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Abstract

This paper presents an analysis of biofluid behavior in a
T-shaped microchannel device and a design optimization for
improved biofluid performance in terms of particle liquid
separation. The biofluid is modeled with single phase shear
rate non-Newtonian flow with blood property. The separation
of red blood cell from plasma is evident based on biofluid
distribution in the microchannels against various relevant
effects and findings, including Zweifach-Fung bifurcation
law, Fahraeus effect, Fahraeus-Lindqvist effect and cell-free
phenomenon. The modeling with the initial device shows that
this T-microchannel device can separate red blood cell from
plasma but the separation efficiency among different
bifurcations varies largely. In accordance with the imbalanced
performance, a design optimization is conducted. This
includes implementing a series of simulations to investigate
the effect of the lengths of the main and branch channels to
biofluid behavior and searching an improved design with
optimal separation performance. It is found that changing
relative lengths of branch channels is effective to both
uniformity of flow rate ratio among bifurcations and
reduction of difference of the flow velocities between the
branch channels, whereas extending the length of the main
channel from bifurcation region is only effective for
uniformity of flow rate ratio.

Introduction

Microfluidics has become an important approach for
designing and improving functions and performances of
microdevices. As a typical application in healthcare field, the
microfluidic device built with microchannels is showing
increased application in biological and clinic areas. As a
result of the development, Computational Fluid Dynamics
(CFD) is being extensively involved and playing a very
important role in gaining a better understanding microfluidic
devices and their design via simulations.

An important use of microfluidic devices is for biological
applications in blood separation. Traditionally, human blood
is separated by large volume centrifugation where inertial
forces tend to play a dominant role [1]. This approach is
however not so effective in microsystem devices. This has
lead to an interest in adopting new microscopic separation
methods, in which viscous forces, shear strain rate, surface
tension and the geometrical effects of microchannels play
important roles.

The separation methods using mechanical effects may be
classified into two categories: micro filter devices [2, 3] and
microchannel devices [4, 5]. Among the latter, channel
constriction [6, 7], bending channel [8, 9] and bifurcated
channels [10, 11] have been explored. T-shaped
microchannels [12, 13] have been created to produce a series
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of separation paths of blood cells at multiple bifurcations. The
resulting device consists of a main channel and a series of
perpendicularly positioned branch channels. When the flow
rate ratio between the main and branch channels reaches a
critical level, plasma is separated into the branch channels at a
high concentration.

The important phenomena for biofluid behavior in
microchannels have been expounded by several famous
effects, including Fahraeus effect and Fahraeus-Lindqvist
effect [14], Zweifach-Fung bifurcation effect [15, 16] and the
so-called cell-free or liquid-skimming layer phenomenon. The
Fahraeus effect and Fahraeus-Lindqvist effect are strongly
correlated, related to the effect of changing channel cross-
sections, such as a constriction, to flow hematocrit and
viscosity. It was observed [17] that in a channel of 20lm
diameter (this is the channel size in this study) the viscosity
were only about 50% of its normal value. The cell-free layer
phenomenon is a deduction from the above two effects,
referring to the existence of a cell-free layer close to channel
wall. With laminar flow, this separated solution may be
extracted by appropriate designed apertures or branches. The
Zweifach-Fung effect concerns cell behavior at bifurcations,
stating that particles have a tendency to travel through the
channels with higher flow rate ratio. It was observed [12] that,
for a cell to channel diameter ration of the order of 1, when
flow rate ratio reaches 6:1-8:1, nearly all cells will travel
through the channel with the higher flow rate, leaving almost
no cells travelling into the slower flow rate channel.

The geometric characteristics and boundary condition
have strongly effect on the biofluid behavior in
microchannels.  Microchannels have two  geometric
characteristics: high surface-to-volume ratio and high aspect
ratio of length to cross section area. These lead to boundary
layer taking more volumetric share in microchannels. With
no-slip of wall layer flow and relative long channel length,
high pressure is required to drive the flow and the velocity is
low. As the relative tolerance of microfabrication is several
orders of magnitude lower than in macroscope [18], the
surface quality and change rate of the cross-section of
microchannels has a strong effect on flow performance. In
addition, as flow rate ratio is a determined factor for
separation performance in branched microchannel devices,
boundary conditions has strongly influences on the relative
pressures at bifurcations and become very important.

This paper presents an optimization of a microchannel
mechanism used for blood plasma separation device by CFD
simulation and fluid mechanics analysis. The separation
efficiency of the device is modeled and analyzed firstly. Then,
in view of the imperfection of the device, several
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improvement measures are investigated for an improved
result.

Modeling and Analysis

Model establishment

The blood separator investigated in the paper is illustrated
in Fig. 1. Blood is pumped into the inlet at the top and flows
downstream. After passing a constriction, the blood enters the
main channel which contains a number of branches where
bifurcation occurs. Through these bifurcations, blood is
separated into high concentrations of blood cells (main
channel) and plasma (branch branches).
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Figure 1: Blood plasma separation device. Dimensions in the
figure are in millimeters [13]

The size of the device is 7mm X 10mm. The width of the
main channel is 100um. The constriction and branch side
channels are 25um and 20um respectively. The depth of all
channels is 20pum. Due to the size of the device and associated
microchannel dimension, high aspect ratio of length to cross-
sectional area is evident. Also evident is the high surface-to-
volume ratio which will have an effect on the flow.

The analysis is based on CFD technique. The 3D finite-
volume CFD package Ansys-CFX is used to perform the
analysis. A thin-layer 3D model, in effect 2D, to save
computer resources, is built. Figure 2 shows the
computational model alongside the mesh at the first upstream
bifurcation. A three-layer fine mesh is constructed in the
region close to the wall to represent the flow performance in
the boundary layer. In total 463,888 elements (cells) and
496,488 nodes are contained in the model. The coordinate
origin is set at the left hand end of the last downstream side
channel, as shown in the graphs below.

Single phase flow is used. Consequently, the constriction
can be ignored. Due to the symmetric nature of the device,
and assuming that the flow is symmetric, only half of the
device is modeled. This consists of 15 side channels and one
main channel as illustrated in Fig. 2. For the boundary
conditions, the inlet is imputed a constant flow with 72uL/h
(10mm/s) of flow rate. Both boundary conditions at the main
and side outlets are set to OPa pressure.

Two models are implemented for the fluid in the main
channel and branch channels, respectively, to reflect the fluid

1971

features due to separation. The fluid in the branch channels
and further outcoming region in the right hand side is
modeled as plasma with a constant viscosity of 0.0015 Pa s
and a density of 1025kg/m’.
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Figure 2: Computational model and the mesh in the first
upstream bifurcation

The flow in the main channel is modeled as a shear rate
dependent non-Newtonian flow. The Carreau-Yasuda model
[19] is used for modeling the shear-thinning behavior of the
fluid, shown as follow:

Hy — Hy
1+@An")

where, yis the shear rate, uy and u., are the infinite shear

u(y)=p, + (1)

viscosity and the zero shear viscosity, respectively, A, a and b
are constants. Parameter values are as follows [19, 20]: u, =
0.0035 Pa's, up =0.16 Pas, L. =8.2s,a=1.23 and b = 0.64.
The fluid density is taken as p = 1060kg/m’.

Simulation result of the initial design (Case 1)

Case 1 denotes the initial design of the device. Figure 3
shows the velocity profile over the half of main channel at
various bifurcations. The profile is parabolic, being zero on
the channel wall and achieving the maximum velocity at the
channel centre. With the parabolic distribution of velocity,
cells located close to channel wall will experience a higher
velocity gradient in the lateral direction towards the channel
centre. Higher shear strain rate and lower viscosity are
produced correspondingly in the region close to the channel
wall.

Figure 4 shows the pressure development at the two ends
of branch channels. The pressure difference between the two
ends of the side channels reduces nearly linearly as the fluid
flows in the main channel downstream from the inlet to the
outlets. Figure 5 shows the velocity of the flow in the branch
channels. Like the pressure difference in the branch channels,
the velocities show a near linear reduction as the biofluid
flows downstream. This leads to a low velocity, or low flow
rate, in the last downstream channels.
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Velocity profile in main channel
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Figure 3: Flow velocities at different bifurcations in the main
channel (Upstream bifurcations located on the bottom region)
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Figure 4: Pressure of the flow in two ends of the
microchannels, Case 1 (The triangle symbol denotes the
channel end where flow in)
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Figure 5: Flow velocities of side channels, Case 1
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The flow rate ratio, at each bifurcation, is the ratio of the
flow rate in the main channel to that in the branch channel.
Table 1 shows the flow rate ratio at the bifurcations. All cases
are included for comparison as explained below. The flow
rate ratios of the Case 1 at all bifurcations are larger than the
required 8:1 ratio. This shows that the initial design (Case 1)
can separate red blood cells from plasma. However, the flow

rate ratios are very different among different bifurcations,
indicating the separation efficiencies will not be equal for the
different branch channels. Modification of the device is
required for better separation efficiency.

Table 1 Flow rate ratios at bifurcations for all cases
(No 1 refers the most upstream bifurcation)

Bifurcation Calculation Case

Number Casel Case2 Case3 Cased
1 13.14 13.03 11.04 14.04
2 13.32 13.32 11.24 13.87
3 13.73 13.36 11.13 13.75
4 14.26 14.01 11.08 13.65
5 14.82 14.64 11.07 13.48
6 15.69 15.48 11.04 13.32
7 16.60 16.30 11.02 13.18
8 17.84 17.61 11.01 13.10
9 19.56 19.20 11.00 12.69
10 2191 21.21 10.97 12.82
11 25.15 24.30 11.00 13.22
12 29.85 28.52 11.04 14.20
13 37.47
14 51.30
15 82.99

Effect of Device Geometry and Design Optimization

Feature analysis of the device

From the point of fluid mechanics of view, this device
(Fig. 1) has two features. (i) Comparably the outlet of the
main channel is much closer to the bifurcation region than the
side outlets and the width of the main channel is five times of
that of the branch channel. This feature determines resistance
of the branch channels is far higher than the main channel. (ii)
While the channel resistance in the branch routes, including
branch channels and plasma region, are nearly the same
among different bifurcations, the resistance in the main
channel largely vary. The resistance of the main channel from
downstream bifurcations to the main outlet is much lower
than the upstream bifurcations.

The first feature is concerned with the difference of the
resistance between the main and branch channels. It ensures
an appropriate level of flow rate ratio required for separation.
The second feature is regarding to the comparison of the
difference of the resistance within a channel route, either the
main channel or branch routes. It causes an imbalance
performance of the fluid among bifurcations (Fig. 6 and Table
1 on Case 1).

The imbalanced phenomenon is analyzed as follows. For a
fully developed laminar flow, the pressure gradient shows
linear distribution along channel axial direction. At
bifurcation i, we have

0" =PV /RO, A, p1,) e

where Q denotes the flow rate, P the pressure and R channel
resistance. Suffixes i, m and s represent the bifurcation, the

(22)
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main and branch channels, respectively. Resistance R is a
function of channel length /, channel cross-section area 4 and
viscosity u. Based on Poiseuille's law, R is directly
proportional to channel length / and the viscosity u. For a
circular channel R is also inversely proportional to the fourth
power of channel diameter, or the square of cross-section
area. From Eq. (2), one has

() () (i)
ﬂ/(i):le :Rsl Z[/us( m)
() () (@)
0" R L'
where 4 is the flow rate ratio of the main channel over branch
channel. The area item in Eq. (3) is only valid to circular
channels. Examining the geometry of the device (Fig. 1)

based on Eq. (3), high flow rate ratio can be formed at
bifurcations.

3)

With identical branch channels and spacious sized plasma
region (Fig. 1), the resistance between different branch routes
is similar. With a series of connection, the resistance of the
main channel of bifurcations is gradually reduced with the
flow going downstream. From

10 % 1® 2O x5 [09 (4a)

IO >[5 1) (4b)
one has,

RS(D ~ RS(Z) ~ RXG) R R RS(IS) (5a)

RO >R 5 RO 5.5 R (sb)
Substituted into Eq. (3), one has,

AV < AP < 19 <o 9 (6)

Eq. (6) is evident by Table 1 on Case 1.

There are two measures to rectify the imbalance. One is
from the main channel: moving the bifurcation region leaving
from the outlet of the main channel, so that the differences of
resistance among bifurcations become indistinct. The other
measure is targeted at branch channels: changing the
resistance of branch route according to the resistant changing
rate of the main channel, so that both the main channel and
branch routes have declined resistance changing rates from
upstream to downstream bifurcations. Implemented into the
device, the first measure means an extension of the main
channel from bifurcation region. The second measure requires
channel resistance of the branch channels to be gradually
reduced, by gradually decreasing channel lengths or gradually
increasing channel cross-section areas.

Apart from the above two features, there is another detail
of the design that may affect flow distribution. There is a
terrace (Fig. 1 or 2) located at the outlet end of the last
downstream channel. The flow outcoming from upstream
channels may form a certain pressure at the right hand end of
the last downstream branch channel by the terrace.

Summarizing above, improvements can come from three
ways: (i) lowering the terrace from the outlet end of the last
downstream channel; (ii) extending the length of the main
channel; (iii) gradually reducing the resistance of the branch
channels from upstream to downstream channels. These three

solutions will be investigated below with regard to Cases 2, 3
and 4.

A local improvement (Case 2)

Case 2 refers to a simple modification, in which the last
three branch channels are blocked/removed. This leads to the
effectiveness of extension of the main channel from
bifurcation region and moving down the terrace from the
outlet end of the last downstream branch channel. With this
change, the number of branch channels is reduced to 12 from
15. The geometry of Case 2 is included in Fig. 6.

Figure 6 shows the flow velocity of the branch channels.
Figure 7 shows the flow velocity at bifurcations in the main
channel. The flow rate ratios of bifurcations are shown in
Table 1. Compared with Cases 1 (Fig. 3), the velocity and
flow rate ratio of the 12 channel mechanism (Case 2) is nearly
the same as the first 12 channels of the 15 channel mechanism
(Case 1). This fact implies that, with a fixed length of the
main channel, the flow velocity of branch channels and flow
rate ratio at bifurcations are mainly determined by the relative
positions of branch channels coupled on the main channel.
Therefore, shifting branch channels along the main channel
can vary velocity and flow rate ratio of branch channels but
the velocity difference between branch channels cannot be
changed.
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Figure 6: Flow velocities of branch channels, Case 2
(Upstream channels located on the top region)
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Figure 7: Flow velocities at different bifurcations in the main
channel (Upstream bifurcations located on the bottom region)
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The optimization in the following two subsections will be
based on this 12 channel mechanism. The objective of the
optimization is a uniform flow rate ratio, representing uniform
separation efficiency among different bifurcations.

Effect of the length of the main channel length on
separation efficiency (Case 3)

The effect of extending main channel on flow rate ratio
distribution is investigated in Case 3. In Case 3, a series of
simulations have been carried out, in which the main channel
is extended by different lengths from bifurcation region. The
extension distance is counted from the origin point of y
coordinate (Fig. 2). The channel extension length ranges from
0.lmm to 1.3mm is steps of 0.2mm. Case 2 represents the
geometry when the main channel is extended by 0.3mm.
Figure 8 shows the variation of the flow rate ratios on
bifurcations 1, 4, 7, 10 and 12 as a function of the extension
length of the main channel. The extension length shows a
strong effect on the flow rate ratio, especially for downstream
bifurcations. The flow rate ratios among different bifurcations
vary largely for a short extension and gradually tend towards
the same level with the increase of the extension length of the
main channel. A uniform flow rate ratio is achieved when the
main channel is extended by 1.2mm, shown in Table 1. This
means that the separation efficiency becomes constant across
the channels as the bifurcation region moves into relative
upstream region of the main channel and thus the difference
of pressure and resistance between bifurcations is lightened
over the increased whole region.
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Figure 8: Flow rate ratio against extension distance of main
channel at bifurcations 1, 4, 7, 10 and 12
(No 1 refers the most upstream bifurcation)

Figure 9 shows the velocity of flow in the branch channels
when the main channel is extended by 1.2mm. Compared
with the Case 2 (Fig. 6), the velocity of the flow is largely
increased due to the increased distance, i.e. pressure, from
bifurcation region to the main outlet. However, the difference
of flow velocity among the channels is little changed. This is
because the imbalance among bifurcations on the resistance of
the main channel and branch routes still exists.

Figure 10 shows the velocity of the main channel at
different bifurcations. Compared with Case 1 (Fig. 3), the
velocity difference at each bifurcation gradually increases
when the flow goes downstream, implying an increase of
fluid flowing through the downstream side channels. Whereas
the extension of the main channel increases the flow velocity

and pressure drop at the branch channels, the difference in the
flow velocity between the branch channels is unaffected.

Velocity in branch channels

0.0016 - = : : ——— =

0.0014

m

0.0012

0.0017

Branch channels

0.0008

0.0006———

0.0004

0 0.0005 0.001 0.0015 0.002

Velocity, m/s
Figure 9: Flow velocities of branch channels, Case 3
(Upstream channels located on the top region)
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Figure 10: Flow velocities at bifurcations in the main channel,
Case 3 (Upstream bifurcations located on the bottom region)

Effect of the geometry of branch channels on separation
efficiency (Case 4)

Case 4 investigates the effect of changing geometry of the
branch channels on flow rate ratio. In all the above cases,
Cases 1 to 3, the velocity of branch channels from the
upstream to downstream shows linear reduction. This is
because equal length branch channels have a similar
resistance from the bifurcation region to side outlet, whereas
the resistance in main channel is different among bifurcations.
This situation can be modified by gradually reducing the
resistance of branch channels from upstream to downstream.

Channel length of the branch channels is chosen as the
variable. It is assumed that the optimal geometry of the
branch channels show linear length reduction from upstream
to downstream channels. In the searching process for an
improved solution, the length of the most upstream branch
channel is fixed at 0.6mm. The last downstream channel is
simulated by a series of lengths, ranging from 0.lmm to
0.4mm is steps of 0.05mm. The length of the branch channels
between the most upstream and the last downstream channels
is set to a linear reduction and evenly fitted from the top to
bottom. Figure 11 shows the variation of the flow rate ratios
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on bifurcations 1, 4, 7, 10 and 12 as a function of the channel
length of the last downstream branch channel.
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Figure 11: Flow rate ratio against extension distance of
main channel at bifurcations 1, 4, 7, 10 and 12
(No 1 refers the most upstream bifurcation)

Comparing Fig. 11 with Fig. 8, a distinct difference
between Case 4 and Case 3 is the development pattern of flow
rate ratio. In Case 3, with the increase of the extension
distance of the main channel, the scattered flow rate ratios at
different bifurcations gradually converged to a fixed data.
This shows that the process is stable and convergent. This
implies that, with the bifurcation region moving far away
from the main outlet, relatively the effect of the difference of
pressures between bifurcations become small and trivial. In
contrast, in Case 4, the flow rate ratios at bifurcations develop
along straight lines. The slopes of lines are different, being
flat for the most upstream bifurcations and becoming more
inclination with the increase of the bifurcation number. This
shows that the flow rate ratio of downstream bifurcations is
strongly affected by the change of geometry of the branch
channels.

It can be seen from Fig. 11 that the straight lines of flow
rate ratios at different bifurcation do not cross at the same
point. The lines of most channels cross at 0.3mm, the half of
the length of the most upstream channel, but the last
bifurcation (bifurcation 12) shifts from the point. At 0.25mm,
flow rate ratios are located in a small range, but not cross with
each other, shown in Table 1.

Figure 12 shows the velocity of branch channels when the
length of the last downstream channel is 0.25mm. Similar as
Cases 2 and 3 (Fig. 6 and 9), the velocity of different branch
channels shows linear distribution. However, the velocity
differences between bifurcations become smaller than the
former cases. This indicates that changing the geometry of the
branch channels have effect on reducing the difference of
velocities between branch channels.

Figure 13 shows the flow velocity of branch channels with
the length of the last downstream channel reduced to 0.15mm.
The effect of changing geometry of the branch channels on
the velocity of the channels can be clearly viewed. Compared
with Fig. 12, the velocity difference between the branch
channels becomes smaller. Hence, changing geometry of the
branch channels is effective on both uniformity of flow rate
ratio and reduction of velocity difference of the branch
channels among bifurcations.
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Figure 12: Flow velocities of branch channels, Case 3
(Upstream channels located on the top region)

0.0025

Velocity in branch channels

0.00161

0.0014

m

0.0012

0.0011

Branch channels,

0.00081

7/

0.0004] \d\%

0 0.0005 0.001 0.0015 0.002
Velocity, m/s

Figure 13: Flow velocities of branch channels, with the
length of the last downstream channel by 0.15mm
(Upstream channels located on the top region)

0.0006

0.0025

Conclusions

Biofluid behavior in a T-microchannel device is
investigated and design optimization for better performance in
terms of particle separation is carried out. Single phase shear
rate non-Newtonian flow is used in modelling. The
performance of separation of blood cells from plasma is
evident with various effects, such as Zweifach-Fung
bifurcation law, Fahraeus effect, Fahraeus-Lindqvist effect
and cell-free phenomenon. Although not simulating blood
cells explicitly, this approach has provided a unique insight
into the flow behavior.

This device shows ability for blood plasma separation.
However, the separation efficiency varies among different
bifurcations. The imperfection of the device is analyzed with
fluid mechanics. It is found that T-microchannel device with
equal length of branch channels cannot lead to uniform
velocity among branch channels and, if the outlet of the main
channel is close to the bifurcation region, flow rate ratio will
show large variations among bifurcations. The reason is that
while equal length branch channels produce a similar
resistance from each bifurcation through a branch route, the
resistance of the main channel from bifurcations may be very
different. Therefore, at different bifurcations, the resistance
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rate between the branch route and the main channel route is
generally different.

Two improvement approaches are investigated by
numerical iteration searching and optimization. One is
concerned with the main channel. The length of the main
channel is extended from its outlet, so that the difference of
the resistance or pressure between bifurcations is relatively
reduced. The other is targeted at the branch channels. The
lengths of the branch channels are changed with a constant
rate to form a linear reduction from upstream to downstream
branch channels to mimic the resistance change pattern at
bifurcations in the main channel.

The length of the main channel from bifurcation region
has a strong effect to flow rate ratio. A short length can
reduce channel resistance and result in high flow rate ratio,
but flow rate ratio may largely vary due to the large relative
difference of resistance among bifurcation. A long length can
lead to uniformity of flow rate ratio among bifurcations but,
with the increase of channel resistance, the value of flow rate
ratio becomes lower. The simulation shows that the extension
of the main channel leads to a uniform flow rate ratio among
bifurcations, implying a balanced separation from
bifurcations. The difference between the velocities of the
branch channels remains the same as the initial, indicating the
imbalanced resistance between the main and branch routes
still exists. The change of geometry of the branch channels is
effective for both improvement of flow rate ratio and branch
channel velocity, implying this can lead both the resistances
of the main and branch routes to be reduced simultaneously
with the increase of bifurcations.
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