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We investigate the effect of boundary slip on the transient pulsatile fluid flow through a vessel with body acceleration. The Fahraeus-
Lindqvist effect, expressing the fluid behavior near the wall by the Newtonian fluid while in the core by a non-Newtonian fluid,
is also taken into account. To describe the non-Newtonian behavior, we use the modified second-grade fluid model in which the
viscosity and the normal stresses are represented in terms of the shear rate. The complete set of equations are then established and
formulated in a dimensionless form. For a special case of the material parameter, we derive an analytical solution for the problem,
while for the general case, we solve the problem numerically. Our subsequent analytical and numerical results show that the slip

parameter has a very significant influence on the velocity profile and also on the convergence rate of the numerical solutions.

1. Introduction

In this paper, we study a fluid-structure interaction problem,
namely, the effect of boundary slip on the flow of a non-
Newtonian fluid through microchannels. This problem has
many applications, and in this paper we particularly focus on
blood flow in the cardiovascular system.

For the study of blood flow in arteries, two major types of
constitutive models have been used. The first type of models
is based on the microcontinuum or the structured continuum
theories [1-6] in which the balance laws are used to determine
the characteristics of blood motion. In the other type of
models, blood is considered as a suspension, and its flow is
modeled by the non-Newtonian fluid mechanics. Due to the
red blood cells (RBC) migration as shown experimentally,
blood has been modeled as a two-stage fluid by many
researchers [7-9]. The first stage is a peripheral layer which
is modeled as a Newtonian viscous fluid, while the other one
is a centre core which is modeled as a non-Newtonian fluid.
The effect of body acceleration and pulsatile conditions were

taken into account under the same problem by Majhi et al.
[7,10]. Later, Massoudi and Phuoc [11] used the (generalized)
second-grade fluid constitutive model to describe the shear
thinning and normal stress effect, and the behavior of blood
flow near the wall is modeled by the Newtonian fluid model,
while the behavior of the blood flow at the core is described
by the second-grade fluid model.

In all of the above mentioned models, the so-called no-
slip boundary condition is used; namely, the velocity of
flow relative to the solid is zero on the fluid-solid interface
[12]. Although the no-slip condition is supported by many
experimental results, the existence of slip of a fluid on the
solid surface was also observed by many other researches
[13-20]. The Navier slip condition has been used by various
researchers to describe boundary slip and is a more general
boundary condition, in which the fluid velocity component
tangential to the solid surface, relative to the solid surface, is
proportional to the shear stress on the fluid-solid interface
and the slip length. The surface characteristics constant, slip
length, describes the “slipperiness” of the surface. Recently,
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FIGURE I: The velocity profile in the small artery with radius 0.15 cm under two different slip parameter values: (a) [, = 0; (b) [, = 2. In the
figure, the 3D graphs show the variation of velocity as a function of time and location, while the 2D graphs show the variation of velocity with
time at three radial locations including the artery centre (r = 0), the interface of inner-outer layer (+ = 0.6), and the arterial wall (r = 1).

we and many other researchers have investigated various flow
problems of Newtonian fluids with the traditional no-slip
and the Navier slip boundary conditions [12, 20-30], and it
is found that the boundary slip and the slip parameter have
significant influence on the flow of Newtonian fluids through
microchannels and tubes.

Motivated by the above mentioned work, we extend
previous work on slip flows of Newtonian fluids [21, 22] to
the case involving both Newtonian and non-Newtonian fluid
flow in the flow region. The new feature and contribution of

this work include establishment of the underlying boundary
value problem for the problem, the derivation of an exact
solution for a special case, and demonstration of the influence
of the slip parameter on the flow profile and flow behavior.
The rest of the paper is organized as follows. In Section 2,
we present the underlying boundary value problem for
the problem in dimensionless form. Then in Section 3, we
derive an exact solution for a special case. In Section 4, we
investigate numerically the effect of the slip parameter for the
general case. Finally, a conclusion is given in Section 5.
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FIGURE 2: The velocity profile in the large artery with radius 0.50 cm under two different slip parameter values: (a) [, = 0; (b) [, = 2. In the
figure, the 3D graphs show the variation of velocity as a function of time and location, while the 2D graphs show the variation of velocity with
time at three radial locations including the artery centre (r = 0), the interface of inner-outer layer (» = 0.6), and the arterial wall (r = 1).

2. Mathematical Formulation

The flow of a fluid with no thermochemical and electromag-
netic effects can be described by the conservation equations
of mass and linear momentum; namely,

% +div (pv) =0,

3 )
p<a—: +V-VV> =divT + pb,

where p is the density of the fluid, 9/0¢ is the partial derivative
with respect to time, v is the velocity vector, b is the body
force vector, and T is the stress tensor.

The stress tensor is related to the velocity gradient by the
constitutive equations. For a modified (generalized) second-
grade fluid [11, 31, 32], the constitutive equations can be
expressed by

T=-pl+ 11" (uA, + A, + AL ), )

where m is a material parameter, II = (1/2)tr Af is the
second invariant of A;, p is the fluid pressure, y is the
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FIGURE 3: Diagrams showing the velocity profile on the arterial wall with five different slip parameters I, for two different artery radii (a)

r =0.15cm; (b) r = 0.5cm.

coeflicient of viscosity, «; are material moduli (the normal
stress coeflicients), and A; are the kinematical tensors given

by

A, =L+17,

0A T ©
Ay = 20 [grad (A)] v+ AL+ (LA,

in which L is grad v and the superscript T refers to matrix
transposition.

For the axially symmetrical blood flow through a circular
tube of radius b, we can assume that v = v(r,t)e,, where z
is the axial direction and r is the radial direction. Under the
periodic body acceleration and a unsteady pulsatile pressure
gradient [7, 10], the momentum equation in the z-direction
in the cylindrical polar coordinate (r, 6, z) is

ov op 10
— =X ~—(rT.). 4
Pot az+PG+rar(r =) )
The shear stress T,, for a generalized second-grade fluid
can be expressed by

p ov, ["ov, 0<r<a

115 - > > U,
T, - or| or )

% a<r<b

< or -

The approximate periodic form of the pressure gradient
generated by the heart can be described by

——=— =A,+ A cosw,t (6)

where A, A}, w, = 27tf,, and f, are the constant component
of the pressure gradient, the amplitude of the pressure
fluctuation (establishing the systolic and diastolic pressures),
the circular frequency, and the frequency of pulse rate,
respectively.

The body acceleration G can be approximated by

G = A, cos(wpt +¢), (7)

where A  is the amplitude, f, = w, /27 is the frequency, and
¢ is the lead angle of G with respect to the action of the heart.

Substituting (5)-(7) into (4), the blood flow equation for
a modified second-grade fluid in the z-direction, in the inner
and outer core, becomes

d
pI% = Ay + A cosw,t + pA, cos (wyt + )

%
or

" v,

or

+li<m1 ), for0<r<a,
ror

ng = A+ A cosw,t + pA  cos (wyt + ¢)

+%£<r‘u2%>, fora<r<b.

(8)

In order to completely define the problem, boundary
and initial conditions are required. In this work, the Navier
slip condition is applied. That is, on the solid-fluid interface
r = b, the axial fluid velocity, relative to the solid surface, is
proportional to the shear stress on the interface. As the fluid
layer near the wall is modeled as a Newtonian fluid in our
model, the shear stress on the boundary is related to the shear
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FIGURE 4: Velocity profiles in arteries with different radii r: (a) = 0.15cm; (b) r = 0.5cm. In the figure, the graphs on the left column
correspond to I, = 0, while the graphs on the right column correspond to [, = 2.
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FIGURE 6: Velocity profiles in arteries with different slip parameters /, and radii 7: (a) r = 0.15 cm; (b) = 0.50 cm. In the Figure, the graphs
on the left column correspond to [, = 0, while the graphs on the right column correspond to J,, = 2.

strain rate by o,, = p,(0v/0z). Thus, the Navier slip condition
can be written as

v, (b,t) + l% (b,t) =0, 9)

where [ is the slip parameter. Moreover, we assume that the
slip parameter does not change along the axial direction.
On r = 0, the symmetry condition is introduced:

v

>, 0,£) = 0. (10)

On the interface between two different fluids, for contin-
uous and smooth behavior of the velocity and shear stresses,
we require

Vl (61, t) = VZ (a’ t) >

v, '"avl] B [ avz] (1)
[Ml or| or @) = |t or @1).
The initial conditions are set to
v, (r,0) =0=v,(r,0), (12)
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which is essential for the numerical scheme adopted to esti-
mate the time at which the pulsatile steady state is achieved.

To simplify the equations, we introduce the following
nondimensional variables and parameters:

_ _ v . w A b
F=—, v=—  F=-Lt,  uy=",
b Yo 2 W
A, wy, a __ <u0 >m
= —, = —, Yn = - mu = —_— N
A Te, T A\

5 10

15

20 25

Dimensionless time

30

—— r =0 (centre)
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Dimensionless time
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16

—1/4 and under different slip parameters [, and artery radii (a)
0.50 cm. In the Figure, the graphs on the left column correspond to I, = 0, while the graphs on the right column
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In terms of the nondimensional variables and parameters,
(8)-(12) can be written in the form of

(x% = C, (1 +ecos2nt) + C, cos (2nw,t + ¢)
1 avl 8171]
il — |, for0<r<r,,
TFallor| or 0 TSR
%—61(1+ec032m_‘)+62cos(2nw,f+¢)
10 [_ov,]
+¥§_ra—;_, forry<r<1.

(14)

The boundary conditions and initial conditions, in dime-
nsionless form, can be expressed by

avl 2 (0.7) = (15)

bv, (1, t)+l (1 t) =0, (16)

v, (rgt) = v, (1, £) (17)
(RSN
,(r,0) = 0 =¥, (r,0). (19)

3. Analytical Solution

For m = 0, the model reduces to the linear model with
different viscosity in the peripheral layer and the centre core.
In this case, (14) have the same form:

ov 1ov v

ot ror
= B, (1 + ecos (27t)) + B, cos (2mw,t + ¢).

L —
) =p 20)

By the superposition principle, if v,,v;, and v, are
the solution of L(v) = f(t), respectively, for f(t) =
B,e", B,ae’™, and B,e®™ """ then the complete solution
of (20)isv = Zi;o Re(v,).

To determine v,,, we solve
oy = D, e +lal+azv”, (21)

ot ror  or?
where g,(t) = 0, g,(t) = 2nt, g,(t) = 2nw,t + $, Dy = By,
D, = aB,, and D, = B,. As (21) admits solutions of the
form v, = fn(r)eg”(t)i, we have from (21) that

Ba, (&) £, (r) e i
a.0i , Lr o a.0i 1\ g0 (22)
— D n 1 — n 1 n l.
€ + rf” (r)e +f, (e
Dividing by e%"" on both sides of (22), we obtain
1
Bg., (t) f,(r)i=D, + - fir)+ £ (). (23)
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For n = 0, we get
" 1 !
fo () + ;fo (r) = -B,, (24)

which has the general solution: f,(r) = (¢, +¢, Inr)—(B, /41
For n = 1, we have

S0+ S0 = 2mBify () = —eBy. (25)
Let B? = —27f3i; then,
" ' B
—i2f1 (7’)"'%.7(1 (r+ fi (7’)=—e_—21. (26)
1 17 1
Let 7 = f3,; we have

PR OO+ PRO =D ()
1

The general solution of (27) is

fi(n)=d], (ﬁl”) +e Y, (51”) - ;ﬁi’ (28)
B
where d; and e, are integration constants and J;, and Y
denote the zero-order Bessel functions of the first kind and
the second kind, respectively.
Similarly, for n = 2, we have

1+ % £ = 2B, f, ()= B, (29)

and the general solution is

B,
2Bw,m

fr=dy), (Bzr) +eY (Bzr) - i (30)

-2
where 8, = 27w, i.

Because the boundness of v, v,, ¢,, e, and e, are set to
zero, hence, from (14) and the solutions for (20), we have

eC, ] 2t
—ile
2o

v, =Re {cl - Tr + [dljo (Bi7) -

C N
+ [d2]0 (B7) - 2mj oci] e(zm'tw)’} ,
r

C
v, = Re{a +gIn7 - 7

c -3
+ [071]0 (Eﬁ) +e,Y, (/§17) - gn_)l/i] 2
" [JZ} o (Br) + &Y,y (Br) - 27;201 Y]

% e(2mv,t+¢)i} i

where[??1 = —2myi, B;Z = -2nw,yi, fi = -2nai, and B; =
=27, K.
Asd]y(x)/dx = —],(x) and dY(x)/dx = -Y,(x), we have

M

C - —\ 2nti
oF =Re (_71” —d, B ], (By7) e
~d,B,), (B,7) e(znwj+¢)i) >

o7, R
—_ = R
or (CZ

=1

S =
N|£§|

+ [_(jlﬁlll (/3?17) - 5131}’1 (/)?1,—,)] eZﬂfi
+[-d:Bo)y (BF) - @By, (Bo7)] e(27'rw,t+¢),‘> ‘
(32)

Obviously, v, satisfies the boundary condition (15) automati-
cally. We now consider the boundary condition (16); namely,

Re [(ba +1c, - <l+ g) %)
(o ()18 ()

3 3 2\ ebali 2mti
+ (bYO (:Bl) -IBY, (/31)) e — ﬁ ) e 5

. (gz (o1 (B:) ~ 181 ()
RACATARVAATS)

_b_@i e(an,?+¢>)i -0
2nw,y

Further, from boundary conditions (17) and (18), we have
2
R -4 -gInry—(C,-C,) 2
e[(cl G —Gqlinr, (1 1)4)
+( B0 - (Bir) - &% (Bir)
= ei 2mti
_()/Cl —OCCI) %)e

+ (d2]0 (Baro) = 32]0 (ﬁz’”o)

—&Y) (BZrO) - (VCZ B a@) 271«1) )/06>
r

% e(an,t+¢)i:| -0,
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wf(teme-v)
+ ( ~d\BiJ, (Biro) + Jl//‘*ﬁlll (El”o)
oW By, (ﬁlro)) 2
+ (_d2ﬁ2]1 (Baro) + Jz.“*/gz]l (ﬁzro)
+eu" ByY1 (Boro))
“ e(2nw,?+¢)i:| o
(34)
As (33)-(34) must be satisfied for any instant of time t,

we require that the constant terms and the coeflicients of the
exponential terms all vanish; namely,

ba+l@-<1+g>9:o,

2
cl—a—élnro—(Cl—al)%=0,

(‘l/l*al _Cl)%_ *a :0,

Jl (bfo (ﬁl) - lﬁlll (El)) +& (bYO (El) - ZEIYI (ﬁl))
B ebéli

= O,
2my
diJo (Buro) - dio (Buro) — 8% (Biry) - St
1Jo (P17o 1Jo (P17 Yo \Pifo) = 5
eC,
+—1i=0,
2my
~diBiJy (Biro) + 071!"*51]1 (Bl”o) + Ehu*/glyl (Bl”o)
= 0,

d, (b)y (Bo) = 1811 (B)) + & (bY, (B,) -~ 1B:Y1 (Bs))

WG,
21w,y -
~ —~ R ~ Cl .
dyJo (Boro) = daJo (,8270) -8, (ﬁzro) . ocl
+ < i=0,
2w,y
—d, )1 (Baro) + 6?2#*32]1 (ﬁz”o) + EZ.M*BZYI (Bz”o)
=0.

(35)
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Solving the above system of equations yields

d, = !4* [ (]1 (/§1r0) Y, (ﬁl”o) —Jo (ﬁl”o) Y, (ﬁl”o))

“ ebp,C,i
2my

< [1(Buro) (Y0 (B1) - 1BY: (B1))
Y (Biro) (010 (B) - 1/3111( V)l

x jj;;; /(o (B) - 1B, (B)

+ (yC1 - ofl)

X (51]1 (/31”0) Y, (Eﬂ’o) - M*EIYI (ﬁl”o) Jo (ﬁlr()))
+ (bYo (El) - lﬁlyl (Bl))

X (H*EIJO (Biro) 1y (Blro) - BiJy (Biro) To (ﬁlro)) )
= [(/31]1 (Biro) Yo (Bl”o)

_#*BlYl (Blro) Jo (.317’0))

C C, -aC
o ebC1i+ (Y 1 1)
21y 2myo

X (bYO (ﬁl) lﬁl (/51))
x eB ], (Bi7o) i] / (b]o (/31) - 151]1 (51))
X (ﬁljl (Biro) Yo (Blf'o)
U ﬁl (ﬂl"o)fo (ﬁlro))
+ (bY (ﬁl) _lﬁlY (ﬁl))
(M /51]0 (ﬁlro ]1( )
B ﬁﬂ’o) ]o( 1”0))
)
)

[(!" /31]0 (/317’0 ( Biro
—BiJo (/31”0)]1 (Biro)
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b, i .
X 21y - (b]0 (ﬁl) - 1B (/31))
X ()/C1 - (xa)
x J1 (Biro) ﬁl;l ] (b]o (ﬁl) 1B, (Bl))
X (ﬁ1]1 (Biro) Yo (ﬁl”o)

—u ﬁl (,31”0) Jo (ﬁl”o))

+ (bY0 (ﬁl) - l/§1Y1 (Bl))
X (H*EJO (Biro) Ty (ﬁlro)

BiJy (ﬁlro)]o ( 1”0))

dy =" | (1 (Baro) Yo (Baro) = Jo (Boro) Y (Boro)
L (-
x [11 (Baro) (07, (B2) - 121 (B2)
¥, (B (00 (B2) - 10, (R)]
Lo ()18 ()
x (BoJy (Baro) Yo (Buro)

—u /32 (1327’0)]0 (ﬁz”o))

+ (bYO (32) - l/§2Y1 (32))
X (#*Ezjo (B2ro) Ty (Bz”o)

—BoJi ( 2’"0)]0( zro))

= [(BZII (Baro) Yo (Bz”o)

_H*Ezyl (Bzro) Jo (ﬁz”o))

bC, - (Vcl - 0‘61)
an,yl

x (Yo (B.) - 1B.Y: ()

xBaJy (Boro)i] 1 (0o (B.) = 1B.): (B2))
< (BoJy (Baro) Yo (Boro)

Y1 (Baro) Jo (Baro))

2myaw,

+ (bYO (ﬁz) 1/52 (ﬁz))
X (H*Ezjo (B2ro) Ty (ﬁz”o)

=BaJ1 (Baro) Jo (Bz”o)) >

1

e = [(#*Ezfo (ﬁz”o) A (Ezro)
=)o (Ez”o) N (,32”0))

bC,i
2w,y

e

X (Ycl - “61) J1 (Baro)

B 1 (oo (Br) - 8o, (B2)

21w,y
x (BoJy (Boro) Yo (Boro)
" ByYy (Baro) o (Baro))
+(bY0 (B) - 1B, (Bo))
x (6 BJo (Boro) Ty (Boro)
~BaJy (Bro) Io (Bor)) -

X

= (010 (Bo) = 1871 (B2))

(36)

To show the flow behavior and the effect of the slip
parameter, we investigate the velocity profiles in the arteries
with different values of the slip parameter under various
different conditions. In the first example of investigation, the
radius of the artery is taken as 7 = b = 0.15 cm, and the other
parameters are set to A, = 698.65dyne/cm’, A, = 0.5g,
fo=f,=12¢=0,C =66 C, =464, A, = 1.24,,and
p1/p, = 1. Figure 1 shows the 3-dimensional velocity profile
as a function of time and location and the 2-dimensional
velocity profile as a function of time at three different radial
locations for two different slip parameters [ = 0 (no-slip)
and [ = 2. The results show that boundary slip has a very
dramatical effect on the fluid flow in the artery. It affects
not only the magnitude of the flow velocity significantly, but
also the flow pattern and velocity profile on the cross-section
of the artery. For the no-slip flow (I, = 0), the pulsatile
flow nature gradually disappears toward the arterial wall,
while with boundary slip, the flow near the arterial wall also
displays a pulsatile nature.

We then investigate whether the above observed flow phe-
nomena associated with boundary slip are affected or not by
the radius of the artery, and for this purpose, we consider the
fluid flow through an artery with a larger radius = 0.5 cm.
The constant pressure gradient is set to A, = 32 dyne/cm’ in
order to achieve a mean velocity magnitude approximately
equal to that in the smaller artery, while all other parameters
are set to the same values as those used for the smaller
radius. Figure 2 shows the velocity profile in the artery for
two different slip parameter values including /, = 0 (no-slip)
and [, = 2. The 3-dimensional graph shows the variation
of the flow velocity with time and radial position, while the
2-dimensional graphs demonstrate the variation of the flow
velocity with time at three different radial locations including
r = 0 (centre), r = 0.6 (inner-outer layers interface),
and r = 1 (arterial wall). From Figures 1 and 2, it is clear
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that the boundary slip related flow phenomena and behavior
observed for the smaller artery also appear in the artery with
alarger radius, and further, a more significant pulsatile nature
of fluid flow is observed for the larger artery.

To further investigate the effect of the slip parameter on
the velocity profile near the artery wall, we show in Figure 3
the velocity of fluid on the artery wall for four different
values of the slip parameter including [, = 0, 2, 4, 6, and 8.
The results clearly demonstrate that the slip parameter has a
very significant effect on the near-wall velocity and that the
magnitude of the average wall velocity is proportional to the
slip parameter.

4. Numerical Investigation

A numerical scheme, based on the finite different method, is
established to solve the underlying boundary value problem
for the general case m # 0, consisting of (14) and boundary
condition (15)-(19). To validate the numerical technique, we
apply the numerical scheme to generate a series of numerical
solutions for the case m = 0 and then compare the numerical
results with the exact solution derived in Section 3.

Figure 4 presents the velocity profile in the small and large
arteries for two different slip parameters [, = 0 (no-slip) and
I, = 2 obtained by the numerical technique. The numerical
errors between the exact solution and the numerical solution,
E, = V - U, are presented in Figure 5 in which V is the
exact solution and U is the numerical solution. The results
clearly indicate that the numerical solution converges to the
exact solution. This shows that a larger slip length has a lower
convergence rate.

We then investigate the flow phenomena for the general
case m # 0, and here we consider m = —1/4 in the investiga-
tion. Figure 6 gives the 3D graph showing the convergence of
the transient velocity field to a steady state pulsatile velocity
field and also demonstrating the substantial influence of
boundary slip on the steady state velocity profile in both
magnitude and flow pattern. Figure 7 shows the variations
of velocities with time at three arterial locations for different
slip parameters and artery radii and also clearly demonstrates
the significant effect of boundary slip on the flow through the
artery. Figure 8 shows the variation of fluid velocity along the
artery wall under different slip parameters and artery radii.
The results show that as the slip parameter increases, the time
required for achieving convergence results increases, and the
magnitude of the average steady state velocity also increases.

5. Conclusion

In this paper, a mathematical model for the transient pulsatile
flow of fluids through vessels, taking into account boundary
slip and the Fahraeus-Lindqvist effect, is established. For a
special case of the underlying boundary value problem, an
exact solution for the velocity field has been derived in explicit
form, which provides one with an exact analytical method
for investigating the flow phenomena under the special case
and also a mean for validating the subsequently developed
numerical scheme for generating numerical results for the
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general case. Our analytical and numerical studies show that
for the flow of fluids with the Fahraeus-Lindqvist effect,
boundary slip has a very significant influence on the magni-
tude of the mean flow velocity and on the flow pattern and
velocity profile on the cross-section. With boundary slip, the
boundary layer near the wall also displays significant pulsatile
flow nature. The results also show that as the boundary slip
length increases, the convergence rate of numerical results to
the exact solutions decreases and the time required to achieve
the steady state pulsatile flow increases.
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