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Abstract A spring model is used to simulate the skeleton structure of the red blood cell
(RBC) membrane and to study the red blood cell (RBC) rheology in Poiseuille flow with an
immersed boundary method. The lateral migration properties of many cells in Poiseuille
flow have been investigated. The authors also combine the above methodology with a
distributed Lagrange multiplier/fictitious domain method to simulate the interaction of
cells and neutrally buoyant particles in a microchannel for studying the margination of
particles.
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1 Introduction

The microcirculation, which is comprised of the microvessels of diameter smaller than 100
pm, is essential to the human body, since it is the location where exchange of mass and energy
takes place. At the microcirculatory level, the particulate nature of the blood becomes signifi-
cant. The rheological property of the red blood cells (RBCs) is a key factor of the blood flow
characteristics in microvessels due to their large volume fraction (40-45%), so called hematocrit
(Het), in the whole blood. In a microvessel, RBCs tend to move to the center of the vessel so
that there is a cell-free layer near the vessel wall. The non-uniform distribution of hematocrit
within the cross-section of the vessel is the physical reason of Fahraeus-Lindqvist effect (see
[16]) which is characterized by a decrease in the apparent blood viscosity in such microvessels.

Nowadays, in silico mathematical modeling and numerical study of RBC rheology have
attracted growing interest (see, e.g., [8, 34]), since it is difficult to deal with in vivo and in
vitro experiments on studying microcirculation and RBC rheology due to the size limitation.
For example, in [15], an immersed boundary method was used to simulate 3D capsule and
RBCs in shear flow with both neo-Hookean and Skalak models for membrane deformation. It

was found that the bending resistance must be included in order to simulate complex shape
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of RBCs when they deform in shear flow. In [4], an immersed boundary method and a neo-
Hookean model with and without bending resistance were used to simulate the interaction of
two deformable cells in a shear flow in two dimensions. It was found that aggregates made of
deformable cells are easily breakable by a shear flow, while those made of less deformable cells
are not. In [27, 28], an immersed finite element method was presented for the simulation of
RBCs in three dimensions while the RBC membrane employing a Mooney-Rivlin model. The
microscopic mechanism of RBC aggregation has been linked to the macroscopic blood viscosity
via direct numerical simulation and the relation between the effective viscosity of blood flow
and the diameters of capillaries has been obtained. In [36], a semi-implicit particle method
combined with a spring model was used to simulate a single file of RBCs between two parallel
plates for various Hct in two dimensions. The parachute shape of RBCs in capillaries and flow
resistance were investigated with different Het. In [9], an immersed boundary method based on
the lattice-Boltzmann method has been developed with Skalak model for the RBC membrane.
Their simulations capture RBC induced lateral platelet motion and the consequent development
of a platelet concentration profile that includes an enhanced concentration within a few microns
of the channel walls. In [13], a discrete model for the RBC membrane has been constructed
by taking into account of the volume constraint of the RBC, the local area constraint on each
triangle element from the mesh for the RBC membrane, the total area constraint of the RBC
surface, the stretching force between nodes on each edge of the surface triangle element, and
the preferred angle between triangle elements shared a common edge (the bending resistance).
These constraints give different forces acting on the nodes on the RBC surface. A lattice-
Boltzmann method was combined with this discrete model to simulate 200 densely packed

RBCs in three dimensional flow.

Among the methodologies and models for simulating the motion of the RBCs in flows,
we want to combine the immersed boundary method with spring models since one of our main
goals is to simulate the mixture of deformable and rigid particles in microvessels. For simulating
rigid particles freely moving in Newtonian fluid in three dimensions, we developed very efficient
methodologies, called distributed Lagrange multiplier/fictitious domain (DLM/FD) methods
(see, e.g., [20, 21, 29, 30]). The DLM/FD methods are closely related to the immersed boundary
methods, since they both use uniform grids on simple shape computational domain and the
Lagrange multipliers play similar role as the force acting on the elastic membrane immersed
in fluid for the immersed boundary methods. For modeling the RBC membrane, the general
organization of the RBC membrane is well characterized. It is shown that the human RBC is
a inflated closed membrane filled with a viscous fluid, called cytoplasm. The RBC membrane
has a phospholipid bilayer with the attached glycocalyx at the plasmatic face of the bilayer and
a network of spectrins, called the cytoskeleton, fastened to the bilayer at its cytoplasmic face
(see [18, 22]). The cytoskeleton is an elastic network of spectrin which has triangular structure
(and most of these triangles form hexagons) in the network (e.g., see [37]). This particular
geometry, as well as the intrinsic elastic properties of the spectrin, allows the RBC to be highly
deformable and elastic. Due to its special structure, the RBC membrane has strong resistance
changes in area/volume and shear deformation (see [22]). Therefore, it is of significance to take

into consideration the structure of the RBC membrane skeleton in the study of RBC rheology.
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Several spring models (see [12-14, 22, 23, 35, 36]) were developed to illustrate the structure of
the RBC membrane skeleton and to describe the deformability of the RBCs. In this paper, the
mechanical properties of the RBC membrane is predicted by a elastic spring model recently
proposed in [36]. We developed an immersed method combined with such elastic spring model
in [38]. The fluid motion is computed using an operator splitting technique and finite element
method with a fixed regular triangular mesh so faster solvers can be used for solving the fluid
flow. In [38], the elastic spring model is validated by comparing with previous experimental
data (see [19]), theoretical Keller and Skalak model (see [24]), and simulations (see [5, 26]) for
the inclination angles and tank-treading frequencies of single RBC in shear flows.

In this paper, we test the capability of the immersed boundary method developed in [38] by
applying it to simulate the motion of many RBCs in Poiseuille flow and validate it by comparing
the size of the cell-free layer next to the walls with experimental and computational results.
Then we combine the methodology with a distributed Lagrange multiplier/fictitious domain
method to simulate the interaction of cells and neutrally buoyant particles in a microchannel
(see, e.g., [17, 25], for cardiovarscular and oncological applications). The computational results
show that the neutrally buoyant disks behave similar to the almost circular cells when inter-
acting with other cells. The structure of this paper is as follows: We discuss the elastic spring
model and numerical methods in Section 2. In Section 3, we first study the lateral migration of
many cells in Poiseuille flow and validate our method by comparing the size of the cell-free layer
next to the walls. Then the numerical results of the interaction of cells and neutrally buoyant

particles in a microchannel are shown. The conclusions are summarized in Section 4.
2 Models and Methods

2.1 Fictitious domain formulation

Let © be a bounded rectangular domain filled with blood plasma which is incompressible,
Newtonian, and contains RBCs and neutrally buoyant particles with the viscosity of the cy-
toplasm same as that of the blood plasma (see Figure 1). We suppose, for simplicity, that
contains a moving neutrally buoyant rigid particle B centered at G = {G1, G2}!; the flow is
modeled by the Navier-Stokes equations and the motion of the particle B is described by the

Euler-Newton’s equations. We define

{ v € (H'(92))?, v = 0 on the top and bottom of  and
WO,p = V‘ )

v is periodic in the z; direction

L= {q | q € L*(Q), /qux = 0},
i
)

Ao(t) ={p | p e (H'(B(t)?, (mei)pw =0, i=1,2, (u,Gz)pu =0}

H
with e; = {1,0}!, ex = {0,1}!, Gz = {—(22 — G2),x1 — G1}" and (-, - ) p(1) an inner product
on Ag(t) which can be the standard inner product on (H!(B(t)))? (see, e.g., [21], for further
information on the choice of (-, -) p(¢)). Then as in [29], the fictitious domain formulation with

distributed Lagrange multipliers for flow around a freely moving neutrally buoyant particle is
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Figure 1 An example of computational domain with one rigid particle
as follows:

For a.e. t > 0, find u(t) € Wy, p(t) € L3, Va(t) € R?, G(t) € R?,
w(t) € R, A(t) € Ap(t) such that

p/Q {aa—ltl—i—(u-V)u} -vdx—|—2u/QD(u):D(v)dx—/ﬂpV-vdx

(2.1)
—(A\V)pe) = p/Qg . vdx—&—/Qf~vdx, Vv € Wop,
/ qV -u(t)dx =0, Vg L*(Q), (2.2)
Q
<l"a u(t»B(t) =0, Vl" € AO(t)a (23)
% =Vg, (2.4)
Va(0) = VY, w(0) =w’, G(0)=G"={GY,G%}, (2.5)
— _ uO( )’ Vx € Q\W,
u(x,0) =tup(x) = { VO, & w0{— (s — GO). 2y — GO}, x € B(0), (2.6)

where u and p denote velocity and pressure, respectively, p is the fluid density, and p is the fluid
viscosity. We also assume that the flow is periodic in the z; direction with period L, L being the
common length of the channel 2. In the above (2.1)~(2.6), we have that D(v) = (Vv + Vv'),
A is a Lagrange multiplier, g is gravity, f is a body force which is the sum of f, and fg, where
f, is the pressure gradient pointing in the x; direction and fp accounts for the force acting
on the fluid/cell interface (please see the following sections), Vg is the translation velocity of
the particle B, and w is the angular velocity of the particle B. We suppose that the no-slip

condition holds on 9B. We also use, if necessary, the notation ¢(t) for the function x — ¢(x,t).

Remark 2.1 In (2.3), the rigid body motion in the region occupied by the particle is
enforced via Lagrange multipliers A. As discussed in [29], we solve the following equations to

obtain the translation velocity Vg (¢) and the angular velocity w(t)

(eiu(t) — Va(t) — w(t) Git >B<t —0 fori=1,2, 27
(Gz*,u(t) = Va(t) —w(t) Got)pe) = 0.

Remark 2.2 In (2.1), 2 [, D (v)dx can be replaced by [, Vu : Vvdx, since u is

divergence free and in Wo’p. Also the gravity g in (2.1) can be absorbed into the pressure term.

2.2 Elastic spring model for the RBC membrane

A two-dimensional elastic spring model used in [36] is considered in this paper to describe the

deformable behavior of the RBCs. Based on this model, the RBC membrane can be viewed as
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e :Membrane particle

Figure 2 The elastic spring model of the RBC membrane

membrane particles connecting with the neighboring membrane particles by springs, as shown
in Figure 2. Elastic energy stores in the spring due to the change of the length [ of the spring
with respected to its reference length [y and the change in angle 6§ between two neighboring
springs. The total elastic energy of the RBC membrane, £ = E; + Fj, is the sum of the total
elastic energy for stretch/compression and the total energy for bending which, in particular,

are

ﬂ:?i(“bf (2.8)

and

E, = %Ztan2 (%) (2.9)

In equations (2.8) and (2.9), N is the total number of the spring elements, and k; and k; are

spring constants for changes in length and bending angle, respectively.

Remark 2.3 In the process of creating the initial shape of RBCs described in [36], the RBC
is assumed to be a circle of radius Ry = 2.8 um initially. The circle is discretized into N = 76
membrane particles so that 76 springs are formed by connecting the neighboring particles. The

shape change is stimulated by reducing the total area of the circle through a penalty function

where s and s, are the time dependent area of the RBC and the equilibrium area of the RBC,
respectively, and the total energy is modified as E +I's. Based on the principle of virtual work,

the force acting on the ith membrane particle now is

_ O(E+Ty)
E—f—gg—w (2.11)

where r; is the position of the ith membrane particle. When the area is reduced, each RBC

membrane particle moves on the basis of the following equation of motion:
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Here, ( ) denotes the time derivative; m and ~ represent the membrane particle mass and
the membrane viscosity of the RBC. The position r; of the ith membrane particle is solved
by discretizing (2.12) via a second order finite difference method. The total energy stored in
the membrane decreases as the time elapses. The final shape of the RBC is obtained as the
total elastic energy is minimized (see [38]). The area of the final shape has less than 0.001%
difference from the given equilibrium area s, and the length of the perimeter of the final shape

has less than 0.005% difference from the circumference of the initial circle. The reduced area

Se
5.
mR§

of an RBC in this paper is defined by s* =

2.3 Immersed boundary method

The immersed boundary method developed by Peskin (see, e.g., [31-33]) is employed in this
study because of its distinguish features in dealing with the problem of fluid flow interacting
with a flexible fluid/structure interface. Over the years, it has demonstrated its capability
in study of computational fluid dynamics including blood flow. Based on the method, the
boundary of the deformable structure is discretized spatially into a set of boundary nodes. The
force located at the immersed boundary node X = (X7, X») affects the nearby fluid mesh nodes
x = (z1,x2) through a 2D discrete §-function Dy (X — x):

fp(x) = > F:Dp(X; —x) for |X —x| < 2, (2.13)
where h is the uniform finite element mesh size and
Dh(X—X) = 5h(X1 —xl)éh(Xg —$2) (214)

with the 1D discrete §-functions being

1 4 2
L o R
on(z) =4 1 22| \/ 12|z] 2]\ 2 (2.15)
Sl (SRt o Y N il R (i < |zl <
507, T () ) hsllsn
0, otherwise.

The movement of the immersed boundary node X is also affected by the surrounding fluid
and therefore is enforced by summing the velocities at the nearby fluid mesh nodes x weighted

by the same discrete J-function:
UX) = ZhQU(X)Dh<X —x) for |X —x| < 2h. (2.16)
After each time step, the position of the immersed boundary node is updated by
Xirar = Xe + AtU(Xy). (2.17)

2.4 Space approximation and time discretization

Concerning the finite element based space approximation of {u,p} in problem (2.1)—(2.6),
we have used the Pj-iso-P; and P; finite element approximation (e.g., see [20, Chapter 5]).

Suppose that a rectangular computational domain  C R? is chosen with length L, h is a space
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discretization step, 7, is a finite element triangulation of Q for velocity, and Tg;, is a twice
coarser triangulation for pressure (see Figure 3). Let P; be the space of polynomials in two

variables of degree < 1, we introduce the finite dimensional spaces:

- ‘ v, € CY(Q)%, vu|r € PL x P,,YT € Tp,, v, = 0 on the top and bottom
= Vv b
on "1 of Q and is periodic in the x; direction with period L

12 qn € C’O Q), qnlr € P1,VYT € Tap, g is periodic in the 2
B direction Wlth period L

Figure 3 Schematic representation of a FEM triangulation and its subtriangulation

A finite dimensional space approximating Ag(t) is defined as follows: let {x;}¥ ; be a set of

points covering B(t). We define then

{uh ‘ B = Zuz , u; €R? Vi=1,- N}7 (2.18)

where 6(-) is the Dirac measure at x = 0. Then, instead of the scalar product of (H!(B(t)))?,
we shall use (-, -)p, () defined by

N
(s Vi) Bty = D i - Va(Xi),  Viy € Au(t), vi € Won. (2.19)
=1
Then we approximate Ag(t) by
_ -
Non(t) = {pn |t € Au(t), (tn,ei) g,y =0, i = 1,2, (un, Gz ") p, 1) = 0} (2.20)

A typical choice of points for defining Ap(t) is to take the grid points of the velocity mesh
internal to the region B(t) and whose distance to the boundary of B(t) is greater than, e.g. %,
and to complete with selected points from the boundary of B(t).

Then we apply the Lie’s scheme (see [7, 20]) to equations (2.1)—(2.6) with the backward Euler
method in time for some subproblems and obtain the following fractional step subproblems
(some of the subscripts h have been dropped):

0

u’ = ug is given. For n > 0, u™ being known, we compute the approximate solution via the

following fractional steps:
(1) Solve

n+z= _ 4N
p/ b P / p”+%(V -v)dx =0, Vve Wy,
Q At Q
qV - u"tedx = 0, VgelL?, (2.21)

Q
1 1
u"ts € Wy, p"te e Lj.
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(2) Update the position of the membrane by (2.16) and (2.17) and then compute the force
fp on the fluid/cell interface by (2.11) and (2.13).

(3) Solve

/ o) vax + / (- V)u(t) - vdx =0, on (¢,¢#+), Vv € Wop,

u(tn) _ un+% (222)
u(t) € Wop, on (£, t"11),
and set u™t§ = u(¢" ).
(4) Next, compute u"t6 via the solution of
u"ts —unté 3
no-u n+d _
p/Q AL vdx+p/QVu 6 : Vvdx =0, (2.23)

3
Vv e WQ}L, u"te e WO,h-

(5) Now predict the position and the translation velocity of the center of mass of the particles
as follows:

Take VTH_G’0 V& and Gn+8:0 = G". Then predict the new position of the particle via
the following subcycling and predicting-correcting technique:

For k=1,---, N, compute

VG-FG,k VG-‘r Jk— 1+Fr(Gn+6,k 1)2N (224)
n n At
Gn+6,k Gn-‘rG,k 1 (VG+ k+VG+ Jk— 1>4N) (2.25)
VG+ k_VG+ k—1 (Fr(Gn+6,k)+Fr(Gn+ Jk— 1))4N (2.26)
n n At
Gn+67k Gn-‘rG,k 1 (VG+ k+VG+ Jk— 1) : (227)
4N
enddo;
4
and let VI 0 = Vo N gt = grtd, (2.28)
5 n42 5 . .
(6) Now, compute u™*¢, NS V(;_6 and w"*6 via the solution of
n+g _ ynti
p/ %~vdx: (A, V) nid, Vv EWon,
o N A (2.29)
(u,u”+€>Bn+é =0, Vpe Ag’he7 u"te € Wop, A"t € Agﬁhﬁ,
h
and solve for VnG+% and w8 from
5 —
(ei,u"+% - V’éje — W E Qrtey >B"+é =0 fori=1,2,
—)L r - —h>L (230)

5 n+3 5 1
<G"+6x e — VL —w™s G s ) L4 =0
Bh ©
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(7) Finally, take V7é+1’0 VZ;LG and G™10 = Gn+é. Then predict the final position and

translation velocity as follows:

For k=1,---, N, compute

vé+1,k Vn+1k Ly Fr(Gntike I)QA]\tf (2.31)
Gntlk _ gn+lk—1 (\A/"fcl:rlk vk 1)4%\1; (2.32)
VILLE e + (FT(GnHik) 4 Fr(Grtih- 1))4%5 (2.33)
Gk = Grh=L L (yRELE |y 1)4%\1; (2.34)

enddo;

and let VéJrl Vn+1 N Gn+1 GnJrl N

1 n+3 n+1

5 5
and set u"t! =u""s, w =w"Ts,

In the above algorithm (2.21)~(2.34), we have that t"*5 = (n+s)At, A§}° = Ao n(t"F*), By
is the region occupied by the particle centered at G™**, and F" is a short range repulsion force
which prevents the particle/particle and particle/wall penetration (see, e.g., [21]).

The degenerated quasi-Stokes problem (2.21) is solved by a preconditioned conjugate gra-
dient method (see, e.g., [20]), in which discrete elliptic problems from the preconditioning are
solved by a matrix-free fast solver from FISHPAK by Adams et al. in [1]. The advection
problem (2.22) for the velocity field is solved by a wave-like equation method as in [10] and
[11]. Problem (2.23) is a classical discrete elliptic problem which can be solved by the same
matrix-free fast solver. To enforce the rigid body motion inside the region occupied by the
neutrally buoyant particles, we have applied the conjugate gradient method discussed in [29] to
solve problem (2.29).

Remark 2.4 When simulating the case involving both cells and neutrally buoyant particles,
we do need a repulsive force to prevent the overlapping between cell and particle. The repulsive
force is obtained from the following Morse potential (see, e.g., [2]) #(s) = k(1 — e~ (5750))2
where the parameter s is the shortest distance between the membrane particle and the surface
of the solid particle and s¢ is the range of the repulsive force (when the distance s is greater

than sg, there is no repulsive force). The parameter k, is a constance for the strength of the
9¢(s)

Os

potential. At step (2) in the above algorithm (2.21)—(2.34), we then also compute f, = —

for each membrane particle which is close to a solid particle.

Remark 2.5 In algorithm (2.21)—(2.34), we can only use steps 1 to 4 for simulating the
motion of cells in Poiseuille flow when there are no neutrally buoyant particles. Also when
simulating the motion of neutrally buoyant disks in Poiseuille flow without any cells, we just
skip step (2) in algorithm (2.21)—(2.34) and then obtain the one in [29].

3 Numerical Results and Discussions

In [38], we have validated the immersed boundary method with the elastic spring model by
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comparing the numerical results with previous experimental data (see [19]), theoretical Keller
and Skalak model (see [24]), and simulations (see [5, 26]) for the inclination angles and tank-
treading frequencies of single RBC in shear flow. In this paper, the lateral migration properties
of many cells in Poiseuille flows have been investigated. We have validated it by comparing
the size of the cell-free layer next to the walls with the ones obtained in [6, 9]. Then we have
combined the methodology with a distributed Lagrange multiplier /fictitious domain method to
simulate the interaction of cells and neutrally buoyant particles in a microchannel (see, e.g.,
[17, 25], for cardiovarscular and oncological applications). The computational results show that
the neutrally buoyant disks behave similar to the almost circular cells when interacting with
other cells.

The initial shapes of cells used in the flow simulations in this paper are obtained via the
procedure described in [38] and Remark 2.3. We have chosen the same values of parameters for
modelling cells used in [36] as follows: The bending constant in (2.9) is k, = 5x 107 N - m, the
spring constant in (2.8) is k; = 5x 1078 N - m, and the penalty coefficient in (2.10) is ks = 107°
N - m. The cells are suspended in blood plasma which has a density p = 1.00 g/cm? and a
dynamical viscosity g = 0.012 g/(cm - s). The viscosity ratio which describes the viscosity
contrast of the fluid inside and outside the RBC membrane is fixed at 1.0. The computational
domain is a two dimensional horizontal channel. In the simulation, a constant pressure gradient
is prescribed as a body force. In addition, periodic conditions are imposed at the left and right
boundary of the domain. The Reynolds number is defined by Re = pUH/p where U is the
averaged velocity in the channel and H is the height of the channel.

3.1 Migration of many cells in Poiseuille flow

To apply the methodology to many cell cases, we have first considered the cases of 50 and
100 RBCs of reduced area s* = 0.7 in a Poiseuille flow. The fluid domain is 100 ym x 50
pum. Hence, the hematocrit of the 50 cell case (resp., 100 cell case) is Het = 17.24% (resp.,
Het = 34.48%). The pressure gradient is set as constant for this study so that the averaged
velocity U of the Poiseuille flow without cells is 6.666 cm/sec. The initial velocity is zero
everywhere. The grid resolution for the computational domain is 32 grid points per 10 um.
The time step is 0.00001 ms. The positions and shapes of cells at different times are shown
in Figures 4 and 5. We have observed that the cells move toward the center of the channel,
an effect attributed to their deformability. Similar two-dimensional results have been observed
numerically in [3, 9]. There are cell-free layers next to the walls as shown in Figures 4 and 5.
In [6], the cell-free layer has been estimated to be roughly 100/Hct in cylindrical tubes with
diameters between 40 and 83 pm. In [9], the numerical results of the size of the cell-free layer are
in agreement with the above estimation reported in [6]. Thus for Het = 17.24%, the estimation
of the cell-free layer is about 5.8 pm (and 2.9 um for the Het = 34.48% case). Our results
show the averaged size of cell-free layer is about 6.24 pm (resp., 2.94 pm) for the Het = 17.24%
case (resp., the Het = 34.48% case), which are in agreement with the estimation in [6]. The
Reynolds number based the averaged velocity and the channel height for the 50 cell case (resp.,
100 cell case) is about Re = 2.346 (resp., Re = 1.677).

Then we consider the cases where the averaged velocity is reduced to U = 3.333 cm/sec and
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all other parameters are kept the same. The positions and shapes of cells are shown in Figure
6. The computational results show the averaged size of cell-free layer is about 5.92 pm (resp.,
2.97 pm) for the Het = 17.24% case (resp., the Het = 34.48% case), which are in agreement

with the estimation in [6]. The Reynolds number based the averaged velocity and the channel

height for the 50 cell case (resp., 100 cell case) is about Re = 1.17 (resp., Re = 0.867).

In Figures 4 to 6, the orientation of cells has shown some symmetry with respect to the
center line of the channel. Since the two channel walls are at rest, the cell located between the
center line and a wall is in a kind of “nonlinear shear” flow. Hence, the motion and inclination
angles of those cells are similar to the behavior of cell migrating in a “linear shear” flow between

two parallel plates, which is that the cell migrates to the center line with an inclination angle

related to the reduced area of the cell.

Figure 4 The shape and the position of 50 cells for U = 6.666 cm/sec at ¢t = 0, 50, 100 and 150 ms

Figure 5
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Figure 6 The shape and the position of 50 cells at ¢ = 250 ms (left) and those of

100 cells (right) at ¢ = 200 ms for U = 3.333 cm/sec

3.2 Interaction of two kinds of cells in Poiseuille flow

In this section, we have simulated the interaction of cells of two reduced areas, s* = 0.7
and 1, in Poiseuille flow. The cell of s* = 1 is treated as a solid particle in the simulation by
adjusting its bending parameter to 1000 times of the k; given at the beginning of Section 3.
We consider the cases of forty eight cells of reduced areas s* = 0.7 and two cells of reduced
areas s* = 1 with the averaged velocity U = 3.333 cm/sec. All other parameters are kept the
same. The hematocrit of fifty cells is Het = 17.536%, so the estimation of the cell-free layer is
about 5.7 um. We consider two cases which have different initial position of the circular cells.
The positions and shapes of cells at different times are shown in Figures 7 and 8. The histories
of the height of two cells of s* = 1 are shown in Figure 9. Two cells of s* = 1, which have
almost circular shape, move to the region next to the walls and stay there, which is what we
expect for such type of cells since the cell of s* = 1 has less deformability and the lowest rate of
migration toward the center line of the channel. Once they are in the region next to the walls,
the other cells keep them in the same region. Our results show the averaged sizes of cell-free
layer associated to the cells of s* = 0.7 are about 5.84 pm and 6.13 pm, respectively. The
Reynolds numbers based the averaged velocity and the channel height are about Re = 1.11 and
1.08, respectively.

Figure 7
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(from left to right and from top to bottom)



A DLM/FD/IB Method 987

time=0ms; y-min = 3.6887; y-max = 47.8015 time=50ms; y—min = 5.1281; y-max = 44.0886
T T T T T = T

50 : ‘ 50 —
COCOCOCOCOCD COCOHCD (\,,/ \/\
ol O g 0D S o % ‘QQ
_ 30 1 -0 DQ e R ) %% e %%Q
i) 1 "o §®@ )
OO D () o >
10} 1w & o 2 % o oo
COCOCOCOCOCOCOCOCOCD
% 20 10 60 80 w o 20 10 60 80 100
X(um) X(um)
time=100ms; y—min = 5.6386; y-max = 43.5878 time=150ms; y—min = 5.4979; y-max = 43.2333
50 : . : ‘ 50 —— - : : :
ONGO) O O
40P () — ) - 3 wh ooy () < %% 3
> D S { b ) N
_30p R %%@% ~ Q%%% 30 %Q% %% %% ) S j
FR IS S D] S g BN
LS e® 25 L S, 0,055
TopT e T2l &2%%3 =9
v 5D o o> wp o cocH = A4
% 20 10 o0 % w % 2 10 5 5 100
Xm) X
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3.3 Interaction of cells and neutrally buoyant disks in Poiseuille flow
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Figure 10 The shape and the position of cells and the position of two neutrally buoyant disks
at t=0, 50, 100 and 152 ms (from left to right and from top to bottom)
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Figure 11 The histories of the height of two neutrally buoyant disks

In this section, we simulate the interaction of forty eight cells of reduced area s* = 0.7 and
two neutrally buoyant disks of radius 2.8 pm in Poiseuille flow. We keep all other parameters
the same as those in Section 3.2. The parameter k, for the repulsive force is k, = 1 x 1079
N - m. The range of the repulsive force is two times of the meshsize for the velocity field.
The positions and shapes of cells and disks at different times are shown in Figure 10. The
histories of the height of two neutrally buoyant disks are shown in Figure 11. The two neutrally
buoyant disks behaves similar to those two almost circular cells discussed in Section 3.2. The
interaction with cells keeps them in the region next to the walls. We will report further study

of the interaction of cells and particles in the near future.

4 Conclusions

In summary, a numerical model is tested in this paper for simulating the motion of many
RBCs in Poiseuille flows. For many cell cases, our results show that the size of the cell-free
layer is in agreement with the estimation in [6] for the different values of Het and the averaged
velocities. Also the circular cells like to move the region next to the wall which is similar to the
behavior of white blood cells in microvessels. For the interaction of cells and neutrally buoyant
disks, the computational results show that the neutrally buoyant disks behave similar to the
almost circular cells when interacting with other cells. The numerical results in this paper
are quantitatively/qualitatively similar to experimental observations and other investigators’
findings thus show the potential of this numerical algorithm for future studies of blood flow in

microcirculation and microchannels.
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