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Abstract

In this paper, the steady two-dimensional motion of an ingeassible Newtonian fluid between two parallel
plates with heat transfer in the presence of a cosine shdapedsss is studied. The governing equations are trans-
formed into a compatibility and energy equations, whictolsed analytically with the help of the regular perturbatio
technique. The solutions obtained from the present arsafysi given in terms of streamlines, wall shear stress, sep-
aration and reattachment points, pressure and tempeudisri®utions through the stenosed channel. The accuracy
of the results are verified from available literature. Itesifid that the wall shear stress, pressure gradient and tem-
perature increase with the development of the stenosisjrigiaeparation and reattachment points in the region. It is
also observed that even at low velocity, separation océtng ithickness of the stenosis is increased. We present the
results in graphical form.

Keywords: Newtonian fluid, stenosis, heat transfer.
2010 MSC:76-XX.

1. Introduction

The motivation of this study comes from the investigatioalmfiormal blood flow in a stenosed
artery, which may be due to atherosclerotic plaques deedliap various locations in the artery.
Its effect on the flow of blood is discussed by many authors thealgti@xperimentally as well
as numerically. Forrester and Yourigofrester & Young1970 presented the theoretical as well
as experimental results of an axisymmetric, steady flowutdinca converging and diverging tube
with mild stenosis. It is observed that there is an abundaoient of evidence to support the con-
clusion that the abnormal flow conditions developed in adttembstruction can be an important
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factor in the development and progression of arterial dised-urther indicate that even a mild
collarlike stenosis in a small artery can create signifiedortormalities in the flow. Morgan and
Young (Morgan & Young 1974 provided the approximate analytical solution of axisynmce
steady flow of incompressible Newtonian fluid both for mildiaevere stenosis by using an in-
tegral method; basically they presented the extension oEBt@r Forrester & Young1970. It

is observed that even a mild stenosis can cause a radicaltedtein flow characteristics and that
the dfect in general becomes more drastic as the stenosis becomneseavere and the Reynolds
number increases and also wall shearing stress is espegialtted. Analysis of blood flow using
an incompressible Newtonian fluid through an axisymmeteaased artery of cosine shape has
been done by K. HaldaHaldar, 1991). It is shown that for any given Reynolds number or tube
constriction the separation point moves towards the thwbtte tube and the reattachment point
moves downstream with the enlargement of the region of aéiparwhich is physiologically un-
favorable. Layek and Midyd @yek & Midya, 2007) presented the numerical solution of a time
dependent incompressible Newtonian fluid for symmetrinages in a two dimensional channel.
It is noticed that the maximum stress and the length of theadating region associated with
two shear layers of the constriction increase with the imeeeof the area reduction of the con-
striction. It is observed that the critical values for thoeastriction heights = 0.25,0.3,0, 35 are
600, 300, 210 respectively. Chow et alChowet al, 1971) analyzed the steady laminar flow of
an incompressible Newtonian fluid forftérent physical parameters by considering a sinusoidal
boundary. It is observed that by increasing eitRelor ¢, the separation point would move down
towards the throat in the divergent part of the channel withbsequent enlargement of the region
of separation. Lee and Fungde & Fung 1970 solved the flow model of the Newtonian fluid
numerically through locally constricted tube for the lowyRelds number. The constraints in their
numerical procedure restricted the shape of the tube to bd fixd the Reynolds number to be
moderate. HaldaHaldar, 1985 discussed theffect of the shape of constriction on the resistance
of blood flow through an artery with mild local narrowing. #$hown that the resistance to flow
decreases as the shape of the stenosis changes and maxisisiance is attained for symmetric
stenosis. S. Chakravarty and A. Ghosh Chakrav&@hakravarty & Chakravartyl 989 presented
analytical solutions by considering an anisotropicallyséic cylindrical tube filled with viscous
incompressible fluid representing blood having stenodie dnalysis is carried out for an artery
with mild local narrowing in its lumen forming a stenosis. Haldar Kruszewskiet al., 2008
studied the oscillatory flow of blood which behaves as a Nawiofluid having surface roughness
of cosine shape. It is observed that the resistive impedandevall shear stress increases as the
phase lag increases for a particular value of stenosis teigls also observed that impedance
and wall shear stress increases with the increase in thess¢ameight. Newman et aINéwman

et al, 1979 investigated the oscillatory flow numerically in a rigidogiwith stenosis. The pre-
dictions of the numerical results agreed well with the ekpental works. This paper deals with
the problem of oscillatory blood flow through a rigid tube lwé mild constriction under a simple-
harmonic pressure gradient examines tfieat of stenosis on the flow field by considering blood
as a Newtonian fluid. Mehrotra et alMéhrotraet al, 1985 presented analysis by considering
the flow in a stenotic tube where the cross-section is etlipiti is observed that the theoretical
study of pulsatile flow in a stenotic tube confirms the viewt tha fluid dynamics characteristics
of the flow are &ected by the percentage of stenosis as well as the geometrg sfenosis. The
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frequency of oscillation also influences the shearing str&rivastava and Rastodbrfvastava

& Rastogi 2010 investigated the blood flow through narrow catheterizeédrgrwith an axially
nonsymmetrical stenosis. It is found that the flow resistancreases with the catheter size, the
hematocrit and the stenosis size but decreases with the glaaameter. A significant increase in
the magnitude of the impedance and the wall shear stresssoeeen for a small increase in the
catheter size. The shear stress at the stenosis throahdesngith the increasing catheter size. The
abnormal flow conditions developed due to stenosis can bajpartant factor in the development
and progression of arterial diseases. Some of the furthgrmoamplications developed through
these stenosis are the growth of tissues into arterieslapgwent of an intravascular clot and post-
stenotic dilatation. This type of flow also has applicationgarious fields like physiological flows
and polymer science.

In the present paper, théfect of stenosis height and Reynolds number on flow charaeteri
tics, wall shear stress, pressure gradient, separationeatidchment points and heat transfer are
analyzed. The study of the Peclet number and Brinkman nuorbéne temperature distribution
is also presented. It is observed that the general patteftovefis similar to the results given in
(Haldar, 199]) - (Chowet al, 1971). The results of the present investigation indicate thahex
mild collar like stenosis in a small artery can create sigaift abnormalities in the flow includ-
ing the phenomenon of separation. This study presentsehédysttwo-dimensional motion of an
incompressible Newtonian fluid in a cosine shaped stendsadnel with heat transfer. In this
analysis blood is assumed as Newtonian fluid and the geomkthe artery is approximated by
a channel. The layout of the paper is as follows: The basiatémus governing the flow, in the
Cartesian coordinate, are given in section 2. Problem ftation is presented in Section 3. In
Section 4 the method is discussed and section 5 is dedidsesblution for diferent parameters.
Section 6 provides a graphical discussion. A summary isgieection 7.

2. Governing equations

The basic governing equations for steady two dimensionai éilba non-isothermal, incom-
pressible linearly viscous fluid in the absence of body fee

V-V =0, (2.1)
pcij—\: =-Vp+ V7, (2.2)
pCp(il—-It- = kV2T + 0, (2.3)

whereV, T andp are the velocity vector, temperature and constant denfsibyedluid respectively,

p is the dynamic pressure, and« are the specific heat and thermal conductivity parameters
respectivelyV? is the Laplaciang the viscous dissipation function defined¢as 7- VV andd/dt

the material time derivative defined as

d o0 _o0 _o
rrinlen + u8_5<'+ Va_y’ (2.4)
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whereu andV are the velocity components imandy directions, respectively andis the extra
stress tensor defined as follows

T=uAy, (2.5)
whereu is the dynamic viscosity an#l; the first Rivlin-Ericksen tensor defined as
A, =VV + (VV)7, (2.6)

hereT indicates the transpose.

3. Problem formulation

Consider the non-isothermal Newtonian flow through the ok&af infinite length with heat
transfer having stenosis of lengty2. The coordinate system is chosen in such a way that the
arterial system lies in they— plane such thak—axiscoincide with the center line in the direction
of flow andy — axisperpendicular t&X — axis

Consider the boundary of the stenosed region of the fétaddar 1997)

3 A 4ArrX e — 1o
h(?()_ho—z(l+cos( Io‘)) —7<X<7p (3.1)

=h, otherwise

whereh(X) is variable gap between the stenosis, the width of unobstructed channel aadhe
maximum height of stenosis.

«

Figure 1. Geometry of the problem.

Boundary conditions for the present problem are
U=v=0, T=T; at V=h(X,

(3.2)
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wherevu, is the average velocity an@ the volume flow rate. Assume that the blood behaves
like Newtonian fluid and for steady, homogeneous, inconginésstwo dimensional flow of blood
velocity field is assumed as

V = [@X9).9(X9).0). (3:3)
Introducing the dimensionless parameters as follows
u v X y h2 _ T-T,
u=—, Vv=—, X=—, ==, = , 0= ——, 3.4
Uo Uo lo Y ho P ﬂuolo P Ty —-To ( )

whereT; andT, are temperatures on the boundary of stenosis and fluid riasggc
Substituting equation®(4)-(2.6) in equations2.1) - (2.3) and making use of3(3) and @.4),
nondimensional form of equations becomes

ou ov
—+—=0 3.5
58x - oy (3.5)
ou du ap s
—iv—=|=-LE4+vVv 3.6
Re(duax + Vay) o TV (3.6)
ov ov op 2
Re) | Su— — | = —— +6V~y, 3.7
(U6X+V6y) 6y+ V. (3.7)
8 0 ou\® [(ou _ov\°
— +v—|0=V?%+Br|45*| = — 46— .
Pe(6u8X+v8y)9 0+ r(4<5 (ax) +(8y+68x))’ (3.8)
where o H ) H
o UoNg AUy PCpNolo
=2 Re= Br= —2 e=— 3.9
T R BTy < ©9)

in which Reis the Reynolds numbeBr the Brinkman numbeRethe Peclet number.
Now to convert these equations in single variable, intraaythe stream function defined as

o

_W 3.10
Sy VT % (3.10)

which satisfy the continuity equatio.6) identically. After eliminating pressure gradient term

from momentum equation8.)-(3.7) and making use of3(10, compatibility equation is obtained
of the form

ALY
a(y: %)

whereV? = &£ + 2 is the dimensionless form of the Laplacian. Energy equa8c) in terms
of stream function E,)ecomes

.0 _ g2 (PN (P P
PaSa(y’X) =V + Br(45 (6x6y) + pY: -0 2] | (3.12)

Re = V4, (3.11)
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The dimensionless stenosis profigel) takes the form

€ 1 1
f(x)=1-=(1 4t _Z =
(X) (1 + cos 4rX) <X< =, (3.13)

=1 otherwise

wheref = " ande = £.
Boundary conditions in terms of stream function becomes

W o, y=-% 6=1 at y=t,

oy 2

2 (3.14)
o w=0 Y_0 a y=o0

a0 VTR T y==

Due to non-linearity of§.11) and @3.12), the regular perturbation technique is applied to find the
analytical solution along with the boundary conditionsedi in 3.14).
4. Perturbation method

In this section we shall discuss the perturbation methoddmgidering a linear or nonlinear
differential equation
L(w,0) =0, (4.1)

that depends on the small positive paramétérhe boundary or initial conditions may depend on
6. The reduced or unperturbed problem associated with thagrois obtained by setting= 0
along with its boundary or initial conditions. We expand sldutiony in the perturbation series

Y= i '»l’ndn, (4.2)
n=0

the diference betwees andy, is refereed to as a perturbation on the solutigrof the reduced
problem. Inserting this equation intd.() gives

L(y,6) = L(Z Yo", 8) = 0. (4.3)
n=0

We assume thdt(y, §) can be expanded in a power serieg/iandé. As a result above equation
(4.3) can be expanded in the form of the series

L(w.6) = > LalWn, Yn 1, -1, 00)5" = O, (4.4)
n=0

wherelL, represents dierential operator, which may be linear or nonlinear. Theesé4.2) is also
inserted into the given initial and boundary conditionstfar problem.
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To solve the given problem by means of the perturbation ntkthve put the coicient of 5" in
(4.4) equal to zero and obtain

I—n(wn, 'J’n—l’ o 'wl’ '700) = O’ n= O’ l’ 2’ R (45)

Similarly we equate cdicient of like powers ob in the initial or boundary conditions. This yields
the system of equationd.§) with appropriate boundary conditions that we solve reeatg.
We first solve the reduced equation

LO (lﬂo) = O’ (4 . 6)

with relevant boundary conditions. Ongg is found, then equation fa¥#; with boundary condi-
tions is
Li(¥1, o) =0, (4.7)

is solved and then the equations ffy, 3, - - - with relevant boundary or initial conditions are
solved successively.

5. Solution

To solve the compatibility equation and energy equationgieith boundary condition$(14),
the flow variablegy andé are perturbed as

Y=o+ 01 + 8P+

5.1
0 =0+ 0601 +6%0p + - - -. (1)

wheres is a small parameter.

5.1. Zeroth order problem and its solution

Zeroth order system of equations is obtained by substgysr) in equations 3.11)-(3.12),
(3.14 and equating the cdgcients ofs° as

9o
= 2
5y =0 (5.2)
526, 820, \°
— =-B 5.3
ay? r( ay? ) ’ 53
and corresponding boundary conditions
%:O, Wo=—%, 6o=1 at y=1f,
823; .y (5.4)
o _ - ~0°_ =
a2 - 0, 0o=0, ay 0 at y=0.
The solution of equatiorb(2) along with boundary condition®(4) is given of the form
Ny Yy
Yo = Z(" - 3), where n = T (5.5)
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After substitution of .5) in (5.3) subject to §.4), zeroth order temperature is obtained as

fo = 1— 2 (n* - 1), (5.6)

which indicates that the temperature depends upon theaftieat production by viscous dissipa-
tion to heat transport by conduction.

5.2. First order problem and its solution
For the first order system comparing the fmgents ofs, we get

8o
9"y _ RDB (lﬁo, 6_;//;) (5.7)
ay* ay,x ’
%601 _ Paa (o,00) oBr 0o Py (5.8)
o> T Ay, %) ay? oy? )’ '
and boundary conditions
%:0, lﬂlzo 6,=0 at y:f,
ol (5.9)
%Y B 001 B '
Py =0, y;1=0, a—y_o at y=0.
The solution of equatiorb(7) by making usef.5) and 6.9) becomes
_ 3Refn 4 4 5
V1= ~"T150 (n° = 7n* + 117 - 5). (5.10)

By substitution of .5 and 6.10) in equation $.8) and making use of5(9), the first order tem-
perature profile is obtained of the form

3Bri’ (n? - 1)

b1 = —gooorr— (2Re(90° — 47y + 197" + 19) + Pe(15° - 13" - 837 + 337)} . (5.11)

It is observed that the first order temperature depends upgoratio of heat production by viscous
dissipation and heat transport by convection to heat t@hgy conduction.

5.3. Second order problem and its solution
Comparing the cdécients ofs? to get the second order system as
VG %y
CAT I e BN 9 a2

oy* - e (Y, X) o (Y, X) B ZaXZay ’ (5.12)
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P | 0Wo0) 0Wr )| P00 o |, (0 (#P)
ay? ay. %) a(y. %) 0% oxdy ay? (5.13)
W02 0o P '
dy? 0y? oy?2 0x2 |’
boundary conditions for second order system are
%:0, w2:0, 92:0 at y= f,
oy (5.14)
%Y 06, '
— =0 =0, — =0 at y=0.
Y , Y2=0, By at 'y

Using 6.5 and 6.10 in equation $.12), the solution is obtained by successive integration along
with the boundary conditions defined i5.14) as follows

Y, = CRén | 12(987'° - 1155)° + 4488;° - 8778;" + 8222° - 2875
3p(4f2 - ££7)

) (" - 2> = 1),

(5.15)

~ 117 (3570 - 385" + 1518/ - 3234 + 32797 - 1213 -

which is second order solution for stream lines. To find thewed order temperature, usirtg}§),
(5.10 and 6.19 in equation $.13, with the help of MATHEMATICA, we get

_(:1(772 -1)
==
+2PeR¢8407™° - 6860;° + 11455 + 3139" — 26891 + 56269 + R (2303

—21721% + 63122° — 68086;" + 17183)” + 17183 — 517440013 + 9* - 36)}

0, |-4t2{7Pe (2257"° - 721° - 2207° + 30134;" — 94771 + 238859

+ff” {BBr( 7P€ (225710 — 721% — 2206;° + 30134* — 94771 + 238859)
+2PeR¢g5257" — 5173/ + 14132° — 7120;" — 29065/ + 102609 + 8RE (175"

~1673/ + 5158,° - 7778} + 20597 + 2059) — 206976 71" — 47 - 9) )}] .
(5.16)
5.4. Velocity and temperature fields

The dimensionless velocity componentsxrandy directions are obtained fron8.(10, we
arrive at the axial component of velocity as

U="%"127 1120 40

+CRéE{12(1078;° - 931%° + 22099;" — 21791 + 2879
~Cff”(385)° - 3080;° + 75467 - 86247° + 1213)}} |,

2— ’
(7" -1) 3R (1t 287+ 5) a2 (117 1) (57 - 1)
(5.17)
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and the normal component of velocity is

2 _
V:M [Zf + 2211 (12~ 1) (2 - 5) — 1(74° 2877 +5))

3ff/f” 3f2f” 33
2 2 2 2 ’3 8
w2 (3 - 1) - 2 (- 1) - 35 (6 - )+ RE[CI(1078F (5.18)
—-93172° + 22099;* — 2179%° + 28875) — C,f f'f” (27378 - 24225 + 66207*
—~86267” + 2879) + C 21" (” — 1) (357° — 315" + 853" — 1213)}}].
The temperature distribution up to second order is obtafireed (5.1), we arrive

. Br[3,, 30072 - 1)
9‘1_f2[16('7 _1)_5{ 8960

—-837” + 337))} - 6?|Co(n? - 1) {22 {7P& (225" - 721° - 2206;° + 30134;*

~94771%" + 238859 + 4PeR¢84(0'° - 6860;° + 11455° + 3139 — 26891” + 56269
+2R€ (2303 - 2172%° + 63122,° - 68086;* + 17183 + 17183 - 103488(13;"*

+9r” - 36)}} + £ 17 {3Br{7P€ (2257" - 721;° — 2206;° + 30134;" — 94777 + 238859
+2PeRg5257" - 51737 + 1413%° — 7120 - 29065;” + 102609 + 8RE (175" - 1673;°
+5158,° - 7778;* + 2059 + 2059 - 206976((7;* — 47” - 9)}}||.

(2Re(9n° - 477" + 197% + 19) + Pe(15,° - 13;*

(5.19)

whereC = zpes0  C1 = ssm0300 C2 = T72am00 Dimensionless wall shear stress for viscous
fluid up to second order is given by

ou _ov
Ty =|—+0—
gy  OX)yq

:% L, Ref 62{%6825(40ff”—79f’2)+(2ff”—13f’2)}].

(5.20)

> 359" 10

The points of separation and reattachment are defined asatkeflow at wall, where the wall
shear stress is zero, itg.= 0, then above equation reduces as

40425+ 231(Refs + 6> {10f  (40R€ + 16170 — 2 (79R€ + 105108} = 0. (5.21)

The solution of §.21) in terms of Reynolds numbé&eis

7
~ 5(40f £ - 79f72)

Re

{1651 + 16516512 - (401 £ - 791 (5 - 13522 + 2621 1))

(5.22)
By using equationg.22), our aim is to find graphically the critical Reynolds numbéwhich the
back flow occur.
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5.5. Pressure distribution

To find the pressure distribution along x-axis within therahal, the equations3(6) and @.7)
are converted in terms of stream function and then pert@detiequation by usiné (1) and

P=Po+0py+ &P+, (5.23)
system of equations is obtained as follows.

5.5.1. Zeroth order pressure and solution
Comparing the ca#cients ofs° , we get

Ipo _ %o

TR (5.24)
OPo
— =0. 5.25
oy (5.25)

By integrating the above two equations and making usesd),(the zeroth order pressure is
obtained of the form

3 1 tan 2rx f’
Po = [ 3-8+ 8 tan‘l( )— 16( — 1) — 3¢?
° 321(e-12| Vi_e ( ) Vi_e) 8nf2 { (5.26)
—3e(e — 2) cos(4X)! ] ,
which involves the trigonometric and inverse trigononeetuinction.
5.5.2. First order pressure and solution
Equating the ca@cients ofé , we obtain
2
o _ Puy_ S ) (5.27)
ax R ayx '
‘96_'31 _o, (5.28)

by making use of equation%.5), (5.10 and solving $.27)-(5.28), the first order solution for
pressure is obtained by applying

Y o
—d 5.29
X + oy A (5.29)

of the form

(5.30)

P1

_2Re( 1 1
-~ 140f2\(1-¢€)2  f2)°
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5.5.3. Second order pressure and solution
Comparing the cd&cients ofs? , we arrive at

61/’1 31/’0
%:%_Rea(%’a_y)ﬂ(%a—y) (5.31)
ox  oy? 3 (Y, X) oy, x |’ '

sz _ (93%
By " a0y (5.32)

by integrating the equation8.81)-(5.32 and making use of5(5), (5.10 and 6.19 ,we arrive at
the second order pressure as follows

2
0y = [ 7€ 3(13Re2+8085)tan‘1(tanzrx)

T13475((1— o)} Vi-e
L [404257 52R€ 18865 (c-2)(1RE +8085)
2f2 42 4f(e-1) '

(5.33)

Now one can easily find the pressure up to second order by esjngtions %.26), (5.30 and

(5.33.

6. Graphical discussion

In this section the féect of diferent pertinent parameters on stream lines, wall sheasstre
pressure distribution, separation and reattachment gaimd analysis for heat transfer are pre-
sented graphically. The geometry of the proposed modeli®istudy of the stenosed artery is
depicted in Figure 1. The radii of obstructed and unobstdicegions aré(x) andh,. The point
of separation lies near the throat of the stenosed regidreindnverging section. Separation point
means the point where reverse flow occurs. Figure 2,3 piesiamtehavior of stream lines for
zeroth order in 2(a), first order in 2(b), second order in a¢a) up to second order in 3(b) respec-
tively, for the fixed values oRe= 12 € = 0.2,6 = 0.1, = 0.04. In these figureg — axislies in
the horizontal direction ang— axisperpendicular to it. The zeroth order solution correspdads
the flow with vanishing wall slopes and reduces to the flow leetwparallel plates far= 0. The
stream lines are relatively straight in the center of thendleh The first order solution induces the
clockwise and counterclockwise rotational motion in thevarging and diverging regions, which
indicates the separation point in the converging regionraattachment point in the diverging re-
gion. Figure 3(a) shows the stream lines for second ordatisalreinforce the first order solution
and observe the rotational motion which predicts the séiparand reattachment points. Figure
3(b) presents the stream lines up to second order. It is vddehat the stream lines becomes
relatively straight in the center of the channel as comperdise walls of the channel and similar
to (Chowet al,, 1977).

The distribution of wall shear stress across the stenosibéan described for the variation of
Rein figure 4(a) for fixede = 0.2,6 = 0.1. An increase ifRe wall shear stress increases near the
throat of stenosed region and becomes negative in the @ingeand diverging section of channel
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due to back flow. The adverse shearing in converging andgingsections of channel indicates
that there is point of separation in the upstream region aattachment point in the downstream
region of channel. It is observed that wall shear stresssiolidboth small and largBe

In figure 4(b) éfect ofe on wall shear stress is presented. The straight line ineBdaiat there
is no stenosis and the flow is Poiseuille flow. By the increasewall shear stress increases over
the stenosed region and becomes negative in the convergtigrsof channel due to adverse flow,
which is prediction for the point of separation. The separgboint was considered to be the point
nearest the throat where reversed flow along the wall of adacould be observed. The point
farthest down stream from the throat where back flow occueisdd as reattachment point. It is
expected that the wall shear stress plays an importantdlesiformation of the stenosis and its
further growth. Because the deposit of cholesterol andfpration of connective tissue may be
responsible for the abnormal growth in lumen of artery. ttsial cause may not be known exactly
but its éfect on the cardiovascular system can easily be understostlitlying the blood flow in
its vicinity. One of the practical applications of blood flékrough a membrane oxygenator is the
flow with an irregular wall surface.

—

0.1 02

(@) (b)

Figure 2. The zeroth order stream lines fer= 0.20,Re= 12,6 = 0.1 are shown in
(a) and the first order stream lines are shown in (b).

Figure 5(a) depict the distribution for the point of sep@main converging section of channel
for differente along with fixeds. The separation point lie to the right of minimum point, adly
the purpose for zero wall shear stress is to find the critiegirRlds number where separation
occur. The critical value oRein the converging region fo¢ = 0.6 is 70. The theory that the
critical Re decreases with the increaseadns verified. In figure 5(b) zero wall shear stress is
plotted fore having fixed value ob in diverging section of channel. The aim of investigation is
to determine the critical value &eat which reattachment occurred in the diverging region ef th
channel. As the criticaRereached the reattachment occur in the diverging region axficél and
separation point occur in the upstream region of channes. dbserved that the critical value of
Refor e = 0.6 is 380. It is also observed form figure 6 thateamcreases critical value dRe
decreases.
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Figure 3. The second order stream lines are shown in (a) and the stresntlorrect
up to the second order thare shown in (b).
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Figure 4. The dfect of Reon wall shear stress is shown in (a) and tiffea of e on
wall shear stress is shown in (b).

Figure 6(a) presents thetect for the various values dteon pressure distribution. It may
be noted that with the increase Re leads to increase the pressure gradient over the stenosed
region and becomes negative in the converging and diverggigns, due to the dependencdef
on average velocity. The adverse pressure gradient in tbggms causes back flows as observed
earlier. These back flows predicts the separation pointrireqing region and reattachment point
in diverging region of the channel. It is observed that thgni@de of adverse pressure gradient
in the diverging region is smaller as compared to that in threverging region.

Effect ofe on pressure gradient is studied in figure 6(b). It is obsethatwith the increase
in €, pressure gradient increases over the region having sseand becomes negative in the
upstream and downstream regions of channel due to back floevadiverse pressure gradient in
the converging part of stenosis describing the flow semaratnd reattachment in the diverging
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Figure 5. The separation point in converging region are shown in (d)tae reattach-
ment point in diverging region are shown in (b).
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Figure 6. The pressure distribution féteis shown in (a) and the pressure distribution
for e is shown in (b).

part. The straight line preserve Poiseuille flow as ther@istanosis.

Figure 7(a) depict for various values BEon axial component of velocity. It is observed that
with the increase irRethe axial velocity is maximum over the obstructive regionl f@comes
negative causing back flow in the converging and divergirgi@es of the channel. Figure 7(b)
shows the ffect of e on velocity distribution. It is observed that as théncreases the velocity
increases over the stenosed region and decreases shahgyonverging section and then recover
it in the diverging section of channel. Negative velocitgizates the back flow, due to separation
and reattachment points in the channel.

Figure 8(a) shows thefiect of Pe on temperature distribution. It is observed that with the
increase inPe, temperature increases over the stenosed region and bec@yative in the con-
verging and diverging regions. The adverse temperatuteeinpstream and downstream sections
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Figure 7. The axial velocity distribution foReis shown in (a) and the axial velocity
distribution fore is shown in (b).
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Figure 8. The dfect of Peon temperature distribution is shown in (a) and tffee of
Br on temperature distribution is shown in (b).

describing flow separation and reattachment from the wath abnfirm the results for velocity
and wall shear stress. Temperature distribution acrosstdmsis has been described in figure
8(b) for different values oBr. Temperature increases steeply from its axial axis in tme@ging
section of the stenosis to the peak value at the throat, tregmtd a minimum value downstream
behind the stenosis and again approaches to the axial atkis iegion away from stenosis. The
magnitude of adverse temperature in the diverging regiosteriosis is smaller as compared to
that in the converging section of the stenosis. The adverspérature in these regions cause back
flow as observed earlier in velocity and pressure fields.
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7. Summary

In the present study, steady two-dimensional flow of incaagible Newtonian fluid with heat
transfer between two parallel plates in the presence ofiae€shaped stenosis is presented. The
underlying problem is solved with the help of the regulartpdration method. The results thus
obtained are discussed graphically in terms of stream,limessure gradient, wall shear stress,
separation and reattachment points and temperaturebdistm. It is observed that the general
pattern of streamlines is similar as discussed.ayék & Midya, 2007) - (Chowet al., 1977), wall
shear stress is same as given Mofgan & Young 1974 - (Haldar 1991) and separation and
reattachment points are in agreement wiilaldar, 1991). It is observed that:

e Stream lines for zeroth order and up to second order areagidhile to smald and first and
second order shows rotational motion.

e Increase in Reynolds number increases the wall shear stedssity and pressure gradient.

e Increase in thickness of stenosis increases pressureegtatémperature and wall shear
stress causing separation and reattachment in the channel.

e Increase in the thickness of stenosis decreases the cRigaolds number for separation
and reattachment points, means even at low velocity sepam@tcurs.

e By theincrease in Peclet and Brinkman number increasesiigdrature between the chan-
nel.

e Fore = 0 Poiseuille flow is recovered.
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Appendix 1
List of Mathematical Symbols
V Velocity vector (mis)
\% del operator
p scalar pressureg)

d/dt  material time derivative

Cp specific heat{/kgK)

T temperatureg®)

u,v velocity componentsy/s)

X,y coordinate axisf)

Aq first Rivlin-Ericksen tensor

lo/2 length of stenosis()

h(x) variable width between the stenosig(
ho radius of unobstructed channa)(

Uo average velocity(y/s)

Q volume flow rate®/s)

T1,To temperatures on boundary of stenosis and Tyl (

Re Reynolds number
Br Brinkman number
Pe Peclet number

f(x) boundary profile

extra stress tensor

density

thermal conductivity
viscous dissipation function
dynamic viscosityPa/s)
transpose

maximum height of stenosis
dimensionless temperature
kinematic viscosityf?/s)
stream function

constant

ratio ofy and f

wall shear stress
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