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ABSTRACT

An attempt has been to investigate the effect of thermal radiation on free convective heat transfer flow of nanofluid
fluid in a non-uniformly heated corrugated pipe in the presence of a constant heat source.The non-linear governing
equations have been solved by using perturbation with the slope & of the boundary of the pipe as perturbation
parameter. The effect of thermal radiation and waviness of the boundary on all flow characteristics are discussed
graphically. The stress and Nusselt number on the boyndary have been evaluated numerically for different variation. It
is found that higher the amplitude of the non-uniform boundary temperature reduces the axial velocity and enhances
the secondary velocity and temperature. Higher the dilation of the boundary larger the velocity and temperature in the
flow region.

Key Words: Non-uniform temperature, Constricted Wavy pipe, Heat source, nanoparticle concentration, Thermal
radiation.

1. INTRODUCTION

Present days, researchers are more concentrating on enhancement of heat transfer. The low thermal conductivity of
conventional heat transfer fluids, such as water, is considered a primary limitation in enhancing the heat transfer
performance. Maxwell's review [11] demonstrated the possibility of increasing the thermal conductivity of fluid-solid
particles. Subsequently, the particles with micrometer or considerably millimeter measurements were utilized. Those
particles caused several problems such as abrasion, clogging and pressure losses. During the past decade the technology
of producing particles in nanometer dimensions was improved and a new kind of solid-liquid mixture that is called
nanofluid was established by Choi [3]. The dispersion of a small amount of solid nanoparticle in conventional fluids
such as water or Ethylene glycol changes their thermal conductivity remarkably. In general, in most recent research
areas, heat transfer enhancement in forced convection is desirable [7], but there is still a debate on the effect of nano-
particles on heat transfer enhancement in natural convection applications. Natural convection of Al,Os-water and CuO-
water nanofluid inside a cylindrical enclosure heat from one side and cooled from the other side was studied by Putra
et al., [13]. Wen and Ding [17] investigated the natural convection of TiO,-water in a vessel composed of two discs.
Jou and Tzeng [7] conducted a numerical study of natural convection heat transfer in rectangular enclosure filled with
the stream function-vorticity formulation. Mokhtari Moghari et al. [12] quested two phase mixed convection Al,O3-
water nanofluid flow in an annulus. Abu-Nada et al. [1] studied natural convection heat transfer enhancement in
horizontal concentric annuli using nanofluid. Abu-Nada [2] investigated the effect of variable viscosity and thermal
conductivity of Al,Oz-water nanofluid on heat transfer enhancement in natural convection. Das et al. [4] have studied
mixed convective magneto hydrodynamic flow in a vertical channel filled with nanofluids. Sreedevi et al. [14] has
investigated mixed convective heat and mass transfer flow of nanofluids in concentric annulus with constant heat flux.
Sudarsana et al., [16] have analyzed the Soret and Dufour effects on MHD convective flow of Al,Os-water and TiO,-
water nanofluids past a stretching sheet in porous media with heat generation with heat generation/absorption. Recently
Madhusudhana Reddy et al., [10] have presented Numerical study of Convective Flow of CuO-water and Al,O5-water
Nanofluids in cylindrical annulus.
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In most of the investigations the boundaries are uniform in cross-sections as well as the boundary temperatures.
However, there are a few physical situations which warrant the assumption of non-uniformity in either the boundaries
or the boundary temperatures. In a convection flow through a channel such a non-uniformity creates a secondary flow.
This secondary flow is of vital importance to technological processes. For example, the process of modified chemical
vapour deposition (MCVD) has been suggested in drawing optical glass fibres of extremely low and wide band width.
The heat transfer in a flow through a pipe in the presence of additional internal heat source has direct application to the
modified chemical vapour deposition process. This analysis has been discussed by many researchers [5, 8, 9] in
different configurations.

In this paper, we analyse the effect of thermal radiation on combined heat transfer of Al,Os-water nanofluid fluid in a
non-uniformly heated constricted wavy pipe in the presence of a constant heat source. Using a perturbation method the
equations ave been solved to analyse the velocity, temperature, stress, Nusselt number for different parametric
variations.

2. FORMULATION OF THE PROBLEM

We consider the steady axisymmetric flow of an incompressible, viscous
nanofluid in a vertical pipe of variable cross section maintained at non-
uniform temperature y(dx/a). The Boussinesq approximation is used so that
the density variations will be retained only in the buoyancy force. The
viscous dissipation is neglected in comparison to the heat flow by
convection. The concentration on these walls is taken to be constant. The
cylindrical polar system(r, x) is chosen with x-axis along the axis of the
pipe. The boundary of the pipe is assumed to be
r =af (o6x/a)

where ‘a * is characteristic radial length, f is twice differentiable and ‘3’is a
small parameter proportional to the boundary slope. The flow is maintained
by a constant flow for which a characteristic velocity U is defined as

2 af (5x/a) 1 = f5zla)
U= (?] [ urdr )

The properties of nanofluid such as thermal diffusivity, dynamic viscosity,
effective density, specific heat coefficient of thermal expansion, heat
capacitance and thermal conductivity are given as follows:

knf ﬂ f SCHEMATIC DIAGRAM OF THE CONFIGURATION
O =+ Mt =7 25
(PC )t 1-9)

(PC,)w =A=9)(PC,) ¢ +9(pC,),

(PB)e = A=0)(PB)+ +@(pB)s . (pC, )y =A=0)(PC,)¢ +9(pC,),

knf (ks+2kf)_2¢(kf _ks)

ki (k +2k,)+g(k, —k,)
where the subscripts nf, f and s represent the thermo physical properties of the nanofluid, base fluid and the nanosolid
particles respectively and ¢ is the solid volume fraction of the nanoparticles.

z (w)

I - T=y(&x/a)

r(u)

Hy

Table-1: The thermo physical properties of the nanofluid are given in Table 1.

PhySicaI Fluid phase CuO A|203 T|02
properties (Copper) | (Alumina) | (Titanium dioxide)
C,(ifkg K) 4179 385 765 686.2

p(kg m®) 997.1 8933 3970 4250
k(W/m K) 0.613 400 40 8.9538
Bx10® 1/K) 21 1.67 0.63 0.85

The equations of flow and heat transfer with Rosseland approximation are
= 1
AAR,(£xT) = Alv(mz—qzjwzq +GAA,(9) @)

vg=0 ®)
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where
Ua O \1/2
R, =— (Re ynolds number), M =aB,(—) (Hartmann number)
v yo2%
8 UC a
G= w (Grashof number) P, s (Peclet number),
v ' Av
ﬂ T3 2
N, = 2= (Radiation parameter) o = (Heat source parameter)
do , AC,
2.5 Kn P
A=0-9), Ay =—, A=Q10-9p)+o(—
K¢ Py
(PB)s (PCp)s
Ap=QA-p)+o(—— ), =l-p)+o(-—)
4 (0B) ¢ i (PCp) ¢
The boundary conditions relevant to the problem are
v(r,x)=O,aV O%_O onr=0
or or
u(r,x)=0,T =T, = 7(dX) onr=a (5)

Equations (2)-(4) constitute a system of three equations for the three unknowns u, v and 6. These may be reduced to
three equations for the Stoke’s stream function wy(r,x) is given by

oy o Loy

ror’ 1 ox
(The subscripts x and r denote the respective partial derivatives).

Taking the curl of the former to eliminate the pressure, equation (2) and (3) reduce to

AAR (151//@(5;”) 1oy 8(E’y) 20y j E2(E%) (GAlAis)( (aeD@)

or r or ox r2 ox

AsRL(HrV/x_ex¢r)=[A2+%](err +1/ r)0r+A2N29xx+a (7
1
These coupled equations (6) & (7) are to be solved subject to non dimensional boundary conditions.
w(r.x)=0, 2@ o )
or or
% =0 onr=0 9)
or
w(rx)=-1/2, ¥ _g (10)
or
or,x)=y(X%) onr=f (11)

The value of y on the boundary assures the constant volumetric flow in consistence with the hypothesis (1) and
conditions (8) & (9) corresponds to axial symmetry of the flow.

3. ANALYSIS OF THE FLOW

Introducing the transformations
X = X
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0 0
we assumea— ~ O(05) such that = ~ O(1) for small values of ¢ the flow develops slowly along the axial
X X

direction with gradient O(&) . Making use of the above transformation the equations (6) & (7) reduce to

10y o(Efy)- 10y 0(Ely) 2 dy _, . (86’)
SR)| = = LWV e, | _EY —(GAA IR r| &2 (2
(AA e)(r X or ror ox 2 ox ¥ v —(GAA,/R,) or (12)

(ASR)OY, ~6,0,) =[Az +%] (O + W16+ A, +a @)

2
where Ef:r£(1£)+528_2
or ror oxX

Taking the transformation 7 = the above equations reduce to

10y o(F?w)- 10w o(F’w) 2 oy _, A A 00
SER) = = £ Wz, |_E4y _(GFAA /R)| 7| &L
(AiA’. e)[?7 6Y 877 77 877 67 772 67 W l// ( Ai 4 e) 77 677

(14)
(AS fR)Oy< -6, :[Az +%]9m +(UIn6,+5 1 Ab, +at’ (15)
1
where F° :ni(lij
on\non

We use the asymptotic expansions
w(1,%) = o (17, %) + S, (1, X) + 870, (1, %) + oo
0(17,X) = 6, (17, %) + 80, (1,X) + 520, (17, X) + evvevvvereee

B(1,%) = ¢, (17, %) + 66,17, X) + 523, (17, X) + vvrerrrnn, (16)

Substituting (16) in equations (14) & (15) and separating the like powers of &, the equations corresponding to the
zeroth order are

(A2+3§ j(eoynn+%eoy,7}+af2=0 (17)
1
G i
F4l//0 — hZFZV/O + - Al:“t (77(90’” + NCM)) =0 (18)

(]

The corresponding conditions on g, 8y, and ¢ are
v, (LX) =-1/2, W, )y =0

(77‘//0,17;7 Yo, );7:0 =0, w,(0,X)=0 (192)
6, (1,X) = 7(X), (@,),-0 =0 (19b)
= .1
¢y, (0,X) =0, grg(;%,,,) =-1 (19d)
The equations to the first order are
4
(Az +3TJ (77‘91-,017 + t91,77) = RLAS(V/O,YQO,U _‘//o,neo,y) (20)
1
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FZ(F2 —hz)l//l = AiAS f 4Re(l//o,y(Fz‘//o) _WOU(FZVIO)K B

2 (21)
(& ctFun + SAAL o, )
The corresponding conditions on vy, 6, are
V/l (1’ )_() = _0’ (lr//l,ry )r]:l = O
(n Yim — ‘//1,;7)77:0 =0, y,(0,x)=0 (22)
6,(1,X) = 7(X), (61) 0 =0 (23)
The equations to the second order are
4
(A ( A + WJ (no 2 T 92,7;) =BA (‘/’0,7‘91,77 - WO,?]HJ_,Y + V’l,xeo,n - l//l,qeox) (24)
1
F*(F*=h*)y, = AA TR (w1 (Fwo), —v, (Fiw)y -
2
- (Fj ('//o,i (F 2‘//1) + Vix (F 2l//o )) ~WYox ( F 2W1);; (25)
GAA, f*
Wy (F) + 2 (r(6,,)
The corresponding conditions on vy, 6, and ¢, are
I//Z (11 Y) = _07 (l//Z,n )77:1 = 0
(UWZ,UU - l//2n);7:0 = 07 ‘//2 (O’ )_() = O (26)
02 (1’ Y) = 0’ (92,)7)77=0 = O (27)
2
where F? = 0 5 _tao
on~ mon

4. SOLUTION OF THE PROBLEM

Solving the coupled equations (17) & (18) subject to the corresponding boundary conditions (19a)-(19d), we get the
expressions for zeroth order

6,(X,m) =y (X) + e, f2(1-7*) 1 4

A0 B0, B

Vo= 16 T102

Solving the coupled equations (20) & (21) subject to the corresponding conditions (23)-(24), the solution for
0,,y,and ¢, are

a; , g a , 7 a; 6 A, 5
== -D+=0"-D+—L0n°-D+=(n"-1)+
) 64(77 ) 49(77 ) 36(77 ) 25(77 )

ﬁ 4 _ ﬂ 3 _ i r
+16(77 1)+9(f7 1)+4(77 1)

1 3, % 5 g 6 g 7 A5 8 A6 9
=—=n"+ + + + +
179 T 180 T576" 12057 T (36x64) |  (49x81)
a67 77lO + a68 7711 + a69 7712 + a70 13 + 3.71 7714 +i772 + B2
6400 (81x21) 14400 (160x121) | (144x189) 2
where a;8,,.....................,871, By, B, are constants involving parameters.
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5. SHEAR STRESS, NUSSELT NUMBER
The stress tensor for the motion on the pipe
_ou ov

ou oV
o; =—po; +2p8; e, =—,e, =— e, =05(—+—
ij p ij P ij ' ¥ xx ox or ( r 6X)

The shear stress on the pipe r = f(x), in the non-dimensional form is given by
r=(o,(A- 1) +(co, —o,)f' 10+ 1'?)

In terms of non-dimensional variables, we obtain the non-dimensional shear stress is

1 1 1 1
Pll (PZ (?j l/lo,n _;V/O,nq]+ € (P12 ([?] l/ll,r] _;l/ll,m]

2f2 2 1
+2ff ,[(_j V/O,ryx - (_2] WO,XJ
n n

1
1+ f'?

P, =1-f

where P, =

2f'

PP
and the corresponding expression is 7 = —%(B8 +0(B,; e By))

The local rate of heat transfer coefficient (Nusselt number) on the boundary of the pipe is calculated using the formula

1 0o 1 . ..
U=————|—| .0,= ZJ. 6d 7 and the corresponding expression is
f (em _HW) 877 n=1 0
U B, + 0By
f(By+6B, —7(X))
where B, By, Bs, Bg ......... B, P13, P1o are constants involving governing parameters.

6. DISCUSSION OF THE NUMERICAL RESULTS

The aim of the analysis is to study of the effect of radiation on convective heat transfer flow of Al,Os-water nanofluids
in a non-uniform pipe which is maintained at non-uniform temperature in the presence of a constant heat source/sink.
The coupled equations governing the flow and heat transfer have been solved using a perturbation technique. The
velocity and the temperature distributions in the fluid region are analytically evaluated and their behaviour with
reference to variations in the governing parameters G, R, oy, B, ¢, Ny, Pr, X has been analyzed numerically. For
computational purpose the geometry of the pipe wall in the non-dimensional form is assumed to be n = f (X) =1 +

exp(-x%) and the prescribed wall temperature y (X) is chosen to be oy sin (X) . B > 0 corresponds to dilation and § < 0
corresponds to constriction of the pipe. In this analysis we confine our study in a constricted pipe. An increase in the
Grashof number (G) /Reynolds number (R) reduces the primary velocity and enhances the secondary velocity and
temperature in the flow region (figs.2, 10, 18). The effect of heat sources on the velocity components and temperatrure
can be seen from the figs.3, 11, 19. The primary velocity and temperature enhances, the secondary velocity reduces
with increase in the strength of the heat source while in the case of heat sink (o < 0), the primary velocity enhances and
the temperature reduces in the flow region. The secondary velocity reduces with a < - 4, the secondary velocity reduces
and enhances with higher o> - 6 (fig.11).
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An increase in the amplitude al reduces the primary velocity and enhances the secondary velocity and temperature
(figs.4, 12, 20) .higher the constriction of the wavy pipe smaller the velocity components and temperature
(figs.5,13,21). The secondary velocity and temperature enhance while the primary velocity reduces with increase in
radiation parameter N, (figs.7, 15, 23).The secondary velocity and temperature enhances while the primary velocity
reduces with increase in the nanoparticle concentration ¢ (figs.6, 14, 22). Lesser the thermal diffusivity smaller the
primary velocity, larger the secondary velocity and temperature in the flow region (figs.8, 16, 24). Moving along the
axial direction the primary velocity and temperature enhance while the secondary velocity reduces in the flow region

(figs.9, 17, 25).
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An increase in the amplitude al increases the stress and Nusselt number on the surface n=1. Higher the constriction of
the pipe/constriction of the wavy pipe, larger the stress and the Nusselt number. The variation of stress with
nanoparticle volume faction ¢ shows that the stress and the Nusselt number experiences a depreciationon the pipe with
increase in ¢. Higher the radiative heat flux smaller the stress and Nusselt number on the surface of the pipe. Lesser the
thermal diffusivity (Pr < 3.71) larger the stress and Nusselt number and for further lowering of the thermal diffusivity
(Pr > 7.0) smaller the stress and nusselt Number at the surface of the wavy pipe.

Skin friction(t), Nusselt Number(Nu) on r=1-(Al203-water nanofluid

G| R |alal] B [NL] o [ Pr] <@ Nu(1)
100 |35 | 2 |03 -03]05]0.10.71|-358124 | 3.25325
200 | 35 | 2 [ 0.3 |-03]05]0.1]0.71|-3.59345 | 3.31081
300 | 35 | 2 [ 0.3|-03]05]0.1]0.71|-3.60625 | 3.36920
100 70 | 2 [ 03[ -03 |05 0.10.71 | -3.56601 | 2.05165
100 | 140 | 2 [ 0.3 [ -0.3 |05 | 0.1 | 0.71 | -3.54646 | 1.24704
100 | 35 | 4 |03 -03]05]0.1]0.71|-3.65569 | -3.47398
100 | 35 | -2 [ 0.3 | -0.3 | 05| 0.10.71 | -3.98718 | -3.60409
100 | 35 | -4 | 0.3 |03 |05 |0.10.71 | -3.60645 | -3.44528
100 | 35 | 2 | 0503|0501 0.71|-3.58124 | 3.25325
100 | 35 | 2 | 0.7 |-03]05]0.10.71-3.60540 | 3.83567
100 | 35 | 2 |03 -05]05]0.10.71|-3.58124 | 3.25325
100 | 35 | 2 |03 -0.7 |05 0.10.71 | -4.01482 | 4.44077
100 | 35 | 2 |03 09 |05 01071 -3.95658 | 5.86664
100 | 35 | 2 |03 |-03 |15 0.10.71 | -3.63894 | 3.44470
100 | 35 | 2 |03 -03 5001071 -35777 | -3.40342
100 | 35 | 2 |03 -03 |05 03071 -3.59360 | 3.30548
100 35 | 2 | 1 |-03]05]05]0.71|-3.58844 | 3.25838
100 | 35 02| 1 |-03]05]0.13.71|-3.60712 | 4.09873
10 | 35 [0.2] 1 |-03]05]0.1]700]|-358124 | 3.25325

7. CONCLUSIONS

We analyse the effect of thermal radiation on combined heat transfer of Al,Os-water nanofluid fluid in a non-uniformly
heated constricted wavy pipe in the presence of a constant heat source. Using a perturbation method the equations ave
been solved to analyse the velocity, temperature, stress, Nusselt number for different parametric variations.

>

>
>
>

Y VV

>

An increase in the amplitude o, reduces the primary velocity and enhances the secondary velocity and temperature.
Higher the constriction of the wavy pipe smaller the velocity components and temperature.

The secondary velocity and temperature enhance while the primary velocity reduces with increase in radiation
parameter Ny,

The secondary velocity and temperature enhances while the primary velocity reduces with increase in the
nanoparticle concentration ¢.

An increase in the amplitude a4 increases the stress and Nusselt number on the surface n=1.

Higher the constriction of the pipe/constriction of the wavy pipe, larger the stress and the Nusselt number.

The variation of stress with nanoparticle volume faction ¢ shows that the stress and the Nusselt number
experiences a depreciation on the pipe with increase in ¢.

Higher the radiative heat flux smaller the stress and Nusselt number on the surface.
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