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Experimental Correlation for Erythrocyte
Aggregation Rate in Population Balance Modeling
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Abstract—Red Blood Cells (RBCs) or erythrocytes tend to form
chain-like aggregates under low shear rate called rouleaux. This is a
reversible process and rouleaux disaggregate in high shear rates.
Therefore, RBCs aggregation occurs in the microcirculation where
low shear rates are present but does not occur under normal
physiological conditions in large arteries. Numerical modeling of
RBCs interactions is fundamental in analytical models of a blood
flow in microcirculation. Population Balance Modeling (PBM) is
particularly useful for studying problems where particles agglomerate
and break in a two phase flow systems to find flow characteristics. In
this method, the elementary particles lose their individual identity due
to continuous destructions and recreations by break-up and
agglomeration. The aim of this study is to find RBCs aggregation in a
dynamic situation. Simplified PBM was used previously to find the
aggregation rate on a static observation of the RBCs aggregation in a
drop of blood under the microscope. To find aggregation rate in a
dynamic situation we propose an experimental set up testing RBCs
sedimentation. In this test, RBCs interact and aggregate to form
rouleaux. In this configuration, disaggregation can be neglected due
to low shear stress. A high-speed camera is used to acquire video-
microscopic pictures of the process. The sizes of the aggregates and
velocity of sedimentation are extracted using an image processing
techniques. Based on the data collection from 5 healthy human blood
samples, the aggregation rate was estimated as 2.7x10%(x0.3 x10%)
1/s.

Keywords—Red blood cell, Rouleaux, microfluidics, image
processing, population balance modeling.

1. INTRODUCTION

LOOD has a unique set of properties as a complex fluid.
Blood shows non-Newtonian characteristics in
microcirculation where low shear rates (lower than 100s™) are
present. However, blood behaves differently under normal
physiological conditions in large arteries where high shear
rates are present [1]. This behavior is related to the particular
nature of the blood component; as it is composed of a
Newtonian base fluid (plasma) with suspended particles
(RBCs, white blood cells, platelets, etc.). RBCs are the most
abundant cell in blood and hence are responsible of the
changes in blood behavior. However white blood cells,
platelets and other component of blood have a negligible
effect on blood rheology [2].
RBCs tend to clump together and form regular stacks called
rouleaux. This phenomenon is defined as red blood cells
aggregation. These stacks are not static, and constantly move
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and break apart. This is a healthy part of the blood function,
and can be viewed as a natural function preserving a more
constant set of properties in the human body [3]. This
phenomenon was first observed by Fahraeus in 1921 and
described in [4], where the relationship between the aggregate
formation and the sedimentation speed was investigated. From
his research, the structure of aggregates in healthy and non-
healthy individuals was clearly differentiated [5]. There is
evidence that aggregation of red blood cells plays a crucial
role in regulating blood viscosity [6]. Bureau et al. [7] showed
that blood has both thixotropic and viscoelastic behavior
which is mainly due to RBCs aggregation. Recently, Owens
[8] proposed a model for blood viscosity as a function of
rouleaux size. His model is based on Population Balance
Equation (PBE) to find rouleaux size. As mentioned in [8§],
due to lack of information on aggregation and disaggregation
rates, a linear relation between disaggregation rate and shear
rate was assumed.

Population balance modeling is a practical two phase flow
model where particles agglomerate and break are modeled to
find flow characteristics. The population balance equation is
based on an experimental expression as it ignores microscopic
interactions. Therefore, in order to use this equation, it is
crucial to develop these experimental expressions.

In this paper, video microscopic is used to obtain sequential
images of RBCs and rouleaux. Rouleaux sizes are estimated
using image processing techniques be used in numerical
simulations. Shiga et al. used particle analyzer software with a
television camera to capture either human or rat RBC
aggregate formation at different shear rates within a
transparent cone-plate viscometer [9], [10]. Similarly, Chen et
al. [11], [12] used image processing method for analyzing
aggregation in channel flow. In this research, we improved the
method proposed by Jayavanth et al. [13] to analyze
aggregation size in the sedimentation set-up.

1. POPULATION BALANCE EQUATION

In this work, we propose a population balance method
which can be used to numerically investigate formation and
breakage of rouleaux in plasma flow. The present study
regards single RBC as “elementary particle” and aggregate or
rouleaux as “particles” that are able to collide with and adhere
to each other under the action of fluid. The aims of this study
is to propose an expression for aggregation of elementary
particles. These experimental coefficients can be implemented
in the blood flow simulations which are based on population
balance modeling including [8].

In general, the PBE is a balance equation of the number
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density of one or multiple particle properties. In our
application, the particle property would be the diameter of
particles (dp). The PBE in its most general form is given by

[14] as:

an(dp,x,t)
ot
+V, ~upn(dp, X,t) = B(dp,x,Y,t)— D(dp,x,Y,t)

+V,- d(d )n(d , %, 1)

M

In this equation n(d,.xt) is the number density of particles

with diameter of dp and it is a function of the particle

location X and time t. The term ¢ (dp) /dt is the growth rate

of the particle diameter and u, is the particle velocity. On the

right-hand side of the equation, B stands for the birth and D
for the death of particles with the diameter of dp. The

dependence on parameter Y is introduced to describe the birth
and death rates of particles influenced by the continuous
phase. For example, in case of RBCs, becomes plasma shear
rate y, where it has a direct effect on disaggregation of

rouleaux. This term can be restated as:
B-D=[B, —D, +B,-D,] 2)

Term By indicates the birth of particle due to breakage

(disaggregation) of larger particles, Dy indicates the death of
particles caused by breakage, B, indicate the birth of particle

resulted by smaller particle aggregation and D, indicates

particles death as they aggregate with another particle. Both
birth and death of particles happen each time either of
aggregation or disaggregation happens. In (1), B—D can be
assumed as a source term which is affected by the break up or
aggregation of RBC’s cluster in different sizes.

Second term of (1) is ignored due to small or negligible
change in volume of particles. Similarly, density of RBC
aggregates does not change and therefore the growth rate of
the particle is equal to zero. Which results in (3):

on(d,,x.t)

" +V,-un(d,, x,t)=B(d,,x,7,t)-D(d,,x,7,t) 3)

Mathematically speaking, (3) have time, space and size as
independent variables, hence, we can assume that the size d b

gives an additional dimension to the PBE. Discretizing the
PBE in this dimension results in:

%erini:BBi—DBi+BAi—DAi for i=1..,N. 4)

This approach is called the method of classes in which
particles are classified according to their volume or equivalent

diameter. Each class i consists of particles with volume of V,

with diameter of d,.
defined by:

In this equation number density n; is

_ Count of Aggregated Particles in size "i"
Volume

®)

(4) can be interpreted as a conservation of number density

with four source terms B,D,,B, and D, with unit of

Bi> ~Bi*

m>s".

The third term on the left-hand side of (1) (second term in
(3) and (4)) is implying that particles are entering and exiting
the control volume. In Smoluchowski equation [15] it is
assumed that there is no particle coming inside or going
outside the control volume therefore this term is neglected.
Knowing that the birth and death of particles in blood flow
simulation only depend on shear rate and time, we can restate
(4) as:

on

o B(7.t)-D(7.t) (6)

Wiegel [16] then suggests following equations for the death
and birth of particles:

k-

Z ik—i |k |n|nk i (7)
t):Zkaj”ku ®)
= 1 Zx: SN ©)

1 k—
52 (10)

where Kij is the collision rate of particles in size i with

particles in size j. S, is the sticking probability indicating

the probability of the formation of an (i+ j) size after the

collision. Thus the product K. .S.

S0 is the aggregation rate

between a size i and a size | . is the disaggregation rate,

' N
representing the rate at which particles in size i and particles
in size j are formed from the breakup of a size (i+ j).

Combining (6) with (7) to (10) leads to:

k-1
6nk_

ZKIKI |k||nk|+z nkﬂ'
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(11) is known as the generalized Smoluchowski Equations
[15]. Owens [8] used (11) to find a correlation for
macroscopic particle size. He assumed:
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KeiSi=Qa - Fj=Qs (12)
where Q, and €); are macroscopic aggregation and

disaggregation rates. He further simplified (11) for
macroscopic condition to have:

d(AAS) 1 1 2 1

——=—Q,n,——Q; (AAS) +-Q, (AAS 13
= lonto,(ms) i (ms) ()
where AAS denote the average aggregate size and N, is the

total number of red blood cells per unit volume and can be
calculated using:

n, = kn, (14)
k=1

Red blood cell volume fraction (also called hematocrit) is
the volume percentage (%) of red blood cells in blood. If the

hematocrit is given, we can similarly find N, by multiplying
the hematocrit to the volume of a single red blood cell.
Equation (13) is used in this study to find the aggregation
rate. Further details on this equation are provided in [8].
III. EXPERIMENTAL PROCEDURE

A. Microchannel Design and Fabrication

Fig. 1 RBCs sedimentation test microchannel dimensions

To study the sedimentation of RBCs in plasma, a U-shaped
channel with 100um height is used. This channel is similar to
the channel proposed in [13] to study the sedimentation of
RBCs. The different dimensions of this channel are shown in
Fig. 1. Poly-Di-Methyl-Siloxane (PDMS) is used for the
fabrication of the channel. The channel is then bonded to a
microscope glass slide using oxygen plasma bonding (PE-50
series plasma system, Plasma Etch, USA).

B. Blood Sample Preparation

Healthy human blood is collected into a tube containing
EDTA. Samples are centrifuged for 10 minutes, three times at
3000 RPM. After the first round of centrifugation all the

plasma is removed from the sample. White blood cells and
platelets are discarded after each centrifugation, leaving only
the RBCs at the end. Phosphate Buffered Saline (PBS) is
added to the RBCs and is gently mixed before the next
centrifugation. After the third round, RBCs are suspended in

their own native plasma at hematocrits (H,) of 5%. These

hematocrits are checked and confirmed using micro centrifuge
before each test.

C. Experiment Setup

The Experimental set-up is shown in Fig. 2. It consists of a
high-speed camera (Graftek Imaging, Inc., Austin, TX, USA)
controlled using the LabVIEW software (National
Instruments, USA), 10x lens magnification and a white light
source.

High-speed Camera

L

‘ LabVIEW

Fig. 2 Video microscopic system used in the sedimentation
experiment

Images are recorded at the rate of one frame per second. Via
a program developed in LabVIEW, the exposure time of the
camera, the frame rate and the field of view can be varied to
obtain the highest image quality for proper post processing.

D. Image Processing Technique

Imagel software is used to detect the aggregation sizes in
the domain. The image is cropped to remove additional
information in the picture. To find the background, z-project
function [17] is used to find the maximum intensity
(background). The background is subtracted and bandpass
FFT filtering [18] is applied to the pictures to get a clearer
picture of the RBCs. Images are then converted to a binary
image. Particle sizes are measured. Resulted images are shown
in Fig. 3.

Particle size measurements in this study is done according
to Table I.
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Fig. 3 (a) cropped image, (b) removing the background and filtering, (c) binary image and (d) analyzed picture

TABLE1
PARTICLE SIZES AND VOLUMES
Class | Number of RBCs  Estimated Volume of particles V; (um’)  Pixel size range  Pictures (not on scale)
1 1 90 25-60 5 |
2 2 180 60-120 .
3 4 360 120-360 h_
4 8 720 360-675 j
5 16 1440 675-1500 ’
6 32 2880 1500-2600 0§=
L o
7 64 5760 2600-5600 .ﬁ ]
= = e
o
' v
8 128 11520 5600 >
and more
hea® $
IV. RESULTS AND DISCUSSION d(AAS) 1

—Q,n, (15)
It is assumed that there is no disaggregation due to low dt 2

shear rate in this set-up, therefore (13) further simplifies to: Average aggregate size (AAS) is found using image

processing results for the first 140 seconds. Fig. 4 shows the
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average aggregate size (AAS) versus the time and Fig. 4
shows the number density of red blood cells (N,) during the

same time for one sample.
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Fig. 4 Change of average aggregate size with time (Sample EUO8A)
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Fig. 5 Change of total number density of red blood cells with time
(Sample EUO8A)

Applying same method for different samples (5 samples), it
dt T s

found that the aggregation rate can be estimated as
QA:2.7X103%(i0.3X103)'

In Figs. 6 and 7, detailed behavior of particles in different
sizes is shown. As it can be seen number of particles in small
class decrease and number of particles in larger class
increases. But middle classes have an increase and then
decrease behavior. Decrease of small particles are due to
aggregation of particles and results in the increase in larger
sizes. Class size 5 and 6 have an increase in their number at
the beginning but later they aggregate themselves and
decrease.

V.CONCLUSION

Experiment were designed such that the characteristics of
RBCs aggregation can be viewed under a microscope. These
experiments were analyzed using image processing techniques
to find RBC aggregation sizes in different samples. Using
image processing techniques, we were able to analyze the

aggregates size distribution in time.
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Fig. 6 Change of average aggregate size with time (Sample EUO8A)
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Fig. 7 Change of average aggregate size with time (Sample EUO8A)

Ponder [19] suggested that there is a linear relation between
the aggregation rate and the hematocrit (constant (, ). This

relationship can be seen in the experimental data. The
aggregation rate found in this study can be called a
macroscopic aggregation rate which is different from
microscopic aggregation rate. Equation (12) shows that
microscopic aggregation rate is the multiplication of the
sticking probability with the collision rate. The number of
particles in each class as a function of time will be used in
further investigation to find these parameters.

To find disaggregation rate as a function of shear rate, a
Couette flow set-up will be used to study RBCs under constant
shear later in this study. Equation (13) can be simplified for
the steady state situation and with the aggregation rate found
in this study one can use population balance model to
investigate the blood flow.
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