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Abstract. In this study, inelastic constitutive modelling is considered for the simulation of shear-thinning
fluids through a circular channel. Numerical solutions are presented for power-law inelastic model,
considering axisymmetric Poiseuille flow through a channel. The numerical simulation of such fluid is
performed by using the Galerkin finite element approach based on artificial compression method (A4C-
method). Usually, the Naiver-Stoke partial differential equations are used to describe fluid activity. These
models consist of two partial differential equations; a continuity equation (mass conservation) and time-
dependent conservation of momentum, which are maintained in the cylindrical coordinate system
(axisymmetric) flow in current study. The effects of many factors such as Reynolds number (Re) and artificial
compressibility parameter (f.) are discussed in this study. In particular, this study confirms the effect of these
parameters on the convergence level. To meet the method analysis, Poiseuille flow along a circular channel
under an isothermal state is used as a simple test problem. This test is conducted by taking a circular section
of the pipe. The Findings reveal that, there is a significant effect from the inelastic parameters upon the the
velocity temporal convergence-rates of velocity, while for pressue, the change in convergence is modest. In
addition, the rate of convergence is increased as the values of artificial compressibility parameter (f..) are
decreased.

Keywords: Finite element method, Galerkin method, Naiver-Stoke, Non-Newtonian, Artificial compressibility method.

1. Introduction

There are many numerical studies of the Navier-Stokes equations by using finite element method that have been
succeed and widely conducted based on artificial compressibility method (AC-method). Because of the AC-method can
be used to deal with the difficulty of incompressibility condition by using the concept of the transformation of continuity
equation, this method has been widely used for both of finite different and finite element method. The AC-method was
originally introduced by Chorin (1967) with the objective of solving the steady state incompressible Navier-Stokes
equations [1]. Moreover, it was also used to solve for unsteady case. For example, Peyret and Taylor [2] and Kao and
Yang [3] were some of the first to extend the AC-method to the solution of the unsteady incompressible Navier-Stokes
equations. The concept of this method is to transform the elliptic incompressible continuity equation to hyperbolic
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compressible system by adding the artificial compressibility term in continuity equation. As a result, the new
transformed equations can be solved directly bystandard time-dependent approaches that is not complicated to apply in
the solution. In this context, one can see various investigations of the AC-method that have been conducted for solving
both of steady and unsteady cases (see for example [2],[4], [5], [6] and [7]).

Following the success of the finite difference scheme based on AC-method, several methods have been presented for
example the characteristic-Based-Split algorithm (CBS method) based on 4C-method , which features equal order of all
variables was employed to solve steady and unsteady incompressible Navier-Stokes equations by Massarotti et al. [8].
There they used both of implicit and explicit scheme as the time integration approach to deal with the time dependent
problem. The advantages of the proposed CBS scheme based on AC-method include easy parallelization and
implementation procedure. However, this method make the large number of iterations to reach the steady state when
using both of explicit and implicit scheme.

Furthermore, many methods are extended successfully to solve unsteady problems. At the first Peyret [9] and Peyret
and Taylor [2] are extended the AC-method to find the solution of incompressible Navier Stokes equations in unsteady
situation. The extension of AC-method for unsteady problems has had extensive coverage in the literature ([10]-[18]).

A general Newtonian fluid plays an important role in the new industrial processe. This process involves dealing with
many materials; such as polymer melts and their solutions, soap solutions, foams, etc., which exhibit some rheological
complexities like shear-thinning and shear-thickening. In this type of fluid the shear stress is defined as a non-linear
function of shear rate at the particular time. So, various inelastic constitutive equations have been introduced to treat the
non-linearity behaviour of shear stress. For that purpose, power law shear-thinning (pseudo-plastic), shear thickness
model is implemented as a well presented model for simulating this type of fluid. This model describes shear viscous
stress response of power-law form, which describes shear-thinning or shear-thickening behaviour depending upon the
value of the power-law index. In addition, the power-law model is simple enough that it can be included in this study
without great complexity, thereby extending the applicability of the results. More specifically, the behaviour of power-
law fluids in a channel may prove useful to rheologists employing converging flows to characterize the response of
viscoelastic fluids.

In addition to the industrial applications, recently there is a numerical and theoretical interest in investigating the
role of non-Newtonian characteristics on the structure of the flow field in conduits (see for example [19]-[21]. Moreover,

the literature on flows in conduits for various type of fluids is broad. In that field many studies of recent years have
conducted (fore more detials see [22]-[25]). In contrast to this, thruogh the recent years a few numerical studies related to
axisymmetric power-law inelastic flows past a channel have been condected. Thus this study is concerned with the
investigation of this type of flows.

The present study aims to present a study on the incompressible power-low inelastic fluid with a viscosity dependent
on simple shear-rate. The novelty here is to study the temporal convergence-rate of the system solution that is taken to be
steady state, incompressible, axisymmetric, and laminar, which did not address by researchers previously. In this context,
Poiseuille (Ps) flow along a two dimensional planar straight channel, under isothermal condition is studied. The main
results of current study focused on the convergence rate of velocity and pressure solutions under the variation of power
low parameters and Reynolds number presented. Furthermore, determination of the critical levels of Reynolds number
(Re) is also represented the excited issue of this study. Numerical treatments are presented for governing system, where
we are utilzed the Galerkin finite element method based on AC-method, which also has not been addressed before. The
unequal order primitive variable of velocity components and pressure will be employed as the main approach. For the
numerical solution, the iterative method of Newton-Raphson will be used to solve the set of non-linear equations and
the backward different scheme will be employed as the time-integration approach to deal with the time dependent term.

In the next section, the mathematical modelling of motion of the non-Newtonian flows is present. These equations
are introduced in the cylindrical coordinates. The artificial compressibility technique is given in Section 3. Since these
equations must be studied numerically, the numerical method is characterized in Section 4. The problem discretisation
and the related numerical results are presented in Section 5 and 6, respectively.

2. Mathematical Modelling

For inelastic (non-Newtonian) constitutive modelling, the extra stress tensor may be reforested as

where y, & represent shear-rate and strain-rate for simple shear flow and extensional flow, respectively, and is the
deformation rate of the fluid, such that

y =21, ¥)

=3, ©
d
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d:%(vwwﬁ). 4)

Here II, and III, represent the second and third invariants of the rate of strain tensor d which, in axisymmetric
coordinate system can be defined as ( see [26])

1 1 % 1 ,0u, 8u
1, = () = A2y ( )+< S S (5)

and

u Ou Ou, 1 Ou Ou
= det ()= o 1 e o) ©

Hence, for incompressible inelastic fluid flows under an isothermal setting, the governing equations may be expressed as:
V-u=0, (7

p%:V~(2,u(}7,£)d)fp(u.Vu)pr, ®)

where, p is the pressure and p is the density of the fluid. In contrast, the equation can be also defined by the non-
dimensional groups of Reynolds number (Re) by using the scaling Re = pUL/ u, such that (U), (L) and (p) are
characteristic velocity, length and density, respectively (for more details see ([27]-[31]). Thus, in this case the non-
dimensional momentum equation for general Newtonian can be written as:

Re%: V-(2u(y,é)d)— Re(u.Vu)—Vp. )

In this situation, we need to add a constitutive equation to treat the non-linearity behaviour of shear stress. For that
purpose, power-law shear-thinning (pseudo-plastic), shear thickness model is implemented as a well-presented model for
simulating this type of fluid. A power-law constitutive model is defined as:

t=(kly Iy, (10)

where, k£ is a consistency parameter and # is the power-law index. In the cylindrical coordinates, the continuity
equation for conservation of mass and time-dependent conservation of momentum equation are expressed as
Ou, 1 10u, OJu
L4y +-—L4+—==0. (11)
or r r 068 0z

r-direction

Oou, Ou, lu 1 ou, —10p 2pu, 0u,
—tu,———tuy |~ o | U, =——+ 3
ot or r o6 0z p Oor p Or

LM O p Oup 20 Oy p, Oy Oy g D

pr’ 06> pr* 98  pr Or prd6Or p 02°  p Oz0r

(12)

0 -direction

0 -19 2u, 0
Ou, _—10p 241, Ou,

— 1y u
ot or 0z pro@ pr* o8

Ou, u, Ou
0

2
2 O*u, u, O'u, . (13)
r pr 87’89 0

A
po pr 0z00

z-direction

%—i—u %—Fu 10u, Y Ou, _—_18_p+2/u: d’u,
o or ‘roe 0z pdz p 97

(14)

+&82u2 N u, Ou, O, H, Ou, A O0’u, ,us2 82uzz u, 0u, .
p 0 pr 0z pr Or p Or0z pr°- 068~ prd60z

e @@ Journal of Applied and Computational Mechanics, Vol. 6, No. 2, (2020), 271-283



274  Reisan Y. Yasir et. al., Vol. 6, No. 2, 2020

3. Artificial Compressibility Method (4C-Method)

One of the early techniques proposed for solving the incompressible Navier-Stokes equation in primitive variable
form is the artificial compressibility method of Chorin (1967). The concept of this method is to transform the elliptic
partial incompressible equation to hyperbolic compressible partial differential form by adding the artificial term into
continuity equation. The addition of artificial compressibility term will be vanished when the steady state solution is
reached [32]. With the addition of this term to continuity equation, the Navier-Stokes equation will be changed to a
mixed type of hyperbolic-parabolic equations which can be solved by standard time dependent approach. In order to
describe this method, let us apply the artificial term into continuity equation. Thus, the Eq. (11) is replaced by
Ou, 1 10u, Ou

ap
Lty -+ = =0, 15
ot  Or ru' r 08 0Oz (15)

where p is the artificial density. The artificial density is related to the pressure by the artificial equation of state.

r=pP. (16)

where S is the artificial compressibility parameter; 0 <1/, < 1. By substituting Eq. (16) into Eq. (15), we get the
new form of artificial compressibility continuity equation as
1 op " Ou, 1 10u, Ou

4+ +-—C 42 =, 17
B or or r7 706 oz 1n

4, Numerical Method

The Galerkin finite element method is proposed to solve the system of Egs. (12)-(14) and Eq. (17). The mine concept
of this method is to find the weak form of the equation by using appropriate weight functions W and Q, such that the
first function W for momentum equation and the second function Q for continuity equation. In addition, the quadratic
shape functions of velocity components in cylindrical coordinates are utilized. These functions are given in natural
coordinates as:

W] |L-L(L,+L)| [1 0 0 -1 0 -1
Y, Li—LZ(LS—&—LI) 010 -1 —-10 |
/8 _ L —L,(L +L,) _ 0010 -1 -1 (18)
v, |4LL, 0004 0 O0|LL
/8 4L,L, 0000 4 0 |[LL
Y| |4L,L, 0000 0 4|LL
In contrast, for the pressure, the following linear shape function are employed:
al (L
$|= L), (19)
¢l L
where,
L = a+br+cz), Vi=12,3),
i 2A ( i i i ) ( )

area

where A, is the area of the triangular element and g,, 5, and ¢, are coefficients. Thus, from divergence theorem

area

and rearranging the terms, we obtain the weak form of three dimensional Navier-Stokes equations as:

M, || p]+[0f [[ ]+ [a][w,]+]05 |[us]+[05 . ] =, (20)

(][, ]+ [C (s 4,00, )|[1,] + [ ][9] = - (@I + (K, Yot |+ [ Kooty 1+ K 3, (e Y, (o [ [+ K [t ]+ K[, ] = 0, 21)

1
2ol
[M][it, | + [C(“wue’”z)”“e] +[e,Jlu]- %E[Qz][ﬂ + K [ + [Klz][”r }—[kgﬂu,]—i—[K%Hug ]+[K33Hu9 ]+[K32][”z] =0, (22)

[M][zlz]+[C(u,,u€,uZ )M”z]_%e[@”p} + K [ ]+ [Kos [, ] - [ks]{”r]_[kl}[”zh‘[KzzH“z [+ Ko {ulg]—l—[KuMuz] =0. (23)

Consequentially, by using the theory of area coordinates for triangular elements, the mass matrix can be expressed as
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f YT dQ = f f H|[H"|[N*]rd6dA = 2 f H|[H"|[N"]ndA,
where,
_htnhtn o _atatz
o3 T 3 '
Thus,
[M]=2mr, [N H]H"|[N7] f A=2mr,4,, [N|[H]H|[N"] (24)

In which the underline symbol refers to the evaluation of matrix at the centroid and the artificial compressibility matrix
[M p] is given by

1
2nr, A, E"| (25)
o, =2 L
Also, the derivative form of shape functions can be defined as
oy _ 10l
—=|N|——=|N||B||E
(W) ()] 5],
o _
o6
oy _\nOlH]
—=|N =|N||C||E
L (w2 [v][cls,
where,
26, 0 O 2¢, 0 0
0 25 0 0 2 0
1 [0 0 2b 1 [0 0 2
[B]:ZA b, b 03’[ ]ZZA c, ¢ 03
area |2 1 area |2 1
0 b b 0 ¢ o
b, 0 b ¢ 0 ¢

On the other hand, the final diffusion matrix formula can be written as

[]MMWGW%EﬂMW% 26)
(K. = dmr, A, L IV]C][E[E e[, ey
(K] =2mr, 4, L[N B][E]E B[], (28)
[12m%gmmiﬂﬂWL 29
K= ZHmAmzijMﬂLjfjkfﬂNﬂ, (30)
Ky | = 47,4, LN CE] 2[5V, G
] =amd, LIN]H]E 5[N] (2
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LN|H]E 5N (33)

E]lcr[N7], (34)

[Kee ]: 07[K22 ]: 07[K12 ]: 07[K21 ]: 07[K23 ]: 07[K32 }: 0’[k2 ]: 0’[/%] =0.

Moreover, the gradient matrix is defined as

(0] =277, 4, [N|[B][E] £, (35)
(0] =277, 4,,,[N][C][E] £} (36)
() =2m4, [E[H"|N"], 37)

[0,]=0.

Finally, the convective matrix is given by

(C. ()] =27, 4, [N][H]H" |[N"|[u]|E7]|B"|[N"], (38)
[C.(w)]=2m7, 4, [N|[H]H|[N"][u][E][cT][N7], (39)
[c,]=—2mA4,, [N]@@[NT][%}@[N’], (40)
le,|=2n 4, [N|H[E|[N"|[u,]|E"|[N], @1

C, (uy)]=0.

It is known that the real challenge in the present problem is the non-linear term, which needs efficient treatment. So, to
address this non-linear term of Egs. (20)-(23), the Newton-Raphson method is implemented. As the result, the system of
equation will be replaced by the following equation:

OR_OR OR OR
Ou, Ou, Ou, Op

r z

M 0 0 0 &) [0R, OR, OR, OR, [ -u'] [R
0 M 0 0 |4, N Ou, Ou, Ou, Op ||uf™ —u _ R ' 42)
0 0 M 0 |u| |0R, OR, OR, OR,|w"'—u| |R
0 0 0 M,p Ou, Ou, Ou, Op |p""—p" R,

OR, OR, OR, OR,
Ou, Ou, Ou, Op

or

(MU +[S(U)|AU = —[R]. (43)

5. Problem Specification

Poiseuille flow through a two dimensional axisymmetric straight channel is introduced in this study under the
isothermal condition. For this context, two different triangular finite element meshes are implemented, 2X2 and 5%5 as
shown in Fig. 1, with connectivity structure. In addition, the mesh characteristics are introduced in Table 1.

Table 1. Mesh characteristic parameters

Mesh Total Element Total Nodes Boundary Nodes Pressure Nodes
2%2 8 25 16 9
5%5 50 121 40 36
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[19] 20 21} 22} 23 24]
[13] 14} 15} 16} 17} 18]
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[4] Bl
[ 2] 3] 4] (5] (6]

Fig. 1. Structured 2X2 and 5X5 finite element meshes.

Boundary conditions (BCs): The setting of BCs of the present channel problem are laid as follows (see Fig. 2):

(a) Poiseuille (Ps) flow is specified at the inlet with zero radial velocity .

(b) No-slip BCs is applied on the top and bottom walls of the channels.

(c) Zero radial velocity and zero pressure are applied on the outlet of the channels.

u, =0

u .= Ps Flow

(Inlet)

u,=u,=0 (Topwall)

u,=u =0 (Bottom wall)

u.=0
P=0

(Outlet)

Fig. 2. Schematic for the flow problem and boundary conditions.

6. Numerical Results

The numerical results is concerned with the rate of error convergence of the problem under consideration by using
Galerkin finite element method. Here the effect of power-law index (#), consistency parameter (k¥) and Reynolds number

(Re) on the numerical convergence is investigated.

Pa-~variation: The rate of convergence for axial velocity components and pressure are illustrated in Fig. 3 for different
values of the artificial compressibility parameter (£,.=10, 40, 100, 150) and fixed parameters {Re = 0.001, n = 0.8, & = 1}.
Generally, the level of convergence for velocity component is high compared to pressure because of the influence of
nonlinearity behaviour. In addition and as anticipated, the findings show that the rate of convergence is increased as the
values of S, are decreased due to the compressibility effects.

e (40
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Fig. 3. Convergence of velocity and pressure; 3, -variation ,n = 0.8,k =1, Re = 0.001.
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Fig. 4. Convergence of velocity and pressure; 7 -variation, £, =150,k =1, Re=0.001.
102 102
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Fig. 5. Comparison of velocity convergence without AC-method against AC-method £, =150, Re=0.001, £=1, n -variation.

n-variation: To study the effect of shear thinning properties of power-law model on the rate of convergence, the level of
convergence for axial velocity and pressure components with different values of the power-law index (n) (n = 0.8, 0.6,
0.4, 0.2) are presented in Fig. 4, with Re = 0.001 , # =1 and f, =150. The results reveal that the level of velocity
convergence have been incresesed as the valuse of power-law index (#) decreases (see Fig. 4a) due to the shear thinning

behaviours. In content and from Fig. 4b, one can observe that there is no significant change in the level of convergence
of pressure at the same setting of the power-law index (7). Fig. 5 provides the comparison for the temporal convergence

rates for velocity with and without £, under same setting of Re, k and n. Generally, one can observe that the rates of

() S

convergence for velocity are higher for the case of without £, when compared to that with S, .
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Fig. 5. Comparison of velocity convergence without AC-method against AC-method £, =150.
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Fig. 6. Convergence of velocity and pressure; & -variation, 8, =150,7=0.8 , Re=0.001.
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Fig. 7. Comparison of velocity convergence without 4C-method against AC-method at 8, =150, Re =0.001, 7= 0.8 , k -variation.

k-variation: Same feature have been observed in the study of k-variation under fixed » = 0.8 and Re =0.001. Here, the
level of convergence for velocity and pressure almost closed for all values of % . The interesting outcome in the results is
that the level of convergence in the % -variation is almost double compared to the case of n-variation (compare Fig. 4 and
Fig. 6), which reflects a significant influence of viscous fluid characteristics on the level of convergence. Numerical
comparison between the results with and without S is illustrated in Fig. 7 to assess the development of the solution
with k -variation. Clearly one can detect the improvement in the convergence under 5, when compared to the case of
without 5.

N ()
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Fig. 7. Comparison of velocity convergence without AC-method against AC-method at £, =150, Re = 0.001, 7 = 0.8 , % -variation.
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Fig. 8. Velocity convergence, #,, =150,7=0.8 , k=1, Re-variation.

Re-variation: when the Reynolds number is increased, the velocity gradients will be developed which reflects the
difficulties of convergence for large Re number. Thus, we have directed our interest in the discussing and studying the
effects and levels of Reynolds number. Fig. 8 shows that the convergence of axial velocity for various levels of Re and
fixed {f, =150, n=0.8 and k=1}. From this figure, one can see that the level of time increments increases
whenever you get increased in Re. For example, when Re =0.001, the level of time steps is much less than that of
Re =100 (see Fig. 8a and 8e), so the level of convergence of velocity is faster when Re is small. We note also that for
the critical value of Re =139, as shown in the Fig. 8f, we found that it is so difficult to reach the convergence criteria
(around 198050 time-step).
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For clear feature, Fig. 9 demonstrates critical Re profile as a function of nat £#=1 and f, =150. The results on Re level
show the effect of shear thinning behaviour on the critical level of Re. Here, Re level is observed to reduce as the power-
law index (n) raises, so that, the maximum Re corresponds to the largest power-law index (7 = 0.8 ), which is consistent
with the results reported by Coelho and Pinho [33-34]; Sivakumar et al. [35].
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Fig. 9. Critical Reynolds number (Re) against power-law index (#); B, =150,k =1.

7. Summary and Conclusion

In this paper, the numerical simulation for incompressible power-law inelastic fluid was conducted based on the
Galerkin finite element method in Cylindrical coordinate system. The artificial compressibility method was employed to
transform the elliptic incompressible continuity equation to hyperbolic compressible system by adding artificial
compressibility term to continuity equation in order to deal with the difficulty of incompressibility constraint conditions
and singular matrix. To treat the non-linear equations, the Newton-Raphson iterative method based on backward
difference scheme was employed. The convergence analysis of velocity and pressure was done to identify the effect of a
consistency parameter (k), power-law index (n), Reynolds number (Re) and artificial compressibile parameter S, on the
acceleration of convergence. In this matter, a strong influence of shear-thinning causes a rising in the level of
convergence. Same trend was observed for effect of viscosity. In this context, the results revealed that the rate of
convergence is reduced as Re reduces, while the rate of convergence is reduced as £, increases. In addition, the critical
value of Re was around 139, which represents a good point in inelastic fluid. The influence of shear thinning behaviours
on the rate of convergence and critical level of Reynolds number (Re) was shown clearly as well. With decresae in shear
thinning tendency, the rate of convergence increases and the level of (Re) decreases, such this is in agreement with
experimental results and findings of others. In contrast, an opposite feature was appeared with consistency parameter
(%), where the level of convergence becomes higher with higher k -value.
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B.. The artificial compressibility parameter s The solvent viscosity
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References

[1] Madsen, P.A., Schaffer, H.A., A discussion of artificial compressibility, Coastal Engineering, 53(1), 2006, 93-98.

[2] Peyret, R., Taylor, T.D., Computational methods for Fluid Flow, New York: Springer Verlag, 1983.

[3] Kao, PH., Yang, R.J., A segregated-implicit scheme for solving the incompressible navier-stokes equations, Computers
& Fluids, 36(6), 2007, 1159-1161.

[4] Steger, J.L., Kutler, P., Implicit finite-difference procedures for the computation of vortex wakes, AIAA Journal, 15(4),
1977, 581-590.

[5] Chang, J.L., Kwak, D., On the method of pseudo-compressibility for numerically solving incompressible flows, AI4AA
Journal, 15, 1984, 84-0252.

[6] Choi, D., Merkle, C.L., Application of time-iterative schemes to incompressible flow, AIAA Journal, 23(10), 1985,
1518-1524.

[7] Rizzi, A., Eliksson, L.E., Computational of inviscid incompressible flow with rotation, Fluid Mechanics, 153, 1985,
275-312.

[8] Massarotti, N., Arpino, F., Nithiarasu, P., Fully explicit and semi-implicit cbs procedures for incompressible flows,
International Journal for Numerical Methods in Engineering, 66(10), 2006, 1618-1640.

[9] Peyret, R., Unsteady evolution of a horizontal jet in a stratified fluid, Journal of Fluid Mechanics, 78(1), 1976, 49-63.
[10] Merkle, C.L., Athavale, M., Time-accurate unsteady incompressible flow algorithms based on artificial
compressibility, AIAA Journal, 87, 1987, 1137-1147.

[11] Rogers, S.E., Kwak, D., Kaul, U., On the accuracy of the pseudocompressibility method in solving the
incompressible navier-stokes equations, Applied Mathematical Modeling, 11(1), 1987, 35-44.

[12] Soh, W.Y., Goodrich, JW., Unsteady solution of incompressible Navier Stokes equations, Journal of Computational
Physics, 79(1), 1988, 113-134.

[13] Rosenfeld, M., Kwak, D., Vinokur, M., A Solution Method for Unsteady, Incompressible Navier-Stokes Equations
in Generalized Curvilinear Coordinate Systems, Journal of Computational Physics, 94, 1991, 102-137.

[14] Mateescu, D., Paidoussis, M.P., Belanger, F., A time-integration method using artificial compressibility for unsteady
viscous flows, Journal of Sound and Vibration, 177(2), 1994, 197-205.

[15] McHugh, PR., Ramshaw, J.D., Damped artificial compressibility iteration scheme for implicit calculations of
unsteady incompressible flow, International Journal for Numerical Methods in Fluids, 21(2), 1995, 141-153.

[16] Gatiganti, R.M., Badcock, K.J., Cantariti, F., Dubuc, L., Woodgate, M., Richards, B.E., Evaluation of an
unfactored method for the solution of the incompressible flow equations using artificial compressibility, Applied Ocean
Research, 20(3), 1998, 179-187.

[17] Rathish Kumar, B.V., Yamaguchi, T., Liu, H., Himeno, R., A parallel 3D unsteady incompressible flow solver on
VPP 700, Parallel Computing, 27(13), 2001, 1687-1713.

[18] de Jouette, C., Laget, O., Le Gouez, J.M., Viviand, H., A dual time stepping method for fluid structure interaction
problems, Computers & Fluids, 31(4-7), 2002, 509-537.

[19] Dejam, M., Derivation of dispersion coefficient in an electro-osmotic flow of a viscoelastic fluid through a porous-
walled micro channel, Chemical Engineering Science, 204, 2019, 298-309.

[20] Dejam, M., Advective-diffusive-reactive solute transport due to non-Newtonian fluid flows in a fracture surrounded
by a tight porous medium, International Journal of Heat and Mass Transfer, 128, 2019, 1307-1321.

[21] Dejam, M., Dispersion in non-Newtonian fluid flows in a conduit with porous Walls, Chemical Engineering Science,
189, 2018, 296-310.

[22] Kou, Z., Dejam, M., Dispersion due to combined pressure-driven and electroosmotic Flows in a channel
surrounded by a permeable porous medium, Physics of Fluids, 31(5), 2019, 056603.

[23] Dejam, M., Hydrodynamic dispersion due to a variety of flow velocity profiles in a porous-walled microfluidic
channel, International Journal of Heat and Mass Transfer, 136, 2019, 87-98.

Journal of Applied and Computational Mechanics, Vol. 6, No. 2, (2020), 271-283 @@ o\



Numerical simulation of non-newtonian inelastic flows in channel based on artificial compressibility method 283

[24] Dejam, M., Hassanzadeh, H., Chen, Z., Shear dispersion in a rough-walled Fracture, Society of Petroleum Engineers
Journal, 23, 2018, 1669-1688.

[25] Dejam, M., Hassanzadeh, H., Chen, Z., A reduced-order model for chemical species transport in a tube with a
constant wall concentration, The Canadian Journal of Chemical Engineering, 96(1), 2018, 307-316.

[26] Al-Muslimawi, A.H., Numerical analysis of partial differential equations for viscoelastic and free surface flows,
Ph.D. Thesis, Department of Mathematics, Swansea University, 2013.

[27] Davies, A.J., The finite element method: An introduction with partial differential equations, OUP Oxford, 2011.

[28] Al-Muslimawi, A., Tamaddon-Jahromi, H.R., Webster, M.F., Numerical simulation of tube-tooling cable-coating
with polymer melts, Korea-Australia Rheology Journal, 25(4), 2013, 197-216.

[29] Lopez-Aguilar, J.E., Webster, M.F., Al-Muslimawi, A.H., Tamaddon-Jahromi, H.R., Williams, R., Hawkins, K.,
Askill, C., Ch’ng, C. L., Davies, G., Ebden, P., Lewis, K., A computational extensional rheology study of two biofluid
systems, Rheologica Acta, 54(4), 2015, 287-305.

[30] Al-Muslimawi, A.H., Numerical study for differential constitutive equations with polymer melts by using a hybrid
finite-element/volume method, Journal of Computational and Applied Mathematics, 308, 2016, 488—498.

[31] Al-Muslimawi, A.H., Taylor Galerkin Pressure Correction (TGPC) Finite Element Method for Incompressible
Newtonian Cable-Coating Flows, Journal of Kufa for Mathematics and Computer, 5(2), 2018, 13-21.

[32] Anderson, D.A., Tannehill, J.C., Pletcher, R.H, Computational Fluid Dynamics and Heat Transfer, Washington DC:
Taylor and Francis, 1798.

[33] Coelho, PM., Pinho, F.T., Vortex shedding in cylinder flow of shear thinning fluids, I. Identification and
demarcation of flow regime, Journal of Non-Newtonian Fluid Mechanics, 110(2-3), 2003, 143-176.

[34] Coelho, PM., Pinho, F.T., Vortex shedding in cylinder flow of shear thinning fluids. III. Pressure measurements,
Journal of Non-Newtonian Fluid Mechanics, 121(1), 2004, 55-68.

[35] Sivakumar, P., Bharti, R.P., Chhabra, R.P., Effect of power-law index on critical parameters for power-law flow
across an unconfined circular cylinder, Chemical Engineering Science, 61(18), 2006, 6035-6046.

ORCID iD

Reisan Y. Yasir® https://orcid.org/0000-0002-5553-0389
Alaa H. Al-Muslimawi® https://orcid.org/0000-0002-1427-5094
Bashaeer K. Jassim® https://orcid.org/0000-0002-0274-9598

© 2020 by the authors. Licensee SCU, Ahvaz, Iran. This article is an open access article distributed under

the terms and conditions of the Creative Commons Attribution-NonCommercial 4.0 International (CC
BY-NC 4.0 license) (http://creativecommons.org/licenses/by-nc/4.0/).

o\ @@ Journal of Applied and Computational Mechanics, Vol. 6, No. 2, (2020), 271-283



