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Chapter 8

STUDY OF HEAT AND MASS TRANSFER CHARACTERISTICS OF THREE
DIMENSIONAL MHD NANOFLUID FLOW IN ROTATING SYSTEM

In this chapter, three dimensional CuO — water nanofluid flow between two horizontal parallel
plates through porous medium in a rotating system is scrutinized. Micro mixing in suspensions
is taken into account while calculating viscosity. Previous studies anticipated that there aren't
any slip velocities among nanoparticles. In natural convection of nanofluids, due to slip
mechanisms such as Brownian motion and thermophoresis, the nanoparticles could not
accompany fluid molecules, so volume fraction of nanofluids may not be uniform anymore and

there would be a variable concentration of nanoparticles in a mixture.

8.1 Introduction

Vital role of heat transfer in various engineering procedures has given a new motivation for a
further comprehensive study of enhancement techniques. Heat transfer arises in various
systems such as automobiles, heat exchangers, buildings, electronic devices and refrigerators.
Use of nanofluid is one such technique for heat transfer augmentation due to its higher thermal
conductivity. Another technique for heat transfer improvement is the use of porous media, for
example, the application of copper foams in heat exchangers. In recent times, the practice of
both porous media and nanofluid has attracted extensive investigations. In porous media, the
contact surface area between solid surface and liquid is more, and additionally, suspended
nanoparticles in nanofluid enrich the effective thermal conductivity. Consequently, it appears
that using porous media together with nanofluid can enhance the efficiency of thermal systems.
In recent years, effect of magnetic field in different engineering applications such as the cooling
of reactors and many metallurgical processes involved in the cooling of continuous tiles has

been more considerable. Also, in several engineering processes, materials manufactured by
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extrusion processes and heat treated materials traveling between a feed roll and a wind up roll
on convey belts possess the characteristics of a moving continuous surface.

Sheikholeslami et al. [83] and Kataria and Mittal [28] examined the MHD nanofluid flow and
heat transfer amid two horizontal plates in a rotating system. Squeezing unsteady nanofluid
flow and heat transfer has been studied by Sheikholeslami and Ganji [75]. Both studies assumed
that there aren't any slip velocities between nanoparticles. Sheikholeslami and Ganji [73]
discussed three dimensional nanofluid flow considering heat and mass transfer in a rotating

system in the presence of magnetic field.

8.2 Novelty of the Problem

Effect of magnetic field on heat and mass transfer in presence of thermal radiation between
horizontal parallel plates is analyzed in the present investigation. System considered is a
rotating system. Novelty of the present work is the inclusion of often neglected effects such as
Brownian motion, nanoparticle volume fraction and micro mixing in suspensions. Homotopy
analysis method is employed to solve the resulting system of ordinary differential equations.

The effects of relevant parameters on mass transfer are discussed in detail.

8.3 Mathematical Formulation of the Problem

It is assumed that CuO — water nanofluid flows between two horizontal parallel plates placed
L units apart through a porous medium. A coordinate system (x, y, z) is such that origin is at
the lower plate as shown in Figure 8.1. The lower plate is stretched by two equal forces in
opposite directions. The plates along with the fluid rotate about y axis with angular velocity Q.

A uniform magnetic flux with density B is applied along y-axis.
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Figure 8.1: Physical Sketch of the Problem
Under these assumptions, governing equations are:
du 0dv , dw
ou ou 9%u  0%u Unf@
Pnf (ua tvgt Z.QW) = lins (ax2 + ) — 0 B*u — k’; ) (8.2)
v 9%v | 9%v
pur (v57) = s (52 + 557) ®83)
ow ow a’w  9%w UnfP
Pnf (ua+v5— Z.QW) = lins (ﬁ-l_a_;/z) —anfBzw—k—’;W, (8.4)
or L OT O _ ke (071 071 071y (PSp), (6T ar\? a_TZ)
Uox + dy + az (pcp)nf (6x2 t oz dy? + 622) o). (pcp) (ax) + (ay) + (az) +
0CcaT | 9CAT | ICIT 1 aqr
Dy (6x dx ta ay dy > 0z 62)) (pcp) (8.5)
N T N I
ax + 175 + Wa_z - (6x2 dy? + 622) + Ty (ax2 + + 622) (8.6)

where
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pny = (1= @)ps + Dps, (8.7)
onr = o[+ G b O = 2 (8.8)
(pep),,, = (1= B)(pey)r + B(pcy)s (8.9)
ey =k [1 _3 Zkff,fs"qu(’:f)_ks) . (8.10)

Considering effect of micro mixing in suspensions on viscosity,

= —___Fr kBrownian*if
Unf = Ustatic T UBrownian = (1-0)25 kpePry (8.11)

Considering temperature difference within the flow to be sufficiently small, using Taylor’s

series and neglecting higher terms, g, [61] becomes

40" 9T* 40" 0(4To°T-3To*)

"=y = "o (8.12)

Thermo — physical properties of base fluid (water) and nanoparticles (CuO) are as in Table

1.1.
Boundary conditions are
u=ax;v=0w=0T-=T,aty=0, (8.13)

u=0v=0w=0T=T,aty = L. (8.14)

Introducing non dimensional variables

C—-Cy,
Cw—CL’

C(n) = (8.15)

T-Tp
" —

n= % u=axf'(m),v=—ahf(m), w=axgm), 6(n) = e

Therefore, the governing momentum, energy and mass transfer equations for this problem are

given in dimensionless form by:
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a,f% —Re(f'f" = ff"") —2Krg' — (a3M2 + %) =0, (8.16)
alg”—Re(f’g—fg’)+2Krf’—(a3M2 +%)g =0, (8.17)
6" + PrRea,f6’ + NbC'6' + Nt6'* =0, (8.18)
NbC" + Nt6” + Nb-Re-Sc-f-C' =0, (8.19)
subject to
f=0f"=1,9g=006=1, C=1atn=0, (8.20)
f=0f=0g=06=0C=0atn=1, (8.21)
where
r = M (8.22)
Prky
— K
Se =25, (8.23)
M = L (8.24)
prvr '
1 vep?
29
Kr =92 (8.26)
vf
Re =& (8.27)
vf
_ (aL)?
B CORCT=RE (8.28)
Knf
= ) 8.29
¢ (pcp)nf ( )
Nb = M, (8.30)
(pep) j
Nt = M (8.31)
(Pcp)fa’Tw ’ .
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b2 = b02'5 )
(pcp)
b3 = bO + @ = ’
(pcp)f
k
b, = Lf’
kf
o
b5 - nf
of
1
a, b 2'5b ’
b
a, 2
b4+N7"
_bs
3 = b1/
b
Ay = —
4 b4’
160*T,3
Nr = —2.
3k*kf

8.4 Solution by Homotopy analysis Method
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(8.32)

(8.33)

(8.34)

(8.35)

(8.36)
(8.37)
(8.38)
(8.39)
(8.40)

(8.41)

(8.42)

Equations (8.16) — (8.19) with the boundary conditions (8.20) — (8.21) are solved HAM [40].

Initial guess is given by:

-2

2—e n e -n.
e2—4e+3

e
e2—-4e+3 e?—4e+3

folm) = = ,
go(m) =0;60(m) =1—n;
Co(m) =1-n;

with auxiliary linear operators:

_o*f  0%f __9%g ag L 226 a%c
f_67]4 an2 "’ g_arlz an ’ 6_67)2'
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satisfying

Le(Cy + Com+ C3e + Che™) =0,

Ly(Cs + Cge™) =0,

Le(C7 + Cgn) =0,

Lc(Co+ Con) =0,

where ¢;, ¢, ...,Cq1o arethe arbitrary constants.

The zeroth order deformation problems are constructed as follows:

(L =p)Le[f s ) = o] = pRyNe[f (0 0D, G(n; ), 6(n; p), C(; D],

(1 =)Lg[g(m; p) = go(M] = phyNy[f (1; p), §(n; ), 6(n; ), C(m; )],
(1 =p)La[0(n; P) = 6o()] = PhoNo[f (n; D), G5 ), 8(n; p), C(p; )],

(1 =p)Lc[C; ) = Co(] = phcNe[f (s p), s ). 6(p; p), C(; P)),
subject to the boundary conditions:

~

f; =0 f'O;p)=1
fGp)=0 f'1p) =0
go;p) =0, g1;p)=0;
8(0; p) =1 6(1p)=0;

C(0;p)=1, C(1;p)=0.

Nonlinear operators are defined as
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(8.47)
(8.48)
(8.49)

(8.50)

(8.51)
(8.52)
(8.53)

(8.54)

(8.55)
(8.56)
(8.57)
(8.58)
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7 A A A o*f af 92f 203f ag
Ne[f (s ), g(n; ), 8(n; p), C(n; p)] = ala—n’; — Re (é#—fa—n’;) — 2Kr ﬁ -
2, @\ 9%f
(a3M +7)ﬁ, (8.60)
~ A ~ A %9 of ag af
Ng[f 0 2, G0 0, 6(; 0, C(p; D] = alﬁ—Re (g é—f ﬁ) +2Kr é—
(asm?+%2) g, (8.61)

ac a9 (aé)z
on/ "’

N “ ~ A 920 » 00
No[f(m; ), §(n; ),0(n; p),C(n; p)] = 5z + PrReayf 5o+ Nb =2+ Nt

(8.62)

A ~ ~ A 92¢ 928 20C
Ne[f s 2), (s 0),0(n; p), C(n; P)] = Nbﬁ + Nta—nz + NbReSCf% , (8.63)

where f(n; p), §(n; p), @(n; p) and € (n; p) are unknown functions with respect to n and p.
hs, hg,hg and h. are the non-zero auxiliary parameters and N¢, Ny, Ng and N are the

nonlinear operators.

Also, p € (0, 1) is an embedding parameter. Forp = 0andp =1,

f;0) = fo(m), f(; 1) = fF(), (8.64)
g@;0) = go(m,gm; 1) = g(n), (8.65)
8(n;0) = 6,(m),0(n; 1) = (), (8.66)
C;0) = Com, Co 1) = C(). (8.67)

In other words, when variation of p is taken from 0 to 1 then f(n; p), §(n; p),8(n; p) and
C(n; p) vary from fo(n), go(), 6o (n) and Co(n) to (1), g(m), 6 () and C (1) respectively.
Applying Taylor’s series expansion:

f@; p) = fo@) + Tn=s frn (™, (8.68)

g p) = go(M + Xm=19m(@p™, (8.69)
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6(n; p) = 6p(M) + L=y O (MP™,

C; p) = Co() + Xpn=1 C(mP™,

where

fm(n) =

gm(n) =

Hm(n) =

Cm(n) =

[amf(n; p)

ap™

ap™

[06(n; p)]
ap™

[0™C(n; p)]

[0™ g(n; p)]

ap™
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(8.70)

(8.71)

(8.72)

(8.73)

(8.74)

(8.75)

It should be noted that the convergence of above series strongly depend on #¢, iy, fiy and h.

Assuming that these nonzero auxiliary parameters are chosen so that Equations (8.68) — (8.71)

converge at p = 1. Hence, one can obtain the following:

f@ = fom) + Xm=1 fm(),

gm = gom + Xm=19m ™),

0(m) = 6o(n) + Xm=1m(M),

C(m) = Co(m) + Xim=1Cn(m).

(8.76)

(8.77)

(8.78)

(8.79)

Differentiating the zeroth order deformation (8.51) — (8.54) and (8.55) — (8.59) m times with

respect to p and substituting p = 0, and finally dividing by m!; m" order deformation (m > 1)

is

Lf [fm(n) - mem—l(n)] = thf,m(n);

Lg [gm(n) - Xmgm—l(n)] = thg,m(n)f

(8.80)

(8.81)
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Lg [9m(77) - Xmgm—l(n)] = heRe,m(U); (8.82)

LelCn () = XmCin-1(M)] = AcRem (M), (8.83)

subject to the boundary conditions

fm(0) = fn(0) =0, (8.84)
fm(1) = fm(1) =0, (8.85)
Im(0) = g,»n(1) =0, (8.86)
0 (0) = 0,,(1) =0, (8.87)
Cm(0) = C(1) =0, (8.88)
with
Rem(m) = asfi s — Re(TTot 1 e — STt fifonas ) — 2KT G g —

(a3M2 +21) frias (8.89)

Rg,m(n) = a19m-—1 — Re(Z}":‘ol fjl Im-1-j — ;'n=_o1 f}'g;n—l—j) + 2K7 fr_1 —

(agMz + )gm . (8.90)

Rom(m) = Oy + PrRea, Y% o fiOm_1- i+ Nb YT G0,y + Nt YT, 19 Or—1- >

(8.91)
Rem(M) = NbCyp_y + Nty 1 + NbReSc Y70 f;Cr o oy (8.92)
with
=0 5L 0%
Solving the corresponding m™" order deformation equations,
fm @) = fin(m) + CL + Com + C3e™ + Che™, (8.94)
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Im(M) = gm(@m) + Cs + Cee”, (8.95)
Om(m) = 0 () + C7 + Cen, (8.96)
Cm(M) = Cr(m) + Co + Cyo1. (8.97)

Here £, 9o, 05, and C;,, are given by are particular solutions of the corresponding m™
order equations and the constants C;(i = 1,2, ...,10) are to be determined by boundary

conditions.

8.4.1 Convergence of solution

Convergence of solutions and rate of approximations strongly depend on the values of auxiliary
parameters fig, iy, hg and fic. For this purpose the associated h-curves are plotted in Figure 8.2

— 8.5. These figures clearly suggest admissible ranges for the auxiliary parameters.

f (0)

=2} .

hf

Figure 8.2: H-Curve of f"(0) for hy at k = 0.2, ¢ = 0.04, M = 0.5, Kr = 0.5,
Pr =6.2, Re=0.5, Nt = 0.5, Nb =0.5, Sc = 0.5 and Nr = 2.0.
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Figure 8.3: H-Curve of g'(0) for hy at k = 0.2,¢p = 0.04, M = 0.5, Kr = 0.5,
Pr =6.2, Re =0.5, Nt =0.5, Nb =0.5, Sc = 0.5 and Nr = 2.0.
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Figure 8.4: H-Curve of 8'(0) for Ay at k = 0.2, ¢ = 0.04, M = 0.5, Kr = 0.5,
Pr =6.2, Re=0.5 Nt =0.5, Nb =0.5, Sc = 0.5 and Nr = 2.0.
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Figure 8.5: H-Curve of C'(0) for ¢ atk = 0.2, ¢ = 0.04, M = 0.5, Kr = 0.5,
Pr =6.2,Re = 0.5, Nt =0.5, Nb = 0.5, Sc = 0.5 and Nr = 2.0.

8.5 Results and Discussion

This section is dedicated to the physics of the problem through graphical representation of
concentration profile. Solutions are obtained using Mathematica. Effects of different
parameters: Reynolds number Re, Radiation parameter Nr, Rotation parameter Kr,
Permeability parameter x, Prandtl number Pr, Thermophoretic parameter Nt, Brownian
parameter Nb and Schmidt Number Sc on fluid flow is represented through Figures 8.6 — 8.17.
Effect of Nb on concentration profile is evident from Figures 8.6. It is observed that
concentration decreases with increase in Nb. From Figure 8.7, it is concluded that thermal
radiation parameter Nr tends to reduce concentration throughout the flow field. Figures 8.8
shows that concentration can be decreased by increasing values of thermophoresis parameter

Nt.
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C(n)

0.0 0.2 0.4 0.6 0.8 1.0

Figure 8.6: Concentration profile C forn and Nb at ¢ = 0.04, M = 0.5, Pr = 6.2,
Kk =0.2, Re=0.5, Nt =0.5, Kr =0.5, Sc =0.5and Nr = 2.0.

C(n)

n
Figure 8.7: Concentration profile C forn and Nr at¢ = 0.04, M = 0.5, Pr = 6.2,
k=0.2, Re=0.5, Nb =0.5,Kr = 0.5, Sc =0.5and Nt = 0.5
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C(n)
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n
Figure 8.8: Concentration profile forn and Nt at¢ = 0.04, M = 0.5, Pr = 10,
Kk =0.2, Re=0.5, Nb =0.5,Kr = 0.5, Sc = 0.5 and Nr = 2.0.
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Figure 8.9: Effect of M and k on Cr at ¢ = 0.04, Nt = 0.5, Pr = 6.2, Re = 0.5,
Nb = 0.5, Kr = 0.5, Sc = 0.5 and Nr = 2.0.
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Figure 8.10: Effect of M and k on Nu at Kr = 0.5, Nt = 0.5, Pr = 6.2, ¢ = 0.04,
Nb =0.5, Re= 0.5, Sc = 0.5 and Nr = 2.0.
1 1 1 1 ] 1 ' ' 1
"""" Pr=6.0
o6 - Pr=6.5"
— Pr=7.0
Pr=7.5
0.64 |- -1
\
=
=
0.62 |- -
0.60 |- -
1 1 1 L 1 L L 1
0.0 0.5 1.0 1.5 2.0 25 3.0

Figure 8.11: Effectof Mand Pron Nuat k = 0.2, Nr = 2.0, ¢ = 0.04, Nt = 0.5,
Kr =0.5, Re= 0.5, Sc =0.5and Nb = 0.5.
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Figure 8.12: Effectof Mand Scon Nuat k = 0.2, Nr = 2.0, ¢ = 0.04, Nt = 0.5,

Kr =0.5, Pr = 6.2, Re =0.5and Nb = 0.5.
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Figure 8.13: Effectof Mand KronShatk = 0.2, Nr = 2.0, ¢ = 0.04, Nt = 0.5,

Sc=0.5 Pr= 6.2, Re=0.5and Nb = 0.5.

175



Chapter 8

1 || 1 1 1 1
1.40" \_
— e—— . -
\
\
—
135 ==
N Y
I | Nr = 0.1 i
----- Nr=0.5 —
S Nr=1.0
0% Nr=15 ’
ol | 1 L 1 L 1 1 L L L L 1 1 L L 1 L 1 1 L L
0 2 4 6 8 10

Figure 8.14: Effectof Mand NronShat k = 0.2, Nb = 0.5, ¢ = 0.04,Nt = 0.5,
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Figure 8.15: Effectof Mand NtonShatk = 0.2, Nr = 2.0, ¢ = 0.04, Nb = 0.5,

Sc=0.5 Pr= 6.2, Re=0.5and Kr = 0.5.
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Figure 8.16: Effect of M and Pr on Shat k = 0.2, Nr = 2.0, Nt = 0.5,Nb = 0.5,
Sc=0.5 ¢ =0.04, Re =0.5and Kr = 0.5.
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Figure 8.17: Effect of M and Re on Shat k¥ = 0.2, Nr = 2.0, Nt = 0.5, Nb = 0.5,
Sc=0.5 ¢ =0.04, Pr =6.2and Kr = 0.5.
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Figure 8.9 show skin friction for different values of «. It is seen that, Skin friction decrease
with increase in k. Figures 8.10 — 8.12 illustrate effects of different physical parameter on
Nusselt number. It is evident that x and Pr tends to increase the values of Nusselt number
while Sc have reverse effects on it. Figures 8.13 — 8.17 illustrate effects of different physical
parameters on Sherwood Number. It is seen that Nr tends to increase the values of Sherwood

number while Pr, Re, Kr and Nt have decreasing tendency.

8.6 Conclusion

The most important concluding remarks can be summarized as follows:
e Concentration declines with increasing value of Nt and Nb.
e Nusselt number increases with increase in Pr but decreases with increase in Sc.
e Nr has positive effect on Sherwood number.

e Kr, Pr, Re and Nt have decreasing tendency on Sherwood number.
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