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ABSTRACT:-This work presents the numerical simulation of the laminar flow of Non-

Newtonian fluid in a planar channel, which includes locking structure, consisting of the 

support ring and movable valve. Investigated characteristic of fluid flow in valve, fitted with 

an artificial valve, as well as the flow various emulsions in channels containing locking 

valves. As the rheological constitutive relation, the model of a Generalized Newtonian Fluid, 

predicts the effect of anomaly viscosity. The governed equations that describe the flow were 

integrated by the Finite Volumes Method, using SIMPLE algorithm. The mesh is structured, 

with rectangular volumes. Several boundary conditions were explored, being the more 

realistic results obtained by prescribing the inlet velocity field and atmospheric pressure at 

the exit. Stream function, mean axial velocity profile, normal and wall shear stresses 

distributions in the flow field surrounding the prosthetic valve are computed for various 

values of Reynolds numbers (Re=30, 60 and 90). 
Keywords: laminar flow, Non-Newtonian Fluid, artificial valve, planar channel, Finite 

Volume Method, SIMPLE algorithm. 

 

1. INTRODUCTION 
In the recent years, to determine regions of high fluid stress and separated flow in the 

vicinity of prosthetic heart valves and to improve upon existing valve designs computational 

fluid dynamics techniques have recently become popular, especially for physiological flows. 

The problems of thrombosis and haemolysis are directly related to the fluid dynamics of the 

artificial valves(1),(2). Table 1 presents experimental data for the extent of damage to blood 

cells and endothelial cells that can be expected at various levels of shearing stress. The 
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experimental measurement of flow through prosthetic valves is often restricted in application 

only to certain regions of the flow field (e.g. the aortic wall) or limited due to probe size. This 

has been the experience of previous researchers in this field(3),(4). Computational fluid 

dynamic techniques provide an entirely noninvasive method for obtaining quantitative data 

for velocity and stress distributions near prosthetic heart valves. Other advantages over 

physical simulators include immediacy and observability(2). 

In this paper, we study the steady flow of Newtonian and Generalized Newtonian 

Fluids in a plane channel containing a fully open valve disc type for different values of 

Reynolds number (Fig.1). Conditions on the boundaries of the flow are no-slip condition at 

solid walls. Walls themselves are smooth and impermeable undeformable. At the inlet is 

given by the rate of inflow. In the exit section is given by the steady flow regime. On the 

channel axis of symmetry conditions are imposed. The relative sizes of the closing device 

shown in Fig. 2.  

For the testing the following fluids are used, Newtonian, pseudoplastic (shear 

thinning) and dilatant (shear thickening). In the Fig. 3, the dependence of shear stress on the 

shear rate is shown(5), (6)
. 

 

2. GOVERNING EQUATIONS AND SOLUTION TECHNIQUE 
The problem here considered is the two-dimensional isothermal flow of an 

incompressible liquid. This flow is governed by the usual equations of continuity and motion, 

which can be written in vector form as: 

0 v


                                             … … … (1) 

 ~
 pvv               … … … (2) 

where v  is the velocity vector, p the pressure, ~  the extra stress tensor, ρ the density and 

yjxi 





.  

The constitutive equation that relates the non-Newtonian stresses with the velocity 

gradients is given by the Generalized Newtonian Model(6), (7): 

 ~~         … … … (3) 

where Tvv  
~ is the rate-of-strain tensor and η the effective viscosity given by the 

power-law model by 
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1~ 


n
m          … … … (4) 

             In this equation, m and n are two empirical curve-fitting parameters and are known as 

the fluid consistency coefficient and the flow behaviour index respectively. For a shear-

thinning fluid, the index may have any value between 0 and 1. The smaller the value of n, the 

greater is the degree of shear-thinning. For a shear-thickening fluid, the index n will be 

greater than unity. When n=1, equations (3) and (4) reduce to equation  ~~   , where  -

is Newtonian viscosity which describes Newtonian fluid behaviour(5). 

In this work, we will consider three different flow indexes that are respectively 

associated with shear-thinning (n=0.8), Newtonian (n=1.0) and shear-thickening fluids 

(n=1.2). 

The approach Reynolds number (Re) for power-law fluids is defined as, 

  muH n
in

n /2Re 2  , where H-is half of channel diameter and uin- velocity at inlet of 

channel. 

 

2.1. Discretization 

In order to numerically solve the velocity and pressure fields, the equations (1)-(4) 

above were discretized by the finite volume method. The method involves integrating the 

continuity and momentum equations over a two-dimensional control volume on a staggered 

differential grid(8), as shown in Fig. 4. 

In the staggered grid, the calculated domain is divided into control volumes defined 

by the dashed lines. The pressure is stored at the nodes marked (•) - the intersection of two 

unbroken grid lines and indicated by the capital letters P, W, E, N and S. The u-velocity 

components are stored at the east and the west cell faces of the control volume and indicated 

by the lower case letters e and w. The v-velocity components are located at the north and 

south cell faces of the control volume, which are indicated by the lower case letters n and s. 

∆x is the sub-interval of the calculated length. ∆y is the sub-interval of the calculated depth. 

After discretization, the discretized continuity equation becomes: 

          0 xvvyuu nswe       (5) 

and the discretized u-momentum equation becomes 

  yPPbuaua EP
u

nb
u

nbe
u

e  )()()(

     (6) 
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with : )()()()()( u
N

u
S

u
W

u
E

o
eu

e aaaa
t

yxa 






   ,   
t

yxub
o
eo

e
u





)(  

and the discretized y-momentum equation can be written as: 

  xPPbuaua PN
v

nb
v

nbe
v

e  )()()(

     (7) 

with : )()()()()( v
N

v
S

v
W

v
E

o
nv

e aaaa
t

yx
a 







, 
t

yx
vb

o
no

e
v





)(  

where : o
e  , o

n   , o
eu   and o

nv refer to the known values at time t, while all other values are 

the unknown values at time t+∆t. The coefficients with superscripts (u) and (v) refer to the 

coefficients corresponding to u and v, respectively. )(u
nba  , )( v

nba  refer to the neighbour 

coefficients )(u
Ea , )(u

Wa , )(u
Na , )(u

Sa , )(v
Ea , )( v

Wa  , )(v
Na  and )( v

Sa  which account for the combined 

convection-diffusion influence at the control-volume faces of u-cell and v-cell, respectively. 

             The values of these coefficients are obtained on the basis of the power-1aw 

scheme(8). The velocity components uab and vab are those at the neighbouring nodes outside 

the control volume PE, PW, PN and PS refer to the pressure at the east, the west, the north and 

the south faces of the control volume, respectively. 

 

2.2. Numerical Procedure 

To solve equations (5)-(7), the SIMPLE algorithm(8), (9), which is essentially a guess-

and-correct procedure for the calculation of pressure on the staggered grid introduced above, 

is applied. To initiate the SIMPLE calculation process, a pressure field p* is guessed. The 

discretised momentum equations (6) and (7) are solved using the guessed pressure field to 

yield velocity components u* and v* as follows: 

  yPPbuaua EP
u

nb
u

nbe
u

e    )()()(

     (8) 

  xPPbvava PN
v

nb
v

nbn
v

n    )()()(

     (9) 

          Defining the correction p' as the difference between the correct pressure field p and the 

guessed pressure field p*, so that: 

p = p* + p'         (10) 

         Similarly defining the velocity correction u' and v' to relate the correct velocities u and 

v to the guessed velocities u* and v*: 

u = u* + u'          (11) 

v =v* +v'          (12) 
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By subtracting equations (8) and (9) from (6) and (7) respectively, it gives 

         yPPPPuuauua EEPPnbnb
u

nbee
u

e    )()(

  (13) 

         xPPPPvvavva PPNNnbnb
v

nbnn
v

n    )()(

              (14) 

Using the correction formulae (10)-(12), the equations (13) and (14) can be written as 

follows: 

  yPPuaua EPnb
u

nbe
u

e   )()(

      (15) 

  xPPvava PNnb
v

nbe
v

e   )()(

      (16) 

        In the SIMPLE algorithm, the terms  nb
u

nb ua )( and  nb
v

nb va )(  are dropped, to simplify 

equations (15) and (16) for velocity corrections. Therefore, we obtain: 

 EPu
e

e PP
a

yu 


 )(
       

 (17)
 

 PNv
n

n PP
a

xv 


 )(
       

 (18)
 

Substituting equations (17) and (18) into (11) and (12) gives: 

 EPu
e

ee PP
a

yuu 


 
)(

      
 (19)

 

 PNv
n

nn PP
a

xvv 


 
)(

      
 (20)

 
Similarly we have: 

 PWu
w

ww PP
a

yuu 


 
)(

                   
 (21)

 

 SPv
s

ss PP
a

xvv 


 
)(

      
 (22)

 

Substituting equations (19)-(22) into the discretised continuity equation (5), we draw the 

pressure-correction equation which plays an important part in the SIMPLE algorithm as 

follows: 

          xvvyuuPaPaPaPaPa snEwSSNNWWEEPp   
(23) 

where : SNWEp aaaaa   

 
e

eE a
ya

2
  ; 

 
w

WW a
ya

2
 

 
; 

 
n

NN a
xa

2
 

 
;  

 
s

SS a
xa

2
 
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The procedure of the SIMPLE algorithm is summarized Fig.5. 

    In performing the SIMPLE algorithm to solve the velocities, the TDMA (Tri-

Diagonal Matrix Algorithm) or Thomas' algorithm, which has become almost standard for the 

treatment of tridiagonal systems of equations(9), is employed by line-by-line method. 

To solve a general two-dimensional discretised equation with a form such as: 

baaaaa SSNNWWEEpp        (24) 

where 

    0,eeeE FPADa        ,       0,wwwW FPADa   

    0,nnnN FPADa       ,        0,sssS FPADa   

t
yxa P

P 



0

0   , 00
PPc ayxSb    , yxSaaaaaa PPSNWEp  0  

Here 0
P  and  0

P refer to the known values at time t, while all other values  ( p , E  , W  

¸ N  S , and so on).  

The flow rates eF , wF  , nF  and sF  , and the corresponding conductances are define by :  

  yuF ee           ,    yuF ww           ,    xvF nn           ¸   xvF ss    , 

 eee xyD /   ,   www xyD /    ,  nnn yxD /   ,  sss yxD /   

and the Peclet numbers by  

eee DFP /     ,   www DFP /    ,   www DFP /   ,  eee DFP /  

The function  PA  in this work is power law scheme, for which  

     51.01,0 PPA 
      

 (25) 

 

2.3. TREATMENT OF IRREGULARLY SHAPED OBJECTIVE IN CALCULATION 

DOMAIN 

We now describe the manner in which we treat arbitrary geometries by the blocking-

off method (8). This is done by blocking off some of the control volumes of the regular grid, 

so that the remaining inactive control volumes form the desired irregular domain. Example is 

shown in Fig.1, where the shaded areas denote the inactive control volumes. It is obvious that 

arbitrary geometries are approximated by a series of the rectangular grids. 

Idea of the blocking-off operation consists of establishing known values of the 

relevant ’s in the inactive control volumes. Here is a simple way in which the desired values 
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can be obtained in the inactive control volumes by setting a large source term in the 

discretization equations. For example, setting Sc and Sp in eq. (24) for the internal grid points 

(i.e., in the solid interior) as 

desiredpCS ,
3010   , 3010PS  

where 3010 denotes a number large enough to make the other terms in the discretization 

equation negligible. The consequence is that 

0 PPC SS  , 
 desiredpPCP SS ,/    

Note that this procedure can be easily used to represent irregularly shaped objective in the 

calculation domain by inserting such the internal boundary conditions. 

 

3. THE RESULTS OF SIMULATION 
Fig.6 shows the distribution of stream function for a pseudoplastic with n=0.8, a 

Newtonian (n=1), and a dilatants fluid with n=1.2 at the same distance from the ring to the 

locking disk. The recirculation present differences in size: for the pseudoplastic case the 

vortex is rounder than for the Newtonian, and for the dilatant it is thinner. Also separated 

flow regions computed downstream and attached to the sewing ring and behind the disk 

occluder can be clearly seen from the stream function contours for Re=30, 60 and 90. 

Fig.7 gives axial velocity profiles at various locations in the flow field at x=1, 2.5 and 

4.5 for Re=30, 60 and 90. The presence and intensity of reverse flow downstream of the 

occlude can also be clearly seen from Fig.7 distortion of the axial velocity profiles occurred 

due to lateral flow around the valve, and the disturbances decreased in magnitude 

downstream of the occluder. Fig.8 gives normal stresses τxx , τyy  and shear stress τxy  for the 

flow of a Non-Newtonian fluid at x=1, 2.5 and 4.5 for Re= 90. 

Most of the physiological fluids possess pseudoplastic properties, that is, decreasing 

viscosity with increasing shear stress. It can be seen that for pseudoplastic fluids, the region 

of circulating flow is much greater. Consequently, shear-thickening blood having a lower 

value of non-Newtonian index actively promotes the formation of various plaques (atheroma) 

in the blood vessels’ walls (aortic wall). Thrombi formed around the disk may come off and 

damage the closure of the valve. 

It is known(1) that the shear stresses on the walls of blood vessels also affects the 

formation of atheromas. There is evidence(2) that the formations of atherosclerotic plaques, 

mainly occurs near the walls which are subjected to high or low shear stresses. Fig.9 shows 
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the distribution of wall shear stress for different values of the non-Newtonian index. It is 

visible that the peaks of shear stress are formed near the lock disk on the walls of blood 

vessels(7). 

          It can be seen from Fig.9 that during the flow of pseudoplastic fluids (shear-thinning, 

n<1) on the walls of blood vessels, peak shear stress is not formed. Whereas for dilatant 

fluids (shear-thickening, n>1) the peak shear stress become significant. 

 

4. CONCLUSIONS 
In this paper a finite volume method for two dimensional incompressible laminar flow 

in a planar channel, which includes locking structure, consisting of the support ring and 

movable valve was described. The numerical results obtained by this method for Newtonian 

and non-Newtonian (shear thickening and shear thinning) fluid flows were presented. For the 

generalized Newtonian fluids the power-law model was used.  

Numerical simulations were conducted for the influence of the anomaly of viscosity 

on the sizes of the separated flow (circulation region) in the channel, which includes locking 

structure, consisting of the support ring and movable valve, as well as the values of wall shear 

stress near the given type of closing/locking device. Found that the anomaly of viscosity 

significantly affects all flow characteristics, including the size of circulation region and the 

formation of the peaks of wall shear stress. Conducting numerical experiments may allow a 

better understanding of the work of closing/locking valves and reduce the negative effects 

that occur during the flow of fluids directly related to the size of circulating stream and the 

values of wall shear stress. 
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Table (1): Effects of shear stress on blood cells and endothelial cells(2). 

Shear stress, N/m-2 Experimental observations 

1-10 adhered red blood cells damaged(10) 

40 endothelial cells damaged (11) 

10-50 platelets damaged(12), (13) 

95 endothelial cells erode away(11) 

150-4000 damage to red blood cells in flow(10), (14) 

 

 

 
Fig. (1): Sketch of the contraction geometry. 

 

 
Fig.(2): Dimensions of the contraction geometry. 

 
 Fig. (3): Types of time-independent flow behaviour. 
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Fig.( 4): Staggered grid describing a control volume with flow variables for two-dimensional 

situation. 
 

 
 Fig. (5): SIMPLE Algorithm. 
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Fig.(7):  Axial velocity profiles for the flow of a Non-Newtonian fluid. a) x=1.0 at Re=30 , b) 

x=2.5 at Re=30 , c) x=4.5 at Re=30 , d) x=1.0 at Re=60 , e) x=2.5 at Re=60 , f) x=4.5 at 
Re=60 , g) x=1.0 at Re=90 , h) x=2.5 at Re=90 and  i) x=4.5 at Re=90. 
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Fig.( 8):  Normal stresses τxx, τyy and shear stress τxy for the flow of a Non-Newtonian for 
Re=90. a) τxx at x=1, b)  τxx at x=2.5, c) τxx at x=4.5, d) τyy at x=1, e)  τyy at x=2.5, f) τyy at 

x=4.5, i) τxy at x=1, j) τxy at x=2.5 and k) τxy at x=4.5 
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Fig.(9): Wall Shear Stress for the flow of a Non-Newtonian fluid. 

a) Re=30 , b) Re=60 and c) Re=90. 
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ِالمحاكاة العددیة للتدفق الطباقي للسوائل غیر النیوتونیة خلال ِ ِ ِ ِصمام القلب الترقیعي من  ِ ِ
َنوع القرص ِ 

  
  ، حسام علي (1) **و خلف  *، فاروق(1)تازیكوف ّالدكتور

  جامعة قازان التكنولوجیة الحكومیة ، قازان، روسیا
  

  ةالخلاص
العمل الحالي یعرض المحاكاة العددیة للتدفق الطباقي للسوائل غیر النیوتونیة في قناة مستویة، التي تؤمن هیكلیة        

ُفحصت خصائص تدفق السائل في الصمام الاصطناعي، بالاضافة . القفل، والتي تتألف من حلقة ثابثة وصمام متحرك
اما بالنسبة الى علاقة رهلوجیكل الجوهریة، . على صمامات القفلالى التدفق في قنوات مختلفة المستحلبات التي تحتوي 

ُالمعادلات التفاضلیة التي تصف التدفق حلت باستخدام . فقد تم اخذ نموذج السائل النیوتوني المعمم، للتنبأ بتأثیر اللزوجة
رعة الخطیة وتوزیع خطوط الانسیاب ومعدل الس.  SIMPLEطریقة الحجوم المنتهیة، في بعدین، بأستخدام خوارزمیة

  Re=30, 60 And)من ارقام الرینولد حسبت لقیم مختلفة الاجهادات العمودیة والقص لمجال الجریان المحیط بالصمام،
90)     

 


