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ABSTRACT

A two layered model consisting of a peripheral -fede layer and a core particle-fluid suspensiors waed to
describe blood flow through a composite stenosigiénpresence of both an external magnetic fiettl @nvective heat
transfer. The effect of varying the strength of thagnetic field and the pressure gradient on thiel'fl velocity was
examined. Temperature profiles were generated aed to examine the effect of varying the magneic fstrength and
hematocrit level on blood temperature. The efféatamying the magnetic field strength, hematocnitl stenosis height on
the friction-factor Reynold's number and Nusselmbar was examined in the presence of the compassiteosis.
This knowledge can aid in the improvement of emgptidiagnostic tools used for cardiovascular diseas®l in the

understanding of the effect that a magnetic field eonvective heat will have on cardiovasculargrds.
KEYWORDS: Blood Flow, Heat Transfer, Hematocrit, Magneticl&i&tenosis
INTRODUCTION

Cardiovascular disease is expected to remain algopubject of scientific research and the singling cause
of death worldwide according to the World Healttg@nrisation's prediction of 23.3 million deaths 8@ [1]. The two
major events that contribute to these deaths a&edhurence of a heart attack or a stroke. Thasalysollow a blockage
in the blood flow to the heart or the brain respety by a stenosis. A stenosis is an abnormal ¢nomhich can form at
any location of the cardiovascular system undeeadied conditions. It can be modelled as a singd-¢baped,
symmetric, non-symmetric, composite) or a multifdeerlapping, irregularly shaped) stenosis. Thelstof a composite
stenosis is important since the shape of the sieiothe artery varies. Blood flow studies involgimagnetic effects and

heat transfer can provide useful insights intodiagnostics of cardiovascular diseases.

Blood circulation has a vital role to play in theal transfer between living tissues, especiallthan peripheral
vessels where the temperature is closely relatedetdlood flow rate. Although the outer surfacette human skin can
tolerate and adapt to large temperature changeshdiman internal organs cannot. When the temperathanges,
a sophisticated heat regulatory system is necessdagilitate heat loss or heat gain to keep thernal body temperature
around 98.% [2]. Body heat that is produced by the skeletasates is removed by convective heat transfer. €ction
is heat transfer which is accomplished by masssteasri.e. movement in the fluid. If the fluid matidnvolved in the
process is induced by some external means (e.gppbimwer, wind, vehicle motion, etc.) the procésgalled forced
convection [3]. Since human blood is pumped byhéart, forced convection is a suitable model fathensfer. Wang
studied the forced convection heat transfer inreomavessel using a two fluid model [4]. Sanyahktextended this model
to include the effects of a magnetic field. Conixacthermodynamic studies are significant to preesdike oxygenation

and haemodialysis but can also be applied to thdbysif local hyperthermia and cryosurgery for tumiweatment [5].
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The thermally important blood vessels are the omis diameters ranging between 50-50fh since these
smaller blood vessels were observed to be moreefetengaged in heat exchange. To realisticalleides blood flow in
blood vessels of diamete£ 1000 um, based on Haynes' theoretical analysis and Ciskkeleperimental observations, a
single-phase fluid analysis is insufficient [6, Flrther, the discovery that hematocrit (red cellme fraction) in human
blood is approximately 45% and has a strong infteern the blood flow properties of blood led to tfeatment of the red
blood cells (erythrocytes) as discrete particl§sT8us, the two-phase macroscopic model (i.e.speusion of red cells in
plasma) proposed by Srivastava and Srivastavalémdbflow in small vessels (of diamete¥2400 um) catered for the
individuality of the red cells (of diameter8n) [9]. Additionally, experimental work provided idence for the existence
of a layer of plasma containing no cells locategetanear the walls and a core region containinglel erythrocytes
suspended in plasma [10]. Therefore a two layeredetconsisting of a cell free peripheral plasnyeeifaand a core region
with the red blood cells in plasma can be used twenrealistically describe blood flow in these thally important
vessels.

Using this two-layered model Sankar et al. examitiex effect that an external, uniform, transversgmetic
field had on the blood's velocity, flow rate andeth of its flow characteristics through a composienosis [11]. Low
intensity, low frequency magnetic energy is usedréat chronic pain secondary to tissue ischeméraon healing or
slowly healing ulcers. In this study however, tfileets of heat transfer will be included by considg forced convective
heat transfer. A more realistic two-layered flowsisting of a peripheral cell-free layer and a dwe-phase flow in the
presence of a composite stenosis was utilised. €xuive heat transfer in the presence of a stefasisot been studied
previously. Also the effect of convective heat gf@m on the chosen mathematical model has not beamined in the
previous literature. From this study, velocity aathperature profiles will be generated and thecefiethe magnetic field,
hematocrit and stenosis height on the frictiondadReynold's number and Nusselt number will be emachin the
presence of the stenosis.

METHODOLOGY

la 2
Figure 1: The Geometry of the Stenosed Artery

Consider a two layered model for the axisymmetrifidly developed, steady, laminar flow of blooddhgh a

cylindrical vessel in the presence of a compogsieaasis. The two layers are a central core layeadius Ry which is a

suspension of red blood cells (erythrocytes) irspla and a peripheral plasma layer of thickn@ss Ry) modelled as a

Newtonian, viscous fluid. The wall near to the stgis development is assumed to be solid. The aiteagsumed to be
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uniform, circular and rigid with its length beinguoh greater than its radius so that entrance, eddspecial wall effects
can be neglected. A uniform, transverse magnatid fs applied in the axial direction in the preseof forced convective

heat transfer. The geometry of the stenosis thakisifested in the arterial segment is describdednre 1 as [12, 13].

(R(2). Rl(z)_) = a) 2 (0,9))(z-d); d<z=<d +L—20

Ro Robo

o, L Lo
=@lLa)- © 1) l+c082n 7-d-—20 d+—<z<d+LO
2R, Lo 2 2

= (1, a); otherwise

where RO are the radius of the tube without any constrictand R C R(z)is the radius of the tube with

constriction. The length of the tube is denotedlbyand the length of the stenosis h}s. The stenosis starts at=d .

In the unobstructed region, the ratio of the raditithe central core to that of the tubeds The maximum height of the

L

stenosis and bulging of the interface at the locetvherez = d +7O in the stenotic region i§J, 51) .

In the core region0<r < Rl) in the presence of Lorentz's force a two-phase @saopic model is used with the
following governing equations [9, 13].
For the fluid (plasma) phase:

Equations of axial and radial momentum

ou ou Jau

f f fl P, 2 VR (2)

- C)pf[ U —— pe +Vi i)r]_ @ C)E+(1 C),uS(C)I] U +CS(up uf) JBouf,
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f f f op 2 1 )
1-C —+u, —+v, — |=—-(1-C)—+(@1-C o) 0c-— v, +CS(v_-vVv,).
( )pf[at ‘3, far} 1-C) 5+ )us()( rzjf (V=)
Equation of continuity
10 [r(l C)v } {(1—0)11 }:o. 3)
ror f
For the particle (erythrocyte) phase:
Equations of axial and radial momentum

ou ou ou
P, P Pl__~0P
C —+v —|=-C—+CS , 4
pp{at "o VparJ oz " S THp) @
ov ov ov
P P P|__c9 (5)
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Equation of continuity

rlt;)r(rcvpj+:z(cupj -0 ©

Here (r,z) are two-dimensional cylindrical polar coordinateshwz measured along the axis of the tube and

. 2, . . .
r measured normal to the tube axis? =1a(ra)+als a two-dimensional Laplacian operatdy v, )and
ror\ or 2
0z

(u ,vp) are the (axial, radial) components of the fluid grarticle velocities. The volume fraction densitly the

particles is denoted by, the pressure byp, ,uois the fluid viscosity (suspending medium), the tuwig viscosity

(apparent or effective viscosity) byg(C) U g, the drag coefficient of interaction for the foreeerted by one phase on

the other byS with ,0f and ,op are the actual densities of the material congtiguthe fluid (plasma) and the particle

(erythrocytes) phases respectively. The electdgoalductivity of the fluid iso and Bois the component of the constant
uniform magnetic field which was applied in theaxdirection.
The suspension viscosity,q , was chosen from the experimental observatior@dhairm and Kurland and the drag

coefficient of interactionS, from the classical Stokes drag was modified tcoant for the finite particulate fractional

volume [14, 15].

In the peripheral regioriR1 <r < R, Navier-Stokes equations were used in the presgfite Lorentz's force:

du ou ou
0 0 0|__9 2 2 (7)
—+u —+v — |=-—+u 0%u -0oB u
pO(at 0oz OarJ oz Ho~ Yo %%
ov ov ov
M, M, M| ® 2 1 8
po[ a Yoz Vo ar }_ or +”0(D r2}'0

Where(uo,vo) are the (axial, radial) components apg and the density of the fluid.

The boundary conditions are given as

0

Uy =Ys andr =7, ,atr:Rl,
ou ou
——=——=0andr, =0, atr =0,

or r f

ou ou ¢ ) )
where ¢ :_yOToand r =-q-c)u —— are the shear stresses of the peripheral and aterggions
p r S or

respectively [16].
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Assuminng and TO as the temperature on the core and peripheral plésyer regions respectively andas the

constant heat flux applied on the wall, the follogiare the forced convection equations.

Equation in core region:

k aT.
p.cu 0Ti_f0[r IJ. 9)

f'pfaz ror o

Equation in peripheral plasma region:
oT

peu 0 ool Mo (10)
0pO0 5z r or or

where kO and kf are the thermal conductivities in the periphefasma layer and core region respectively.

The mean velocity)/ , and the mean temperatufém, are given as

V= Z{Truodr +?r[(1—C)uf +Cup]dr}' (11)
R 0

2 % ?
T,=— juf'ﬂrdrjuoTor dr ;. (12)
Ve R

For constant flows, all temperatures have the saorestant gradient (denoted ) in the axial direction, that is

E:E:%:G. (13)
0z 0z 0z

The boundary conditions for the temperatures arergas

Ti isboundedatr = 0,

Ty =T andkK ?r-' = koaa-ll}’ atr =R,
T, _
05 =0 ar=R
Tm = Oatz=0
RESULTS

After non-dimensionalising using the appropriate-admensional variable the following equations ab¢ained

@_li(riju P R <R a
dz rorl or) O o Fy=rs

Loy HAO© a0 M2 15
@-C)g, = @O = —or| ryrjuy +CSlu, ~up) M?u,,0<r <R, (15)
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c@—CS(u -up), 0<r < (16)
gy SWUf ~up) O=rsRy,
subjected to

u =0, atr = R.
0

(17)

auo Ouf
u =u, and—=(1-C —,atr =R,
0o °f or ( )'US or

] (18)

(19)

in the presence of a composite stenosis given by

L
(R@R(@) = (.0) - (6.8))(z- ) dszsd+ 2
0

(9,9,) 2 L
=@a)- 1 1+cos—” z—d——O ;d+—oszsd+LO
2 LO 2 2

= (4, a); otherwise

—

whereM is the Hartmann number.

The expressions for velocitiedl,, U; and U, are found to be

1 (d
™ :kllo(Mr)+k2K0(Mr)—F(de, R<T<R (20)

u; =k3JO(M yr)—i dp ,0sT Ry,
M2 dz

(21)

d
u, = k3J0(M yr) —(ﬁ+éj[d—2j O<srsRy, (22)

where

1 (dpj K

s (MR) 1 (dp

o _m2\d) 270 M2(dzj[lo(MRl)(l—C)ySle(M YR)+1;(MR)J (M le)]
1 | o(MR) "k, =

27 [1,(MRLI (M ¥ R)K, (MR)) = K/ (MR )A~C)py 3, (M yR)I |’
+Ko(MR)[1 (MR )L~ C)uy 3, (M yR) + 1 (MR) I (M yR))]

_ kK (MR) — k|, (MR)) and o - 1
3 @-OuyIMyR) (C-Dug
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where Jy, is the Bessel functions of first kind of order, 1, is the modified Bessel function of the first kiatl

ordern, and Ky, is the modified Bessel function of the second lofidrdern [11].

The mean velocityV , is now calculated as

Lk % s R pherew =P (23
V=2 ﬁ(R|1(MR)—Rlll(MRl))+ﬁ(R1K1(|v|R1)—RKl(MR)) +M—y(R1J1(M yR)-® 2M2+E where _E' (23)

Non-dimensionalising Eq. (9) and Eq.(10) leads to

o, —1a[raTi], OsrsRy, (24)

u —=
cf gz ror| or

o, 10| 9Ty 25
ﬁpcuoaz—rar[r , RlerR, ( )

subjected to

Ti isboundedatr =0,

T =T andz//aTi :&atrzR
0 i ar oar r
%:1// atr =R,
or
Tm:Oatz:O,

whereﬁ:[/(fj is the ratio of the diffusitivitiesw :[kf] the ratio of conductivities an&c the Péclet number.
KO kO

The expressions found for the temperatures were tosebtain the friction-factor-Reynolds numberguot, fRe

8

fRezgz
\

k k, ks R2 CR?
24 (R (M)~ R (MR)) 42 (R (MR) = R, (MR) 48 (R, (M yR)=0| 5+ 2

and the Nusselt numbeNU , which is used to gauge the heat transfer to lixadb

2
u=———"—"—-
TO(R, z)—Tm(z)

DISCUSSIONS

Plots of the solutions obtained are provided fer filllowing parameter valuest =0; LO =1; C=0, 0.1, 0.2, 0.3,

0.4, 0.5, 0.6;0 =0, 0.05, 0.10, 0.15M =0, 2, 4, 6, 8, 10. The Péclet number is assumdkt6.03 for a microvascular
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flow [17]. The parametera is computed usingy =1-¢&/ Ro in which &£ 0&(C) represents the peripheral layer of

thickness as a function of cell concentration. tdeo for the computation to be done, the tempegatws chosen as

T =25.5°C, to be able to use Haynes' analysis whefiem) = 6.18, 4.67, 3.60, 3.12, 2.58, 2.18 correspondsetoatocrit
(%) =10, 20, 30, 40, 50, 60 respectively [6]. Siowgs rule is used to evaluate any integral whickded to be solved

numerically.
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Figure 2(a) Figure 2(b)

Figure 2: The Effect of Varying the Hartmann Number, M , on The Fluid's Velocity in the
(a) Peripheral Region at, _ (¢+3)R and (b) Core Region at, _ R
2 2

The velocity profiles in Figures 2(a) and 2(b), whihat as the Hartmann number increases, the vglotithe
fluid decreases in the both layers of the flow.sTigduction in the fluid's velocity is due to theposing Lorentz's force
that is introduced when the magnetic field is aguhliThis trend was also observed by Sankar et d]. The velocity of
the fluid in the core region is larger than thathe peripheral region. There is a decrease iwvehacity of the flow in the
upstream of the stenosis and a gradual increasedownstream in the both regions.

dpidz=-50
O dpldz=-70
-0~ dpldz=-90
dpldz=-110)

Figure 3(a) Figure 3(b)

Figure 3: The Effect of Varying the Pressure Gradiat, 9P, on the Fluid's Velocity in the

dz
(a) Peripheral Region at _ (@ +21)R and (b) Core Region at, =%.

The velocity profiles given in Figures 3(a) and)3how that as the pressure gradiélit, increases, the velocity
dz

of the fluid increases in both layers of the floMerefore the higher the pressure gradient oflthe, the faster the blood
will flow through the blood vessel.
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Figure 4(a)

Temperature

25

.

C=0.6

0.2

0.4 0.6 0.8

Figure 4(b)

Figure 4: Variation of Temperature with Changes in(a) Hartmann Number,
M(C=04,8=¢ =1P, =003 and (b) Hematocrit, C (M =8, G =¢ =1 P, = 003

Now on the introduction of convective heat transfiee following temperature profiles shown in Figei(a) and
4(b) are obtained. From Figure 4(a), as the Hartmaumber, M, increased the temperature increased. Thus the
temperature of the blood can be increased whenedeled the introduction of the certain magneticdfistrength. This is
the primary objective of hyperthermia in cancerrdipy whereby the temperature is raised above cyitotemperature

(41-48C) without over exposing healthy tissues [18]. Fiieigure 4(b), it can be noted that as the hemad@rincreases,
the temperature increases.

Both the friction-factor-Reynolds number productdaNusselt number were computed and plotted varying

different parameters. In generalRe increased in the upstream of the stenosis growthraached its maximum at the

point where the stenosis height was at its greatas$tthen decreased downstream. There was a geleerabse ifNu as

the flow progressed.

5
})M 4

Figure 5(b)
Figure 5: The Effect of Varying The Hartmann Number, M, On (a) fRe (C = 04,0 = 015) and

Figure 5(a)

(b)Nu (C=028=y=1P =0035= 0.

The trend observed in Figure 5(a), whefi@e increased asM increased is in keeping with Sanyal et al. [5].

This occurred because ad increased, the velocity decreased, so the fridamier-Reynolds number product was
expected to increase. From Figure 5(b), for a léwel& number, as the Hartmann number increased\itisselt number

decreased. This trend as also observed in andibd Bow study by Chaturvedi et al. [2].
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Figure 6(a) Figure 6(b)
Figure 6: The Effect of Varying The Hematocrit, C, on (a) fRe (M =4, 6 = 015 and
(O)Nu (M =4,6=y =:LPC = 0030 =01).

With increasing hematocrit both the friction-faci®eynolds number product and Nusselt number ineckas
(see Figures 6(a) and 6(b)). That is, in the preseri a high number of red blood cells, there wdidda greater heat and
energy loss taking place. This is important to prteithe effect this will have on the blood flow patients with plasma cell
dyscrasias (hematocrit=28.00%,=0.816), Hb SS-sickle cell (hematocrit=24.80%=0.795), hypertension-controlled
(hematocrit=43.13%, a =0.928), hypertension-uncontrolled (hematocrit=8362 « =0.925) and polycythemia
(hematocrit=63.20%¢ =0.990) in which the hematocrit level varies [10].

42

4 PN —a— 50 \ &0
38 / > 52005 a\ 5=0.05
- ’ -0~ 501 \ 501

36 - \ D * %015 35 x 5015
, \
34 / o \
/ -
o ) o\
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Figure 7(a) Figerr7(b)

Figure 7: The Effect of Varying The Stenosis Heightd , on (a) fRe (C = 04,M =2) and
(O)Nu (M =4,8=y =lPC = 003 C = 04).

From Figures 7(a) and 7(b), it was observed thatasstenosis height increased, the friction-faieynolds
number product increased and there was a very smeadlase in the Nusselt number. This can be ugethle analysis of
heat transfer in patients with atherosclerotic p&agAs the atherosclerotic plaque growth progresebe patient is
exposed to heat, it can be predicted that therddro® a greater energy loss and a greater heatdksg) place in the
blood.

CONCLUSIONS

The velocity of the fluid decreased as the Hartmammber increased due to the opposing Lorentzte fatich
increases as the magnetic field strengthens. Twasea decrease in the velocity of the flow in tpstteam of the stenosis
and the a gradual increase in its downstream. dgtassure gradient increased the velocity alseased. In the presence
of convective heat transfer, the temperature ofttloed increased when the Hartman number increasedhematocrit

increased, temperature increased, and both thofritactor Reynolds number product and Nusselt memincreased.
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The friction-factor Reynolds number product and $élisnumber also increased as the stenosis heigldgased. As the
Hartmann number increased, that is as the stresfgthe magnetic field is increased, the frictiontéa Reynolds number
product increased and the Nusselt number decre@ibedestrictions present in this study (includihg rigid wall, steady
and fully developed flow, constant thickness of plegipheral layer) did not prevent it from beingfud in understanding

the flow phenomena.

In conclusion, magnetic fields can be beneficiatéducing blood velocity and increasing blood terapee if
needed. The effects of heat transfer on blood flowhe presence of a stenosis can be predicteckdnypiaing the effect
that varying the hematocrit and stenosis height diadhe friction-factor Reynolds number product ahd Nusselt
number. This can be especially beneficial for prtialj the effect of convective heat on persons Wwittod conditions in
which the hematocrit level varies and in atherasdlis patients. Studies on two layered flows ateonty important to the
understanding of physiological flows (blood flowpfein diffusion, microorganisms movement, partidéposition on the
respiratory tract) but also to other areas of neseauch as powder technology, petroleum transpempsol filtration,
waste water treatment, fluidization, mining, povpant piping, corrosive particles in engine oilviloenvironmental

pollution, lunar ash flows, atmospheric falloutpgdaustion, agriculture and food technologies.
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