a glass capillary
tube. The samples are then injected through the needle and
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Nomenclature

dy hydraulic diameter (m)

D mass diffusion coefficient (m s~ ?)
I entrance length (m)

pressure (Pa)
Pe Peclet number — (Re)(Sc)
Re Reynolds number — piird), /u
Sc Schmidt number — u/pD
u x-component of velocity vector (m s~ )
u average x-component of velocity vector (ms~')
v y-component of velocity vector (m s~
X streamwise co-ordinate (m)
y normal to streamwise co-ordinate (m)
u streamwise velocity component (ms™')

Subscripts
1 relates to the sample population
2 relates to the sample stream

3 relates to sheath streams

T relates to the total value

S relates to the static value
Superscript

* non-dimensional parameter
Greeks

A change in variable

u dynamic viscosity (kgm ' s
0 density (kg m>)

hydrodynamic focusing occurs due to the sheath flow in the
glass capillary. The miniaturization of this technique to the
microscale has resulted in adapting this design to more sim-
plified two-dimensional geometries. This simplification of
the geometry results from limitations in fabrication capa-
bilities and could also be responsible for some unusual flow
characteristics encountered within the entrance region of
such planar flow cytometers. Flow characteristics in the
entrance region are generally not well understood (Sadri
and Floryan, 2002), as the majority of analyses consider
only fully developed flow conditions.

An important characteristic of all flow cytometers is the
ability to accurately predict the downstream position of
samples. This accurate positioning is important, as in many
WTAS applications of this type, samples are either counted
or analyzed by optical instrumentation (Tan et al., 2004;
Lin and Lee, 2003). Also, many modern flow cytometers
are incorporating fluidic switching mechanisms (Tan
et al., 2004; Wang et al., 2005; Lee et al., 2005) so that sam-
ples can be sorted according to specified criteria (e.g. size,
colour, orientation, etc.). Hence, it is clear that any insta-
bilities or unpredicted divergence of streamtubes encoun-
tered could adversely affect the efficient operation of such
sorting or detection devices.

In this paper, a planar mini-scale hydrodynamic focus-
ing device, consisting of three streams merging at a single
junction (see Figs. 1 and 4) is analyzed in order to investi-
gate flow characteristics within the entrance region that
may result from the modified two-dimensional geometry
of these devices. The main flow characteristic of interest
is a three-dimensional divergence of the inlet streams.
Observation of this divergence is attempted by visualizing
dyed inlet streams which can be observed from both planar
and isometric views due to the scale of the device investi-
gated. Typically in microscale flow cytometry devices, the

three-dimensional profile of the sample stream cannot be
visualized without the use of confocal microscopy. Hence,
there are very few studies on three-dimensional flow char-
acteristics within these hydrodynamic focusing devices.
Simonnet and Groisman (2005) and Chung et al. (2003)
are amongst the few authors that carried out similar studies
using this technique in microscale flow cytometry devices.
However, the objective of these studies was not to look
at flow characteristics within the entrance region, but
rather to analyze the three-dimensional shape of the sample
stream within the fully developed channel. Whilst some of
the shapes reported resemble those encountered in the cur-
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Fig. 1. Schematic outlining velocity profiles at the inlet and developed
planes. Fluid streams enter in the directions indicated with viscosity, u,
and density, p.
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rent study, no reference was made to any three-dimensional
divergence of the inlet streams. Both of these studies
focused on the creeping flow regime, Reynolds number
(Re) < 1, where viscous forces are known to dominate.
In this flow regime, the path of streamlines has been
reported by numerous authors (White, 1991; Schlichting,
1979) to be governed by the simple model of Hagen-
Poiseuille flow theory. To the authors knowledge very little
research has been focused on the range of Re from 1 to 60.
This range of Re is of interest, as the further development
of these devices implies higher throughputs resulting in
either higher operating Re or a further reduction in their
physical scale. In this paper, it is attempted to address this
short fall by reporting on experiments carried out in this Re
range within the geometry considered.

The primary objective of the current study is to investi-
gate both experimentally and theoretically, any three-
dimensional flow divergence effects encountered within
the entrance region of the fluidic junction. A theory to
explain this divergence is put forward and is based upon
the simple Hagen—Poiseuille laminar flow model. The
validity of this model is first established using PIV mea-
surements. Following this, observations from flow visuali-
zation experiments are used to examine any out of plane
divergence of the inlet streams within the entrance region.
Finally, the consequences of the phenomenon encountered
in this paper, on general flow cytometers incorporating pla-
nar designs is discussed and conclusions are drawn.

2. Theory

The flow field studied in this analysis is best described by
the steady, incompressible, isothermal Navier—Stokes
equations for mass and momentum conservation. The
characterizing parameters for such a flow field emerge from
a dimensional analysis of these governing equations. Such
an analysis has been shown to yield the Reynolds number
of the inlet streams as the primary characterizing parame-
ters for similar systems (Walsh et al., 2005). Therefore,
the fluidic junction under investigation will be character-
ized in terms of the Re of both inlet streams. These Rey-
nolds numbers will be calculated using both the hydraulic
diameter and mean fluid velocity of each inlet port along
with the relevant fluid properties.

Throughout this paper the sheath streams entering the
fluidic junction from the side ports are termed ‘F3’ streams
while the center stream is termed the ‘F,’ stream, see Fig. 1.
The unreferenced ‘F;’ stream is to consist of the samples to
be analyzed. This stream generally consists of a different
phase, such as solid particles or droplets, and enters the flu-
idic junction embedded within the F, stream. These sam-
ples are assumed to be neutrally buoyant within this
stream and so will follow the path of the F, streamlines.

In order to better understand the momentum mixing
process between the merging streams, a quasi-three-dimen-
sional analysis of flow theory for the fluidic junction is pre-
sented in terms of momentum transfer between streamlines

through viscous interaction. This is achieved by first
discussing the two-dimensional case, (x,y), and then
extending the analysis into the third dimension, (z). The
purpose of this is to attempt to explain any tendency for
a three-dimensional divergence of streamlines within the
entrance region.

It has been reported by numerous authors (Holman,
1986; Bejan, 1993 White, 1994) that bounded channel flows
with Reynolds numbers of order unity experience a highly
viscous flow regime and that the velocity profiles between
the bounding surfaces are strictly governed by the well
established Hagen—Poiseuille flow theory. In Fig. 1, a sche-
matic of such a laminar flow regime in the two-dimensional
geometry considered is presented. It is assumed that the
velocity profiles at the inlet plane for each of the ‘F,’ and
‘F3’ fluids are governed by Eq. (1), where ‘Y’ is the distance
between the bounding surfaces.

o= (1 (7)) (n

Also, at a second plane some distance downstream of the
inlet plane, the flow will fully develop into another para-
bolic velocity profile. This distance is commonly referred
to as the entrance length of the channel and is usually in
the order of microns for creeping flows (Re < 1) (Curtin
et al., 2003). The magnitude of the entrance length can
be estimated from empirical correlations reported in the lit-
erature. However, these are generally reported for develop-
ing flow into a single channel from a large reservoir. A well
accepted correlation reported both by White (1991) and
Schlichting (1979) predicts the entrance length for viscous
laminar flows to be I./d, ~ 0.06 x Rey,.

Manipulating the mass conservation equation for
steady, isothermal and incompressible flow; the divergence
of streamlines across the width of the channel can be
obtained. This is achieved by calculating the change in
local position across the channel width, which is required
to maintain a constant flow rate whilst the velocity profile
develops from the inlet to the developed plane. The result-
ing divergence of streamlines due to the development of a
downstream parabolic velocity profile is shown in Fig. 2
across the right half of the channel width for two flow
ratios (u* =u3/u,) of (a) 1 and (b) 10. Accelerating and
decelerating streamlines are marked by dashed red and
blue lines, respectively.! The overall effect of this to an
observer of a 2-D flow field is that the ‘F,’ stream would
be seen to diverge into a thicker or thinner stream in the
downstream channel, with the degree of divergence being
dependant upon the ratio of the inlet velocities.

If it is assumed that the entrance length is small, then it
is also reasonable to take, as a first approximation, the
assumption that the total pressure drop over this length
is negligible, Eq. (2).

! For interpretation of the references in colour in figures, the reader is
referred to the Web version of this article.
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Fig. 2. Plot of inlet and developed velocity profiles indicating the divergence of streamlines for (a) #* = 1 and (b) u* =
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Since the total pressure is equal to the sum of the static and
dynamic pressures, an expression can now be derived for
the change in local static pressure due to the acceleration
or deceleration of streamlines within the entrance region,
Eq. (2). The required variations in local static pressure
for the flow in the downstream channel to fully develop
can now be calculated and is presented in Fig. 2 on a sec-
ondary axis. The effect of this pressure gradient across
the channel width is to cause streamlines to deviate in the
directions indicated in Fig. 2. This is caused by an equaliz-
ing of static pressure across the channel width as, if any
variations were to exist in the fully developed plane, paral-
lel streamlines would not be observed. It is seen for the case
when u* equals unity, that there are two high local static
pressure regions which almost balance each other out in
the entrance region. The effect of this is that there is little
divergence of F, streamlines. However, when the flow ratio
is increased to 10, it can be seen that there is only one static
pressure peak. The fluid then flows from the areas of high
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to low pressure in order to achieve equilibrium and hence,
a fully developed profile.

Another interesting point that can be noted from this
analysis is that the area underneath the static pressure
curve represents the work done by the fluid as it flows
through the junction. In the current analysis, when the flow
ratio is a minimum of unity, the average change in static
pressure is always negative. This represents a pressure drop
at the fluidic junction. However it can be shown that, as the
flow ratio decreases, the average static pressure changes to
a positive value. At this point, the fluidic junction will gen-
erate a pressure rise and hence could be used as an injector
pump in the same manner as that described by Bird et al.
(2002) for turbulent flows.

The next step of the analysis is to apply the same theo-
retical argument to the third dimension, (z). This is
achieved by assuming a parabolic velocity profile through
the depth of the channel. The effect of this is to generate
a parabolic local static pressure variation through the
channel depth, with the maximum values of the profile at
the channel mid-depth. These values correspond to those
presented in the 2-D analysis described. The profiles corre-
sponding to the flow ratios shown in Fig. 2 are presented
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Fig. 3. Three-dimensional plot of the change in static pressure on the inlet plane required to allow the flow to fully develop in the downstream channel.

Profiles are shown for (a) ¥* =1 and (b) u

= 10 corresponding to those in Fig. 2.
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on the 3-D plots of Fig. 3(a) and (b). The front and back
planes of these plots correspond to the top and bottom
bounding surfaces of the channel while the left and right
planes correspond to the symmetry plane and the right side
of the channel wall. It can be seen that the maximum pres-
sure variation in the inlet plane exists at the mid-depth of
the channel and that this pressure variation gradually
decreases towards zero at the top and bottom bounding
surfaces. In Fig. 3(a), when u* =1, the effect at the mid-
depth of the channel would be to converge streamtubes
slightly towards the symmetry plane as predicted by the
2-D analysis. However, looking at the pressure variation
across the channel width moving closer to the top and bot-
tom bounding surfaces, it is seen that the change in static
pressure decreases gradually and is uniformly zero at the
top and bottom surfaces. This has the effect of forcing F3
streamtubes at the mid-depth of the channel to converge
more towards the symmetry plane compared to those adja-
cent to the top and bottom bounding surfaces.

This effect is amplified when the flow ratio between the
streams is increased to 10 as shown in Fig. 3(b). Now
severe necking occurs at the mid-depth of the channel
and the degree of necking reduces towards the upper and
lower surfaces of the channel. The overall effect of this phe-
nomenon on the F, fluid is that it will be forced to converge
towards the symmetry plane much more at the mid-depth
x—y plane than at parallel planes adjacent to the top and
bottom bounding surfaces. Such a characteristic of devel-
oping laminar flows between merging streams should result
in the width of the F, stream changing through the channel
depth and could theoretically promote some out of plane
motion of streamtubes within the entrance region when
u* values are much greater than unity.

3. Experimentation

Two experimental methods are described; these are flow
visualization and Particle Image Velocimetry (PIV). Both
of these methods were used in an attempt to validate the
theory presented. For both techniques, the design of the
fluidic junction is shown in the rendered drawing and pho-
tograph of Fig. 4. The fluidic junction was manufactured
from Perspex and the dimensions of the channels are
4 x4 mm for the F, ports and 4 x 8 mm for the F5 ports.
The length of the test section where the two streams are

Fig. 4. Rendered drawing and photograph of scaled up test piece
manufactured to investigate the entrance effects of interest.

in contact is 40 mm. This scale was chosen to simplify both
manufacturing and experimental measurement. Also, since
scaled results are to be produced, they can be applied to
both small and large scale models of a similar geometry.

3.1. Flow visualization set-up

A schematic of the experimental set-up for capturing
flow visualization images is presented in Fig. 5. Character-
ization of the flow field requires that the boundary condi-
tions be accurately controllable. For this reason, high
precision positive displacement gear and syringe pumps
are used to pump the F5 and F, fluids, respectively so that
their flow rates can be measured accurately. There is also a
second syringe pump extracting fluid from the F, exit port.
This is to ensure that the inlet and exit flow rates of both
the F, and F3 streams are equal.

For both sets of experiments, water was used as the
working fluid. However, for the series of flow visualization
experiments, both fluid streams were dyed using a 0.8%
volume mix of artificial colouring so that the flow architec-
ture could be clearly visualized. The F, stream was dyed
orange (bright shade) while the F3 streams were dyed blue
(dark shade),' both fluids were dyed using the same dye
concentration to eliminate any possible buoyancy mis-
match due to the addition of the dye. Finally, the device
was back illuminated using a diffuse white light illumina-
tion source and flow visualization images were recorded
using a 1.2 Mega pixel Sony colour CCD camera (DFW-
SX900).

Also of significance in the current study is the Peclet
number (Pe) of the flow. This dimensionless parameter
provides a measure of the ratio between advection and
mass diffusion in the flow field and is defined by the prod-
uct of the Reynolds number and the Schmidt number (Sc)
of the flow. Since the mass diffusion coefficient between
liquid-liquid streams is typically of the order 10~° m%/s
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Fig. 5. Schematic of experimental set-up for flow visualization experi-
ments with front elevation photo of the test piece included (available in
colour online).
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(Bird et al., 2002), the Schmidt number of the flow is of
order 10°. Hence, the lowest Peclet number anticipated
for the range of operating conditions considered is approx-
imately 10*. Such a high value for this parameter suggests
that the dominant mixing mode in the fluidic device under
investigation will be by advection. In fact, it is anticipated
that the maximum length scale for which blurring of the
interface could occur due to mass diffusion alone in the cur-
rent study is less than 1 um. This length is calculated using
the diffusion coefficient stated and a minimum flow velocity
of 0.002m s~! through the 40 mm length of downstream
channel. Hence, mass diffusion should not be apparent in
the scale of device investigated herein.

3.2. Particle Image Velocimetry set-up

A labeled photograph of the apparatus set-up for
obtaining Particle Image Velocimetry (PIV) results is pre-
sented in Fig. 6(top). It is seen that the boundary condi-
tions are controlled using the same pumps as were used
for the flow visualization set-up. A macroscale PIV set-up
is used where a thin laser sheet of I mm thickness is
obtained using a fiber optic laser sheet generator to deliver
light from Nd—YAG double pulsed lasers. The schematic of
Fig. 6(left) depicts the modification to the fluidic junction
required for the introduction of the laser sheet. The laser
sheet was aligned at the channel mid-depth and occupied
25% of the total channel depth. Hence, according to Eq.
(1), there is a maximum of a 2% variation in the velocities
encountered within the depth of this plane. A TSI Power-

PIV
Fibre-Optic Computer
| Patchcord

Syringe
Pump

Temper:
Controller

Camera-Laser
Synchroniser

Fig. 6. Labeled photograph of apparatus set-up (top) in the laboratory for
obtaining full-field Particle Image Velocimetry (PIV) results. Also shown
(left) is a drawing of the modified fluidic junction manufactured to
incorporate the laser sheet.

view Plus straddle frame CCD camera was orientated per-
pendicular to the illumination plane and used to acquire
image pairs for analysis with a 60 mm focal length lens.
A software user interface also obtained from TSI and
called ‘Insight 3G’ is used throughout experimentation
for: synchronizing the camera and lasers; recording image
pairs; cross-correlating image pairs; and finally applying
some validation criteria to the results obtained.

The seeding particles used consisted of 8-12 um diameter
silver coated hollow glass spheres. These seeding particles
have a specific gravity of 1.1 g/ecm® and were almost neu-
trally buoyant within the working fluid. A nyquist grid
engine was used for cross-correlation of image pairs
recorded with 32 x 32 interrogation regions overlapped by
50% to account for particles that travel from one interroga-
tion region to another between consecutive images. A much
more detailed discussion on this cross-correlation procedure
and on the PIV technique itself is presented by Raffel (1998).

4. Results and discussion

In this section, the results obtained from the series of
flow visualization and PIV experiments outlined are pre-
sented and discussed. The flow architecture observed from
flow visualization images obtained whilst varying the flow
ratio is first described. PIV results are then presented to
describe the developing profiles for the two cases consid-
ered theoretically of u* equal to 1 and 10. This is followed
by reporting on a three-dimensional divergence of the inlet
streams observed during experimentation. The effect of
changing the operational Reynolds number, Res, on this
phenomenon is then investigated and the results are com-

u*=1]

w*=10

Fig. 7. Flow visualization images outlining the effect of varying the
velocity ratio (u*) between the F, and F; inlet streams. Re; =28
throughout; Re, varied between 21 and 2.1; all streams flow from left-
to-right (available in colour online).
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pared to the theory presented. Finally, the impact of this
phenomenon in flow cytometry or hydrodynamic focusing
devices is commented upon.

Flow visualization results are presented over a velocity
ratio, u* =u3/u,, range of 1-10 between the merging
streams in Fig. 7. It is seen that a laminar flow regime
exists, as the path of the streamlines at the interface
between the merging streams is well defined. The flow field
was also observed to be steady so that the instantaneous
images presented accurately portray the time averaged flow
architecture. In Fig. 7, Re; was held constant at 28
throughout and Re, was varied from 21 to 2.1 to obtain
flow ratios between 1 and 10, respectively. The result
observed, is that the sample stream converges as expected
for set velocity ratios. It is seen that when the velocity ratio
is large the F, stream is stretched into a very thin thread
when flowing through the device. Alternatively, when the
velocity ratio is of order unity, the F, stream remains at
approximately constant thickness. These observations
agree well with the general conclusions drawn from the
simple two-dimensional theory presented.

During experimentation, velocity profiles across the
channel width were measured using PIV at a number of
planes along the channel length (x-direction). These pro-
files were normalized using the maximum downstream
velocity and are presented at an operational Rez of 33 for
u” values of 1 and 10 in Fig. 8(a) and (b), respectively. In
these plots, normalized velocity profiles at planes a distance
of 1, 3,5, 7, 13 and 21 mm downstream of the merging
plane are presented for each flow ratio. The velocity profile
directly at the merging plane (0 mm) was not attainable
during experimentation due to reflections from the channel
walls. However, it is apparent that similar velocity profiles
to those assumed in the theory presented exist for the flow
regime considered. It is seen for the case when u” equals
unity that both streams enter at approximately the same
inlet velocity and that the fluid at the interface between
the two streams is accelerated in the streamwise direction.
This acceleration is seen to continue until the flow becomes
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almost fully developed at a distance of approximately
7 mm downstream of the merging plane. This is apparent,
as the profiles presented at distances of 7, 13 and 21 mm are
almost identical. For the case of u* equal to 10, it is seen
that this time the whole of the F, stream is accelerated in
the streamwise direction and that fluid flows from the F3
stream towards the centerline of the channel as the profile
develops. This time the entrance length is seen to be
approximately 13 mm. These measured entrance lengths
are found to differ considerably to those proposed by
White (1991) and Schlichting (1979) for simple pipe flow.
It was found that when u* was equal to unity, the entrance
length was only 60% of that predicted, however when u*
was equal to 10, the entrance length increased to 140% of
that predicted. These differences are not surprising given
the differences in both the geometry and inlet conditions
considered in this study compared to those for which the
correlation was empirically determined.

Referring back to the flow visualization images pre-
sented in Fig. 7, it is apparent that when u” is equal to unity
the concentration of the streams entering through each
port is equal to that exiting through the corresponding
ports. This is an expected result, as it is seen in Fig. 5 that
an infuse/withdraw syringe pump was used to both infuse
and withdraw the sample stream at the same flow rate.
Hence, it is expected that the entire sample stream entering
the fluidic junction exits through the corresponding F, exit
port. An interesting phenomenon is observed however
when the flow ratio increases. This is the fact that some
of the F, stream exits through the F3 exit ports and visa
versa. This phenomenon becomes more obvious for the lar-
ger flow ratios considered and appears as mass diffusion
between the merging streams from the planar views pre-
sented. It should be noted that a similar phenomenon
resulting from mass diffusion alone has been reported in
microscale literature and is referred to as the ‘Butterfly
Effect’ (Kamholz et al., 1999). However, since the Butterfly
Effect is a phenomenon that is associated with mass diffu-
sion and it has been stated that the length scale anticipated
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Fig. 8. Normalized velocity profiles obtained using Particle Image Velocimetry (PIV) of developing boundary layers between the merging streams for (a)
u* =1 and (b) ¥* = 10. Normalized velocity profiles are superimposed on each plot for six different planes downstream of the merging plane.
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for this transfer process in the high Peclet number flows
encountered is of the order 1 um, it is believed that this
phenomenon is not likely to be observed in the current
study. Instead it is believed that a more likely explanation
for the observed phenomenon is the 3-D divergence of the
inlet streams that was considered in the theory section. For
this reason, it was decided to attempt to observe the antic-
ipated 3-D divergence of streamtubes by looking closely at
the entrance region of the channel from an isometric view.

One such isometric view is presented in Fig. 9, the
boundary conditions for the image displayed are
Re; =53 and u* = 10. This image serves to illustrate the
structure of the F, stream through the depth of the chan-
nel. It is clear that in the developed flow the intensity of
the F, stream is greatest nearer the top and bottom bound-
ing surfaces. This indicates that there is a thicker layer of
the F, stream adjacent to these surfaces than at the mid-
depth of the channel and supports the conclusions drawn
from the quasi-3-D theory presented. The result of this is
that the expected shape of the F, stream through the depth
of the channel would be similar to that presented in
Fig. 9(c). It is worth noting at this point, that this type of
structure for the sample stream has also been observed
by both Simonnet and Groisman (2005) and Chung et al.
(2003) within similar microscale flow focusing devices using
confocal microscopy. However, if such a structure were to
exist without any 3-D divergence of the inlet streams, it

Top Surface

Bottom Surface

Fig. 9. Isometric flow visualization image recorded depicting (a) the
overall flow structure observed, (b) separation of the F, stream to the top
and bottom surfaces within the entrance region and (c) a schematic of the
flow structure anticipated through the depth of the channel. Boundary
conditions are Re; =53 and " =10 and flow is from left-to-right
(available in colour online).

would be observed from a planar view that the reverse
would occur in the symmetric exit region of the device con-
sidered. This would result in all of the inlet streams exiting
through their respective ports and is seen not to be the case
when the flow ratio is greater than unity. Hence, some
degree of 3-D flow must exist within the entrance region
causing the F, stream to separate towards the top and
bottom bounding surfaces, as is indicated in Fig. 9(b).
Furthermore, the ‘mass diffusion’ like nature of this
phenomenon when viewed from planar images provides a
simple method to quantify the extent of the 3-D divergence.
This is achieved by comparing the dye concentration of the
F, exit stream to that of the F, inlet stream. The effect of
varying the boundary conditions may also be examined
in this manner.

Another plausible explanation for the 3-D divergence
observed could be due to small gaps existing between the
channel geometry and the top and bottom bounding sur-
faces. Such gaps could arise when (a) using gaskets that
do not exactly match the channel profile or (b) by a thin
layer of sealant creating small voids between the channel
geometry and the sealing surfaces. Hrnjak and Tu (2005)
have hypostasized that such unknown channel roughness
coupled with unknown thickness of the sealant layers
may be responsible for the large degree of scatter present
in the literature for global pressure measurements in micro-
channels. In the current study, this characteristic was min-
imized by sealing the channel using a compression fit alone.
Hence, it is believed that this was not the predominant
driving force for the 3-D divergence observed in the current
study.

In order to determine the effect of changing the opera-
tional Reynolds number on the 3-D divergence considered,
a parametric study was undertaken to determine the effect
of varying both the flow ratio and the value of Re; on the
flow architecture. These are varied from 1 to 10 and 23 to
53, respectively. This parametric variation is an important
consideration, as it outlines the effect of increased opera-
tional Reynolds number on the flow structure observed
for constant u* values. This may also give some insight as
to whether or not the 3-D divergence observed in the cur-
rent study will be apparent in a creeping flow regime.
The results from this parametric variation are presented
in Fig. 10 and examined using the methodology described
for comparing planar views. The flow ratio is seen to
increase in columns from left to right and the value of
Res to increase in rows from top to bottom. The effect of
increasing Res is to increase the magnitude of the pressure
variation encountered in the entrance region, across the
channel width. For this increased pressure variation, the
theory predicts that the 3-D phenomenon be more pro-
nounced. This is seen to be the case, as for the maximum
flow ratios of 10, it is seen that the concentration of F, fluid
in the exit port goes from about 85% of the inlet concentra-
tion at a Res of 23 to about 50% at a Res of 53. This suggest
that a further reduction in Rej to the creeping flow regime
(Re; < 1) may result in up to 100% of the F; stream exiting
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Fig. 10. Flow visualization results obtained from a parametric variation in both Re; and u* to evaluate the extent of 3-D flow phenomenon observed. Flow
is from left-to-right in all images, with Res increased from 23 to 53 in rows and u” from 1 to 10 in columns (available in colour online).

through the correct port, hence eliminating the 3-D diver-
gence encountered in the current study. It is also antici-
pated from the theory presented, that the 3-D divergence
be non-existent when the thickness of the F, stream
remains constant in the entrance region. This scenario
was encountered in the current study for u* ~ 1, where it
is observed in Fig. 10 that the concentration of F, fluid
in the exit port is approximately equal to that in the inlet
port and remains unchanged as Rejs is increased.

From the results presented in this paper it is reasonable
to suggest that the phenomenon reported may well be expe-
rienced in scaled down geometries operating at the same or
lower Reynolds numbers. However, such an observation
has not been reported in the literature. This is thought to
be due to its ‘mass diffusion’ like nature between the F,
and F; streams. This means that the phenomenon encoun-
tered may be easily mistaken for mass diffusion in down-
scaled models as 3-D flow visualization images are not
readily attainable without the use of confocal microscopy.
Instead 2-D spectral intensity mapping of dyed flows (Cur-
ran and Davies, 2004) or Interferometry (Garvey et al.,
2004; Walsh and Davies, 2005) are generally used to obtain
2-D concentration measurements averaged through the
depth of the fluid layer. Hence, the phenomenon encoun-
tered in this paper should be considered in such studies,
especially if the operational Reynolds number is of the
same order of magnitude as that investigated in the current
study.

5. Conclusions

In this paper, a phenomenon encountered in develop-
ing laminar velocity profiles between merging streams
was both theoretically and experimentally investigated.
The main point emerging from the theoretical analysis
was that at flow ratios much greater than unity, larger
forces exist at the mid-depth of the fluid layer to divert
streamtubes towards the centerline of the channel than
closer to the top and bottom bounding surfaces. Hence,
it was concluded that this could induce some three-dimen-
sional flow characteristics within the entrance region. Sub-
sequently, the analytical solution used to define the
velocity profiles in the theory presented was verified using
PIV data and flow visualization images were used to ver-
ify the existence of the anticipated three-dimensional
divergence of streamtubes within the entrance region.
The primary characteristics affecting this divergence were
seen, as the theory suggested, to be the operational
Reynolds number and the flow ratio between the merging
streams. It was observed that at a flow ratio of unity, the
divergence was negligible throughout whilst at a flow
ratio of 10, it was observed that up to 50% of the sample
stream exited through incorrect ports. This percentage
was seen to reduce considerably upon reducing the oper-
ational Reynolds number but did not eliminate the
phenomenon within the range of boundary conditions
considered. Because of the extent of the divergence
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observed at high Re; values it is expected that samples
embedded in the F, stream would move towards the top
and bottom bounding surfaces as they enter the down-
stream channel. This can have an undesired effect on sort-
ing systems based on the principle of fluidic switching, as
the samples may leave through incorrect ports just as the
F, stream did in the current study. It is concluded that a
reduction in scale of such flow cytometers may be neces-
sary to advance throughput rates rather than simply
increasing flow rates. It is also concluded that the phe-
nomenon reported in the current study may well be expe-
rienced in scaled down geometries operating at the same
or lower Reynolds numbers but has not been reported
in the literature. This is thought to be due to its ‘mass dif-
fusion’ like nature when viewed using common measure-
ment methods such as, 2-D spectral intensity mapping
or Interferometry.
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