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1. Introduction

Whenever a fluid field with a common boundary
with arigid or flexible solid is influenced by the fluid regime
and the dynamic behavior of the solid field, the phenomenon
of fluid-solid interaction has occurred. In recent years, stud-
ies on fluid and moving solid interactions have attracted
many attentions. From gridding point of view, there are two
types of conforming and non-conforming meshes. In the
conforming meshes approach, fluid calculations take place
on a boundary-oriented grid. It is therefore quite obvious
that the creation and production of a suitable conforming
meshes is very importance. An important advantage of this
method is to applying of boundary conditions is the best.
The major disadvantage of this gridding method is to main-
tain the accuracy and stability of the calculation. This sub-
ject was so important that so far researches and scientists
have done the best on gridding which have been the subject
of many books and articles [1]. In a non-conforming meshes
method, there is no need of complex gridding matching with
boundary. Therefore, a streaming flow analysis can be done
with a simple grid. Many methods have been proposed
based on this model, the most important of which are: Car-
tesian grid method, immersed interface method and im-
mersed boundary method [2-4]. Unlike the immersed
boundary method with numerical smearing near the inter-
face, the immersed interface method (IIM) can capture the
solution and its derivative jumps sharply and maintains sec-
ond-order accuracy via incorporating the known jump con-
ditions into the finite difference approximations near the in-
terface. The advantage of this method over other computa-
tional fluid dynamics methods is that there is no compulsion
to adapt the computational grid with the immersed bounda-
ries. So, the flow field can be analyzed numerically using a
simple Cartesian mesh domain. In general, the grid points
aren’t coincided to the immersed intersection. The main idea
of this method (Immersed Interface Method) is solving the
Navier-Stokes equations over the uniform Cartesian grids.
The IIM is introduced by Le Veque and Li [5] to solve the
elliptic equations. Then, this method was developed for
Stokes flows with the elastic boundaries or surface tension
[6]. This method (IIM) was extended to deal with the flexi-
ble border problems using the Navier-Stokes equations [7].
The immersed interface method was developed further for
the Navier—Stokes equations in [8,9]. The 1IM was also used
in [10,11] for solving the two-dimensional streamfunction—
vorticity equations on irregular domains. Xu and Wang [12]
have extended the 1IM to the 3D Navier—Stokes equation for
simulating fluid—solid interaction. Cartesian grid approach

has been presented by Ye et al. [13] and Udaykumar et al.
[14] using finite volume techniques. They reshaped the im-
mersed boundary cells and use a polynomial interpolating
function to approximate the fluxes and gradients on the
faces of the boundary cells while preserving second-order
accuracy. Many of the natural, engineering, and medical
phenomena include issues of fluid-structure interaction. In
recent years, various numerical methods have been used for
this purpose. Jayathilake et al. [15] Used the immersed in-
terface method to study two-dimensional thin-walled cap-
sule of a flexible membrane is adhered onto a rigid planar
substrate under adhesive forces (derived from a potential
function) in the presence of osmosis across the membrane.
Gurugubelli et al. [16] developed a new high-order finite el-
ement Coupled Field with Explicit Interface (CFEI) code
has been developed for simulating flapping motion of a thin
flexible body in a uniform flow with strong add-mass ef-
fects. Li etal. [17] simulated the two-dimensional flows past
a stationary circular cylinder near a plane boundary are nu-
merically simulated using an immersed interface method
with second-order accuracy. Bagchi [18] simulated the flow
of blood in small vessels based on the immersed boundary
method. In his work, red blood cells are considered as liquid
capsules. Also they [19] examined the deformation effects
of several red blood cells in the shear flow. Kaoui et al. [20]
investigated the effects of viscosity inside and outside the
viscole on membrane deformation in simple microchannel
and eclipse using Boltzmann's method. With the help of this
method, Ghafuri et al. [21] simulated the movement of a red
blood cell in a barrier microchannel. In their work, the
change in membrane hardness is considered to be an im-
portant factor in changing hematocrit of the blood. They
[22] also examined a circular capsule motion in the shear
and poiseuille flow and examined the effect of the capsule
hardness on the flow velocity profile. In this study, using
immersed interface method, which is a non-conforming
meshes method. we study the behavior of the flow around
the rigid and elastic boundaries and compare the ability of
this method to simulate the fluid-solid interaction with other
experimental and numerical results. The purpose of this
study is the ability of the immersed interface method to be
used as a non-conforming meshes method to simulate the
flow around rigid and flexible borders (such as red blood
cells).

2. Governing equations

£ isatwo-dimensional area of the fluid field, which
includes the material interface. Navier-Stokes equations for
the incompressible flow are as follows:
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with boundary and initial condition [23]:
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where: u is the fluid velocity, p is the pressure, p is the
density, and u the viscosity of the fluid.
The force F which has the form:

F(x,t) [0 f(s,t)&(i-?(s,t))ds, (4)

where: Y(s,t) is the arc-length parameterization of T'(t) is
the arc-length, x(x, y) is spatial position, and f (s,t)is the
force density. Here, &5(x) is the Dirac function.

The motion of the interfaces is shown as below for-
mulation:

U(X (s,1),1) = 8Xa(ts,t) = [ u(x D (x-X(s,))dx. (5)

The force density using an expression of the form:

f(s.t) = k(?(s)-?(s,t)), (6)

where: k isaconstant, k >1,and X " is the arc-length pa-
rameterization of the required boundary position. The forc-
ing term in Eq. (6) is a particular case of the feedback forc-
ing formulation proposed by Goldstein et al. [24] with
£ =0.In[21], the force is expressed as:

f(s,t) = aj'J(s,t’)dt’Jr,BG(s,t), ©)

where: U is the velocity at the control points; « and g are

chosen to be negative and large enough so that U will stay
close to zero.

The Navier—Stokes equations are discretized using
a standard finite difference method on a staggered Cartesian
grid. Cartesian grid is used for solving interface problems or
problems with sophisticated geometry have become popular
recently. Existing Cartesian grid methods for interface prob-
lems can be classified into two general groups: methods that
determine the jump conditions across the interface and in-
clude them into the finite difference scheme and our method
which is based on the immersed interface method originally
proposed by LeVeque and Li [5, 25] falls into the first
group. Other methods smooth out the singular force before
it is applied to the fluid. When singular forces are applied
on a material interface, the solutions of the Navier—Stokes
equations may be non-smooth or discontinuous across the
interface. Let n and 7 be the unit outward normal and tan-
gential vectors to the interface, respectively. The respective
normal and tangential components of the force density

f, =?(s,t)-ﬁ and f, =?(s,t)~; can be related to the
jump conditions for pressure and velocity as follows [8]:
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The above equations were derived in [8] and here,
we have used the same notation for clarity. The jump, de-
notes the difference between the value of its argument out-
side and inside the interface, and (&,7) are the rectangular

coordinates associated with the directions of n andz , re-
spectively. Also, k is the signed valued of the curvature of

the interface. We assume that nx r = k = constant, so that n
can point either towards, or outwards from, the center of
curvature. We note that from above terms the values of the
jumps of the first and second derivatives of velocity and
pressure taken with respect to the (x,y) coordinates are

achieved by a simple coordinate transformation. We con-
sider the below relations as a simple:

[6.]=[te ]+t ] (12)
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where: n = (n,,n,) and 7= (7,,7,) are the Cartesian com-

ponents of the normal and tangential vectors to the interface
at the point considered.

3. Results and discussion

3.1. The effect of increasing Reynolds number on aerody-
namic forces on rigid boundaries and flow parameters

In this section, we investigate the interaction of the
flow and a circular ridge boundary located at the center of
the channel. The flow characteristics depend on the Reyn-

olds number, in which Re = D“% u, isthe inlet velocity,

D is the cylinder diameter and v is the kinematic viscosity
of the fluid. The flow in Reynolds numbers of 30 and 40 is
steady state and has a reversed flow in the wake region. The
wake dimensions are determined by the length of wake (1),
the distance from the center of the vortex to the closest point
in the cylinder surface in the direction of flow (a), the trans-
verse distance between the two vertex centers (b), and the
angle of the flow separation (in degrees) &, as shown in
Fig. 1.

The stream lines, vorticity contour are shown in
Figs. 2 and 3. Table 1 shows the wake dimensions and the
drag coefficients and the results have been compared with



other numerical and experimental results that are in good
agreement. By increasing Reynolds number, |, a and b in-
crease. It is clear from the following figures that when the
Reynolds number increases, the size of the vortices become
larger and the flow separation angle @ is also increased.
Also, when the Reynolds number increases, the drag coeffi-
cient decreases. In the case of small Reynolds numbers
Re<b5, the flow around the cylinder stocks to it completely
and the separation phenomenon does not occur. By increase
of the Reynolds Number, the flow separates from cylinder
edges and two symmetrical vortices behind the cylinder is
generated. These two vortices are of the same magnitude
and the opposite direction of rotational motion. By increas-
ing the Reynolds number, the symmetrical vortices behind
the cylinder become oscillating and non-stable, which is the
phenomenon of vortex shedding (Von Carmen Street).
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Fig. 2 Stream lines for (a) Re=30 and (b) Re=40
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Fig. 3 Vorticity Contours for (a) Re =30 and (b) Re =40
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The coefficient of pressure C_ along the cylinder

surface at Re = 40 is shown in Fig. 4, where 6=0° corre-
sponds to the stagnation point. Comparing the results with
the Braza results [29] shows good agreement. The wall co-

_p-p,

efficient of pressure is defined as: C, where P, is

2
— pu
2 pu,
the far flow pressure and p is the pressure on the cylinder

surface. From the stagnation point to the 90° angle, as the
stream lines become closer, the flow velocity increases as a

result u = ‘2—"/ and the pressure or C is decreased. At an
y

angle of 90° to 180°, due to the fact that the distance be-

tween the lines becomes more, it results in slow down and

increase in C,. The minimum value of the C, is 90°.

Table 1
Comparison of the present results with other
numerical and experimental results
Experimental
and numerical | 1/D | a/D | b/D 0 Co
results
Countanceauet | ; cc | 554 | 054 | 50 )
al. [26] : : :

Re=30 |Pinelli etal. [27]| 1.70 | 0.56 | 0.52 | 48.1 | 1.80
Presentstudy | 1.67 | 0.58 | 0.52 | 45 | 1.78
Countanceau et

al. [26] 213 | 0.76 | 0.59 | 53.8 -
Re=40(Wangetal. [28]| 2.36 | 0.72 | 0.6 | 53.8 | 1.54
Present study | 2.38 | 0.77 | 0.59 52 1.58
15
142 = Braza et al. [29]
L Present result
0.5
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Fig. 4 Coefficient of pressure along the cylinder surface at
Re =40

By increasing the Reynolds number to Re = 100
and 200, the flow is unstable and the periodic loss of the
vortex is observed. The well-known Von Karman street is
shown in Fig. 6. Figures 5 and 6 show the stream lines, vor-
ticity contour respectively. Vortex shedding frequency is f.
Df

s

u

o

cient are compared with other numerical results in Table 2,
which is in good agreement. It can be seen that with the in-
crease in Reynolds number, the average drag coefficient de-
creases, but the Strouhal number increases. In fact, Strouhal

The Strouhal number st = and the average drag coeffi-




number indicates the non-dimensional frequency of the al-
ternating vortices shedding. Increasing the Reynolds num-
ber increases the rate of the vortices spreading. That is, in a
certain time, more vortices are spread in the flow.
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Fig. 5 Stream lines for (a) Re =100 and (b) Re =200
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Fig. 6 Stream lines for (a) Re =100 and (b) Re =200

The coefficient of pressure Cp at Re = 100 is shown
in Fig. 7. Comparing the results with the Braza results [29]
shows good agreement. In this case, due to the fact that the
vortex shedding (Karmen Street) has occurred, the stream
lines are less inferior to the previous one, resulting in a lesser
angle with a lower velocity and a higher pressure on the cy-
lindrical surface. Therefore, the C,, at a smaller angle (about
80°) will have a minimum value compared to the previous
one. In the previous case (Re =40), this value was obtained
at 90°.
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Fig. 7 Coefficient of pressure along the cylinder surface at

Re =100

Table 2
Comparison of the present results with other
numerical and experimental results

Co St
Braza et al. [29] 1.359 0.16
Re=100 Jietal. [30] 1.376 0.169
Present result 1.380 0.16
Braza et al. [29] 1.386 0.20
Re=200 Jietal. [30] 1.354 0.20
Present result 1.355 0.20

3.2. Behavior of circular elastic boundary in shear flow

In this section, the circular elastic boundary has
been studied in shear flow. Eg is a dimensionless bending
modulus. The Taylor deformation parameter is defined as
L-B
L+B
shown. By increasing the bending modulus (increasing the
hardness of the membrane), the Taylor deformation param-
eter decreases (Fig. 8 b), which indicates a lower membrane
deformation. Also, as shown in Fig. 8 ¢, with decrease in the
bending modulus, the angle 6/ is diminished.
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Fig. 8 a — Introduction of the problem parameters; b —the
Taylor deformation parameter; ¢ — the angle %



In Fig. 9, the stream lines of flow related to the
membrane with different bending modulus are observed. As
shown, due to the fact that the direction of motion of the
upper and lower walls are opposite, two vortices are created
around the flexible membrane. In fact, these are vortices that
rotate the membrane around the center called the Tank-
Treading motion which is also observed in experimental ob-
servations [31]. The more flexible the membrane (the reduc-
tion of the bending modulus), the two vortices around it
combine to form a larger vortex. In fact, it can be said that
as hard as the membrane is, the immersed body prevents the
communication of two smaller vortices. So it acts as a harder
barrier, while for a more flexible membrane (Fig. 9 d), a
larger vortex is formed around the body.

Fig. 9 Stream lines for Membrane with E;, =04 - a;
E; =0.1 —-b; E; =0.05 —¢; E; =0.0 —d

3.3. The dynamic behavior of an elastic membrane (red
blood cell) inside a microvessel

In this section, we study the dynamical behavior of
an elastic membrane (red blood cell) in a stenosed capillary.
The purpose of this section is to investigate the effect of the
membrane (cell) hardness on its deformation. In FigurelO,
one can see that the sick cell (with a tensile and bending
modulus 6x10° N/m and 4x10728 N.m, respectively), makes
smaller deformation, while the normal cell (with a tensile
and bending modulus 6x10% N/m and 2x101° N.m, respec-
tively), is more deformed and easier passes the stenosis.
Normal cell moves faster than the sickle cell [32]. The sick
cell, due to the harder membrane, blocks the fluid flow more
easily than the normal cell through the stenosed part, and
this results in reduction of the flow rate in stenosis. This be-
havior is caused by a type of disease called sickle cell ane-
mia, in which cells become sickened and more rigid and,
due to their distorted form, they lose oxygen delivery ability

[33]. When the cell is sick, flow rate Qo in the middle sec-

0
tion of the channel is equal to 0.19, while this number for
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the normal cell equlas to 0.31. Q, is as flow rate microvessel

without cell (Fig. 10 c). Fig. 10 ¢ shows that the normal cell
more elongated in the direction of flow and width of less
than sick cell. Anemia is the most common symptom of
sickle cell disease. In this disease, RBCs are produced in the
form of sickle cells, but they lose the ability to carry oxygen
as a result of their deterioration. As a result, the body lost
water and suffered fever. The sickle cell causes hardening
of the cells and trapping them in the vessels. As a result, the
cells are degraded in spleen or abnormal due to onusual
function, and the decrease in RBCs results in anemia. Ane-
mia makes the body tired and pale, and the ability to carry
oxygen to tissues will be difficult as a result. In many patho-
logical conditions such as heart disease, anemia, malaria and
flexibility of red blood cells reduced. changes in the me-
chanical properties of red blood cells with disorders hap-
pened in the microscale system, such as capillaries, and it
disorder the functioning of vital organs such as the brain and
the kidneys. The determination of hemodynamic changes is
a major step in the development of new methods for the di-
agnosis and treatment of these diseases. Understanding the
biological system and examining various parameters affect-
ing the flow of fluid caused by the immersed boundary can
lead to the design of medical devices.
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Fig. 10 Deformation sick cell — a; deformation normal cell
—b; compare deformation sick and normal cells — ¢

4. Conclusions

In this study, used immersed interface method,
which is a non-conforming meshes method.The immersed
interface method is employed to solve the Navier-Stokes
equations by using the finite different method on a staggered
Cartesian grid. The basic idea of the immersed interface



method is to account for the singular forces along the im-
mersed boundaries by explicitly incorporating the jumps in
the solutions and their derivatives into the difference equa-
tions. By doing that the IIM can avoid smearing sharp inter-
faces and maintains second order accuracy. First, the flow
around a circular cylinder was simulated. As the Reynolds
number rises, the vortex dimensions become larger and, as
a result, the separation angle of the flow increases. Also,
with the Reynolds number increasing, the drag coefficient
decreases and the Strouhal number increases and the flow
separated from cylinder and two symmetrical vortices is
generated behind the cylinder. These vortices are of the
same sizes and the direction of rotational motion is the op-
posite. By increasing the Reynolds number, the symmetrical
vortices behind the cylinder are pulled out and become os-
cillating, which is the phenomenon of vortex shedding. The
behavior of an elastic boundary in shear flow was investi-
gated. It was observed that by increasing bending modulus
(increasing stiffness) of body the shape change of the
boundary decreases. As well as the tank-treading motion is
also observed that this type of movement has been con-
firmed in experiments. Also observed that the sick cell
makes smaller deformation, while the normal cell is more
deformed and easier passes the stenosis. This results in re-
duction of the flow rate in stenosis. This behavior is caused
by a type of disease called sickle cell anemia. Innovation of
present work is investigating of the hardness of the red
blood cell membrane on its deformation and the flow rate of
a microchannel with eclipse using the Immersed Interface
Method. Using immersed interface method, to observe the
motion of the tank treading of an elastic membrane in linear
shear flow is another innovation of this research, as seen in
other laboratory and numerical results.
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USING A NON-CONFORMING MESHES METHOD TO
SIMULATE AN INTERACTION BETWEEN
INCOMPRESSIBLE FLOW AND RIGID AND ELASTIC
BOUNDARIES

Summary

The interaction between incompressible fluids and
elastic and rigid boundaries is seen in many medical, engi-
neering and natural issues. The immersed interface method
is used as a non-conforming meshes method to simulate
such problems. An important advantage of this method is
that there is no compulsion to adapt the fluid grids and the
boundary grids. First, the flow around a circular cylinder
was simulated. As the Reynolds number rises, the vortex di-
mensions become larger and, as a result, the separation an-
gle of the flow increases. Also, with the Reynolds number
increasing, the drag coefficient decreases and the Strouhal
number increases. Also observed that the sick cell makes
smaller defor-mation, while the normal cell is more de-
formed and easier passes the stenosis. This results in reduc-
tion of the flow rate in stenosis. This behavior is caused by
a type of dis-ease called sickle cell anemia.

Keywords: fluid-structure interaction, immersed interface
method, incompressible flow, rigid boundary, elastic
boundary.
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