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Effect of heat absorption on Cu-water based magneto-nanofluid over an impulsively
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The aim of the present paper is to explore the effects of heat absorption on a transient free convective boundary-
layer flow of an electrically conducting, viscous and incompressible magneto-nanofluid over an impulsively moving
vertical ramped temperature plate. Water-based nanofluids with added nanoparticles of titanium oxide, aluminium oxide
and copper are taken into account. The mathematical model of the problem is obtained using the model of nanoparticle
volume fraction. The governing model is solved analytically by making use of Laplace transform technique. The
expressions for nanofluid velocity, nanofluid temperature, skin friction and Nusselt number were obtained for both the
cases of ramped and isothermal conditions. The effects of various physical parameters on the nanofluid velocity and
nanofluid temperature are shown by various graphs whereas the numerical values of skin friction and Nusselt number
are presented in tables. The numerical results of the problem were compared for both ramped and isothermal conditions
and it is observed that the numerical values in case of isothermal conditions are lower in magnitude as compared to

ramped conditions.
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INTRODUCTION

The study of nanofluids has attracted several
researchers due to their huge applications in real
life problems and industries. Initially, the term
nanofluid, pioneered by Choi [1], refers to a
suspension of nanoparticles having diameter less
than 100 nm in a base fluid such as water, ethylene
glycol, etc. Normally, conventional base fluids do
not have an adequate thermal conductivity for many
practical applications. Therefore, to augment the
thermal conductivity of the base fluid, metal
nanoparticles having higher thermal conductivity
than the conventional base fluid are added to the
fluid. Nanofluids being a mixture of nanoparticles
and a base fluid are an innovative type of energy
transport fluid and their novel property makes them
tremendously useful in different processes of heat
transfer including microelectronics, automobiles,
hybrid-powered engines, fuel cells, domestic
refrigerator, nuclear reactor coolants,
pharmaceutical processes, etc. Choi [1] was the first
who pointed out that the thermal conductivity of a
base fluid can be radically improved by uniform
dispersion of nano-sized particles into a fluid. This
concept prompted many researchers towards
nanofluids, and abundant studies, analyzing the
thermal properties of nanofluids, have been worked
out. Keblinski et al. [2] explored the possible
mechanism for the augmentation of thermal
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conductivity of the fluid by a uniform suspension of
nano-sized particles in the fluid. Buongiorno [3]
proposed a non-homogeneous equilibrium model
which states that the thermal conductivity of a fluid
can be significantly enhanced due to the presence
of Brownian diffusion and thermophoretic diffusion
effects of nanoparticles. Remarkable research
studies reporting the improvement in the thermal
conductivity of fluids due to a suspension of
nanoparticles and its frequent applications have
been presented by Jang and Choi [4],
Daungthongsuk and Wongwises [5], Seyyedi et al.
[6], Rashidi et al. [7], Garoosi et al. [8,9] and
Malvandi and Ganji [10,11].

The hydromagnetic nanofluids possess both
liquid and magnetic characteristics and are known
to have enthralling relevance to magneto-optical
wavelength filters, ink float separation, optical
switches, optical gratings, nonlinear optical
materials, etc. The magneto-nanofluids have wide
applications in drug delivery for cancer treatment as
they play a significant role in guiding the drug
particles up the blood stream to a tumor because the
magnetic nanoparticles are known to be more
adhesive to tumor cells than to non-malignant cells.
The magneto-nanofluids are also known to have
applications in the treatment of hyperthermia,
contrast enhancement in magnetic resonance
imaging and magnetic cell separation. Following
this, Sheikholeslami et al. [12-14] reported their
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investigations on the problems of MHD convective
flow of nanofluids considering different geometries
and configurations. Sheikholeslami and Ganji [15]
theoretically ~ analyzed the  problem  of
hydromagnetic flow in a permeable channel infused
with nanofluid. They concluded that due to the
increasing values of Reynolds number and
nanoparticle volume fraction the nanofluid velocity
boundary-layer thickness shrinks whereas it
amplifies with the augment of Hartmann number.
Recently, Hayat et al. [16] examined the unsteady
hydromagnetic two-dimensional squeezing flow of
nanofluids confined between two parallel walls
under the influence of Brownian motion and
thermophoresis effects. More recently, Dhanai et al.
[17] investigated the influence of thermal slip on
hydromagnetic mixed convective flow of nanofluid
with heat transfer along an inclined cylinder taking
into account the effects of thermophoresis,
Brownian motion and viscous dissipation. They
concluded that an increase in mass transfer
parameter leads to a raise in the rate of heat transfer
whereas it reduces due to thermal slip parameter.
The heat generation/absorption has an important
impact on the heat transfer characteristics in the
various physical phenomena involved in the
industry such as dissociating fluids in packed-bed
reactors, post accident heat removal, fire and
combustion, underground disposal of radioactive
waste material, storage of food stuffs, etc. This
encouraged many researchers to undertake the
investigation of hydromagnetic convective flow
over bodies with different geometries under the
influence of heat generation/absorption. Some
relevant studies dealing with the influence of heat
generation or absorption have been reported by
Acharya and Goldstein [18], Vajravelu and Nayfeh
[19], Chamkha [20], Leea et al. [21], Sheikh and
Abbas [22], Mehmood and Saleem [23], Mondal et
al. [24] and Nandkyeolyar et al. [25]. Hamad and
Pop [26] investigated the unsteady free convective
nanofluid flow over an oscillatory moving vertical
permeable flat plate under the influence of constant
heat source and magnetic field in a rotating frame
of reference. Chamkha and Aly [27] studied the
two-dimensional  steady hydromagnetic  free
convective boundary-layer nanofluid flow of an
incompressible pure base fluid suspended with
nanoparticles over semi-infinite vertical permeable
plate in the presence of magnetic field, heat
generation or absorption, thermophoresis and
Brownian diffusion effects. The analysis of MHD
free convective flow of Al,Oz; -water based
nanofluid in an open cavity considering uniform
thermal boundary condition in the presence of
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uniform heat absorption/generation was performed
by Mahmoudi et al. [28].

In all the aforesaid studies, the solutions were
analyzed Dby considering simplified conditions,
where velocity and temperature at the plate are
continuous and defined. But, numerous problems of
practical interest require the wvelocity and
temperature to satisfy non-uniform, discontinuous
or arbitrary conditions at the plate. Following this,
several researchers, namely, Chandran et al. [29],
Seth et al. [30-32], Nandkyeolyar et al. [33,34] and
Hussain et al. [35] studied the problems of
convective flow past a moving plate considering the
ramped temperature. Khalid et al. [36] obtained the
exact solution for a natural convective flow of a
nanofluid past an oscillating moving vertical plate
with ramped temperature, using the Laplace
transform technique. Hussain et al. [37] explored
the combined effects of Hall current and rotation
on a natural convective flow with heat transfer
over an accelerated moving ramped temperature
in the presence of heat absorption and
homogenous chemical reaction employing the
Laplace transform technique. Recently, Hussain et
al. [38,39] discussed the impact of thermal
radiation on the magneto free convective
nanofluid over a moving uniformly accelerated
ramped temperature plate with and without
considering Hall effects. Subsequently, Sharma et
al. [40] extended this problem in a rotating
medium by making use of Laplace transform
technique.

Obijective of the present research work is to
analyze the consequence of heat absorption on the
natural convective flow of an incompressible,
viscous and electrically conducting magneto-
nanofluid over an impulsively moving ramped
temperature plate. It is expected that the present
findings will be useful in biological and physical
sciences, transportation, electronics  cooling,
environment and national security.

MATHEMATICAL ANALYSIS
Formulation of problem and its solution

In the present study, we considered unsteady
hydromagnetic natural convective flow of an
electrically conducting, viscous and incompressible
nanofluid over an impulsive moving vertical
infinite plate. The coordinate system is chosen as
follows: X' -axis is considered along the length of
the plate in upward direction and y’-axis is normal
to the plane of plate. A uniform transverse magnetic
field By is applied in a direction which is parallel
to y' -axis.
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Table 1. Thermophysical properties of base fluid and nanoparticles [38]

p Cp k Bx10° ¢ °
(kg/m?) (JkgK) (W/mK) (k) (S/m)
Water (Base fluid) 997.1 4179 0.613 21 0.00 55x107°
Cu (Copper) 8933 385 401 1.67 0.05 59.6x10°
Al203 (Alumina) 3970 765 40 0.85 0.15 35x10°
TiO; (Titanium oxide) 4250 686.2 8.9538 0.90 0.20 2.6x10°

The fluid and plate are at rest and are maintained
at a uniform temperature o/ at timet'<0. At

timet' >0, the plate starts moving in x'-direction
with uniform velocity y, in its own plane. The

temperature of the plate is raised or lowered to
a, +(a),—a)t'/t,when  0<t'<t, and it s
maintained at uniform temperature o/ when t' >t
(t,being characteristic time). The schematic

diagram of the model is presented in Fig. 1. The
water-based nanofluid is considered which contain
three types of nanoparticles: Cu, Al,O; and TiO..
The nanoparticles are assumed to have uniform
shape and size. Moreover, it is also assumed that
both the base fluid and the nanoparticles are in
thermal equilibrium state and no slip takes place
between them. The thermophysical properties of
base fluid and nanoparticles are given in Table 1.
The plate is considered to be of infinite extent
inx"and z’ directions and is electrically non-
conducting so all physical quantities except
pressure are functions of y’and t'only. Since the
magnetic Reynolds number of the flow is taken to
be very small, the induced magnetic field is
neglected so that the magnetic field B=(0, B,,0). No

electric field is applied, so the electric field due to
polarization of charges is negligible; that

is, EE(O,O,O). This corresponds to the case where

no energy is added or extracted from the fluid by
electrical means.

Under the assumptions made above and
Boussinesq approximation, the governing equations
for natural convective flow of an electrically
conducting, viscous and incompressible magneto-
nanofluid taking into account the effects of heat
absorption are given by:

ou oV .

Pni g:tunf W_UnfBOZU +g(pﬂ)nf ((X _aw)v (1)

oa' k., &% Q,
P 2

at (pcp)nf ay ('Dcp)nf

where

U! a,l pnf’ ,Llnf! an! gl ﬂnf 1 (pcp)nf 1 Qoand knf

are: component of nanofluid wvelocity in X' -

(a'-a), 2)

direction, temperature of the nanofluid, density of
the nanofluid, dynamic viscosity of the nanofluid,
electrical ~ conductivity of the  nanofluid,
acceleration due to gravity, thermal expansion
coefficient of the nanofluid, heat capacitance of the
nanofluid, heat absorption coefficient and thermal
conductivity of the nanofluid, respectively.

Initial and boundary conditions for the nanofluid
flow problem are:
U=0,a =a, for y>0andt' <0,
U=U,aty =0fort'>0, ?)
a =al, +(a,—a,)t' It at y'=0for0O<t'<t,,
a'=a, at y'=0 for t' >t
U->0, o —>a, as y > fort’ >0.

For the nanofluids, the expressions for
pnf’ /Llnf’ O-nf'(pﬂ)nf and (pcp)nf are glven as:
Put =(1-0) s + 04, thyg = 11y (1-9) 7,
(08),; =(1-8)(pB), +(0B),.

(2,),, =(@-)(ec, ), +6(s,).. “

3(c-1)¢ } Lo
(0'+2)—(0'—1)¢ ,

Ont =0 {1+

where
¢! pf’ ps' :uf’ ﬁf ' ﬁs’ (pcp)f ’ (pcp)s! Gf and O-s

are: solid volume fraction of nanoparticle, density
of the base fluid, density of the nanoparticle,
viscosity of the base fluid, thermal expansion
coefficient of the base fluid, thermal expansion
coefficient of the nanoparticle, heat capacitance of
the base fluid, heat capacitance of the nanoparticle,
electrical conductivity of the base fluid and
electrical conductivity of the nanoparticle,
respectively. The expressions presented in equation
(4) are limited to spherical nanoparticles, and are
not valid for other shapes of nanoparticles. The
model for effective thermal conductivity of the

nanofluid, i.e., Kk, for the spherical nanoparticles,

given by Hamilton and Crosser model followed by
Oztop and Abu-Nada [38], is expressed as:

k. +2k, —2¢(k, —ks)] )

nf = M

k + 2k, +(k, —k,)
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Fig. 1. Schematic diagram of the model

where ks is the thermal conductivity of the base
fluid and ks is the thermal conductivity of the
nanoparticles.

In order to convert the equations (1)-(3) in
dimensionless form, now we introduce the

following  non-dimensional  variables  and
parameters:
’ U t! I_ !
y= u=—t=— g=%"% (6)
Uty U, ty a,—a,

Equations (1) and (2), in dimensionless form,
reduce to:

ou o

—=K,—-KMUu+KG,a: @)
é’t 1 ayz 2 3~
oa 1 da
E:?W—Keal (8)
5
where,
e P _ 3(c-1)¢ o T
11_{(1 ¢)+¢[p' Hv A ‘:1+(0'+2)*(0'*1)¢:I oy (9)
= — (Pﬁ)s — _ (pCp)s _ UfQO
sl o
1= 12.5 z_év K3:é K4:k"7f, K5:i,K6:g
1-¢)" 4 A P K, Ko ° 4
M O'fBosz _ 9p,0; (aw_am) P_(pUCP t
- vag - US ¢

g(y,t) = l:eymerfci\/ﬁ+;\/iq +eymerfc(—\/ﬁ+

MY [Ks | Y K| |t
al(y.t)—2|:£t+2\/;6]e erfc{\/KT;Hz t}+( 5
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u=0, ¢=0 for y>0 and t <0,
u=lat y=0 for t>0,

a=t at y=0 for 0<t<],
a=1at y=0 for t>1,
u—>0,a—>0as y—oofort>0.

(10)

The characteristic time t, may be defined
according to the non-dimensional process
mentioned above as ty=v;/Uj, where U,is

characteristic velocity.
The initial and boundary conditions (3) in
dimensionless form reduce to:

u(y,t)=%g(y,t)+ﬂg[f1(y,t)—H(t—l)fl(y.t—l)]. (11)

&y, = (y,)~HE-D a5 (y,t-D), 12)

where,

A 13
z\ﬁﬂ (13)
\/E Jeymerfct— JKa+Y \/EH (14)

K, 2\t
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Here H(t-1) and erfc(x) are Heaviside step and
complementary error functions, respectively.

Solution for the case of isothermal plate

The expressions (11) to (15) represent the
solution for nanofluid velocity and temperature for
the time-dependent natural convective flow of
electrically conducting, viscous and incompressible
magneto-nanofluids over an impulsively moving
vertical ramped temperature plate under the
influence of heat absorption. In order to analyze the
effect of ramped temperature on the flow-field, it is
worthwhile to compare such a flow with the one

(15)

near an impulsively moving vertical uniform
temperature plate. Owing to the assumptions made
in the initial and boundary condition (10), the
equations (7) and (8) are solved analytically with
the help of Laplace transform technique and the
exact solutions for nanofluid velocity u(y,t) and

nanofluid temperature (y,t) are obtained as

aforesaid, the solutions for nanofluid velocity and
temperature for natural convective magneto-
nanofluids flow over an impulsively moving
vertical plate with isothermal condition are
obtained and are expressed in the following forms:

u(y,t) :;]:eymerfc[\/ﬁ+32/\/?]+e'ymerfc[—\/ﬂ+z\/?j]
+j{ezt{eymerf0[m+gﬁj+eymerfc[—er;’\/?]
—eymerfC[MJr;\/?]—eymerfc[—\/WJr;\/?]}]

4

A1) y\/z iz gt _ y\/z
2 {2{e erfc[\/ﬁ+2 t]+e erfc[ \/ﬁ+2 t]

i eymem[ i \/? j%-ymerfc[_m +Z\/9H (t6)

a(y,t)= ;{eymerfc(,/&t +% , /?]%ymerfc[—,mﬁt +% ':&"H (17)

Skin friction and Nusselt number

The expressions for Nusselt number Nu, which
measures the rate of heat transfer at the plate and
skin friction z , which measures the shear stress at

the plate are presented in the following forms for
both ramped and isothermal conditions:
For a ramped temperature plate:
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Nu;H\/EJth ]{erfe(J_) 1} J7 Ks'} SH(t- 1)1:{\/7+2(t 1)/KK, J{erfc(JKe(t—l))—l}—z (tfi)ﬂem”)},(ls)

r=Jaa, {erfc(\/_ )— 1} \/7 e+ [f,(t)-H(t-D1,t-D)], (19)

f,(t) = a

4

—t

where,

gt [m{erfc(m)—l} m{erfc(wl (K +a4)t)—1}

ﬁ e ﬂg+/14)t+ K5 e (K6+34)t:|
T U

_2_;{ %{erfc( azt)—1}+(i+tj aa, 2 erfc

(Lot B
a, tr

fre(
; J%{erfc(m)_l}{_Hjmz{em oo 2ot e

G

1 -a,-K
a,=— a,=MK,, a,=—r 1%
K&~ 2 K, —a,

1

For an isothermal temperature plate,

Nu = e — KK, {erfc(\/_) 1}

Ks'Ke+a1'az

and a, = "
58

(20)

:{\/@{erfc(\/ﬁ)—l}_ ﬁe—azt:|+%4|: pal {W{erfc( (a2+a4)t)—1}

tr

o € ettt _ K (K, +a, {erfc(«/(K +a )t) } \/; “Ke*a“‘H

—%{@{erfe(\/@)—l}—

RESULTS AND DISCUSSION

In order to emphasize the effects of various
physical parameters on the flow-fluid, the
numerical computations were performed and
numerical results for the nanofluid velocity and
temperature were described with the help of various
graphs. For the engineering aspects, the numerical
values of skin friction and Nusselt number are
presented in different tables. Three distinct types of
water-based nanofluids with nanoparticles of
copper (Cu), aluminum oxide (Al,O3) and titanium
oxide (TiO;) were taken into account. The
numerical values of copper-water based nanofluid
velocity u(y,t), computed from the analytical
solutions reported in this paper are shown by
different graphs against the boundary layer
coordinate y in Figs. 2-6 for different values of
magnetic parameter M, heat absorption parameter
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Q. Grashof number G,,
fraction ¢ and time t taking Prandtl number
P.=6.2. The values of ¢ are considered in the

range 0<¢<0.25. In addition, the spherical

nanoparticles with thermal conductivity and their
dynamic viscosity are given in Table 1. The values
of other physical parameters are shown in the
respective figures. It can be observed from Figs. 2
and 3 that the nanofluid velocity gets reduced due
to reduced magnetic and heat absorption parameters
M and Q, respectively. This may be endorsed to

the fact that the existence of magnetic field in the
presence of an electrically conducting nanofluid
generates a resistive type of body force, termed as
Lorentz force which has a tendency to impede the
motion of a fluid in the boundary layer region. Fig.
4 shows that augmentation in G, results in
significant rise in the nanofluid velocity which is

nanoparticle volume
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persistent to the fact that the Grashof number G,
behaves as a gratifying pressure gradient which
accelerates the nanofluid velocity in the entire
boundary layer region. It can be seen from Fig. 5
that the volume fraction of nanoparticle ¢ slows
down the nanofluid velocity near the proximity of
the plate while it has an annulment consequence
away from the moving plate.

Ramped Temperature

_________ Isothermal

Fig. 2. Effect of M on vel-ocity profiles

Ramped Temperature

Isothermal

- ) - e ==3 4
nﬂ I 1 1 1 I
LX) 0.5 Lo 15 0 15

Fig. 3. Effect of Q on vélocity profiles.

This happens due to the reason that the
increasing value of volume fraction of nanoparticle
reduces the thermal conductivity of the fluid, which
in turn causes the thickness of the boundary layer to
reduce and the viscosity to increase, thereby
reducing the nanofluid velocity in the proximity of
the moving plate. Fig. 6 reveals that as time passes,
the fluid wvelocity gets accelerated. The
consequences of heat absorption parameterQ,
nanoparticle volume fraction ¢ and time t on
copper-water based temperature profiles are shown
in Figs. 7-9, taking Prandtl number P. =6.2. In

Fig. 7 it is observed that as heat absorption
parameter gradually increases, a significant
reduction results in the nanofluid temperature for
both ramped and isothermal conditions. From Figs.
8 and 9 it is evident that the nanofluid temperature
rises with the increase of nanoparticle volume
fraction ¢and time t for both ramped and

isothermal conditions. Physically, it is described as
the nanoparticles volume fraction has a tendency to
raise the nanofluid temperature throughout the
boundary layer region; also nanofluid temperature
gets increased with the progress of time for both
ramped and isothermal cases.

Fampsd Temperaturs 4

T T T T T
Lo
" Ramped Temperature

asl wa  TTTTTmoo Isothermal
’ “. v $=0.05, 0.15, 0.25
S 02 f
o rpomf————— | ]
£ e N g pami
3 \'b\:\ i » 0268 ¢
" N, 0.266

04f N ]
\\\ ;/'ﬂ.m.mm-.mm.mﬂ.mn

Ly

0.0}, )

Fig. 5. Effect of ¢ on velocity profiles.

The comparison of nanofluid temperature
profiles in the case of isothermal and ramped
conditions  for  different  nanofluids  with
nanoparticles of Cu, Al,O3 and TiO; is depicted in
Fig. 10. It is seen from Fig. 10 that for both
isothermal and ramped conditions, the temperature
of TiO,-water based nanofluid is higher in
magnitude followed by the temperature of Al,Os-
water and Cu-water based nanofluids.

The numerical values of skin friction z for both
cases of ramped and isothermal temperature plates
considering the copper-water based nanofluid,
evaluated from equations (19) and (21) are given in
Table 2 for different values of M, G, ¢, Q and t

keeping Prandtl number P =6.2.
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10
\‘i‘ Ramped Temperature
\
Y

L S Izothermal

t=0.3, 0.6, 0.9

0r -

Fig. 6. Effect of t on velociiy profiles.

L0 1

Ramped Temperature

08F e Isathermal

Tempoarxure
=
=%

=
.

0.2

X1} 0.2 04 LX) [LE:} 10 12

Fig. 7. Effect of Q on temperature profiles.

T T T T T T T T
10 |y i
1-: —  Ramped Temperature
08 . R —— Isothermal ]
E os| ]
g $=0.05, 0.15, 0.25
2 04 ]
a2l ]
e TNt
ﬂﬂ Cu 1 1 1 i '_‘_%E‘_'-_‘_—--'_-__

Fig. 8. Effect of ¢ on velocity profiles.

T T T T T T T T
1O i
." —————— Ramped Temperature

_________ Isothermal

t=0.2, 0,6, 0.9

Tanpaure

|

0.6 0E 10 112 14

Fig. 9. Effect of t on tempe-rature profiles.
It follows from Table 2 that the shear stress

increases due to the increase of
M, G,, ¢, Q and t. This infers that magnetic field,

thermal buoyancy force, volume fraction of
nanoparticle, heat absorption parameter have
tendency to increase the shear stress at the plate,
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also it gets augmented as time passes for both
ramped and isothermal conditions.

10 _|‘ T T T T T T]
i %
* Ramped Temperature
\

08 W s Isothermal ]
g ol
g
E

=
.

0.2

LX)

Fig. 10. Comparison of'temperature profiles for
different nanofluids.

It is reckoned from Table 3 that the Nusselt
number Nu for both ramped and isothermal
conditions, increases for increasing value of @ and

decreases with the increase of ¢, whereas for the

ramped case it increases and decreases for
isothermal case with the increase in t. This suggests
that for both cases of ramped and isothermal
conditions, the rate of heat transfer at the plate gets
raised with the augmentation of heat absorption
parameter whereas the volume fraction of
nanoparticles has an adverse effect on it. As time
passes the rate of heat transfer gets improved for
the ramped case whereas it gets reduced for the
isothermal case.

Validation of the obtained results

The obtained results were validated by
comparing the nanofluid velocity profiles with the
results obtained by Khalid et al. [36] considering
similar assumptions but in the absence of magnetic
field and heat absorption. This comparison
demonstrates an excellent conformity of our results
as it is revealed from Fig. 11.

1.0 _tl'- T T T T ]
‘q Y Presant result
L]
asl "'-,‘ N Tt Result of Khalid =t al. [36]
.
\‘ .
". L]
g NN ]
: \ O
- \ * Isothermal
[N -..\ “. 4
~ \\‘ Ramped Temperature
-
02 \\ E
\‘"‘ 'l\-I
. ""'-n.
ool ey ...17-""‘:".”“- F—
0.0 [ 1o 15 0 15

Fig. 11. Comparison of nanofluid velocity profiles in
the present work considering M=Q=0 with those
obtained by Khalid et al. [36] when » =0



M. R. Mishra et al.: Effect of heat absorption on Cu-water based magneto-nanofluid over an impulsively moving ...
Table 2. Skin friction 7 for Cu-water based nanofluid when P. =6.2

M (_?,r @ Q t 7 for ramped temperature 7 for isothermal plate
3 4 0.05 2 0.6 6.15463 5.80615
5 4 0.05 2 0.6 6.29641 6.14205
7 4 0.05 2 0.6 6.58365 6.58457
5 3 0.05 2 0.6 4.99342 4.82386
5 4 0.05 2 0.6 6.29641 6.14205
5 5 0.05 2 0.6 7.59940 7.46024
5 4 0.05 2 0.6 6.29641 6.14205
5 4 0.15 2 0.6 9.81332 9.37154
5 4 0.25 2 0.6 19.1638 18.7232
5 4 0.05 15 0.6 4.32815 4.35649
5 4 0.05 2 0.6 6.29641 6.14205
5 4 0.05 | 25 0.6 8.98351 8.71207
5 4 0.05 2 0.3 3.52347 2.84424
5 4 0.05 2 0.6 6.29641 6.14205
5 4 0.05 2 0.9 17.8309 17.7829
Table 3. Nusselt number Nm for Cu-water based nanofluid
1/ Q T Nu for ramped temperature Nu for isothermal plate
0.05 2 0.6 2.94341 3.38195
0.15 2 0.6 2.54640 2.94062
0.25 2 0.6 2.21385 2.56973
0.05 1.5 0.6 2.84580 3.00798
0.05 2 0.6 2.94341 3.38195
0.05 2.5 0.6 3.05186 3.72975
0.05 2 0.3 2.60289 3.68166
0.05 2 0.6 2.94341 3.38195
0.05 2 0.9 3.76742 3.31097

CONCLUSIONS

The exact solution of the governing equations
was obtained by using Laplace transform technique
to explore the consequences of various relevant
parameters on the natural convective flow of an
incompressible, viscous and electrically conducting
magneto-nanofluid over an impulsively moving
ramped temperature plate. The important findings
are summarized below for both the cases of ramped
temperature and isothermal plates:

(i) The existence of magnetic field in the
presence of an electrically conducting nanofluid
generates a resistive type of body force, which has
a tendency to impede the motion of fluid in the
boundary layer region.

(i) The thermal buoyancy force behaves as a
gratifying pressure gradient which accelerates
nanofluid velocity in the regime of boundary layer.

(iii) The increasing value of the volume fraction
of nanoparticles reduces the thermal conductivity of
fluid, which in turn reduces the thickness of the
boundary layer and increases the viscosity of fluid
and as result the nanofluid velocity gets reduced in

the proximity of the moving plate. The nanofluid

velocity gets accelerated with progress of time.

(iv) Heat absorption has a tendency to decrease

the nanofluid temperature whereas the nanoparticle
volume fraction has a tendency to enhance the
nanofluid temperature. As time progresses the
nanofluid temperature is enhanced.

(v) Magnetic field, thermal buoyancy force,
volume fraction of nanoparticles and heat
absorption parameter have a tendency to increase
the shear stress at the plate.

(vi) The rate of heat transfer at the plate gets
raised with the augmentation of heat absorption
parameter whereas the volume fraction of
nanoparticles has an adverse effect on it. As time
passes, the rate of heat transfer gets improved for
the ramped case whereas it gets reduced for the
isothermal case.
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BJIMAHUE HA ABCOPELIUATA HA TOIUVIMHA BBPXY MEI-CBABPXXAILl MATHUTO-
HAHO®JIYU/ HAJL UMITYJICHO ABMXEILA CE INTACTUHA C I[TIPOMEHAIIA CE
TEMIIEPATYPA

M. P. Mumpa?, C. M. Xycaun®", P. Illapma?, T'. C. Cet®
1ﬂenapmaMeHm no mamemamuxa, Ynueepcumem O. I1. [picundan, Paiieap, Hnous
2 lenapmamenm no mamemamuxa, GITAM, Baneanypy, Unous
3 lenapmamenm no npunoicna mamemamuxa, Muouticku uncmumym no mexnonozus (ISM), Axanbao, Unous

[Mocrpruna Ha 18 ronu, 2017; kopurupana Ha 6 aBrycr, 2018
(Pesrome)

W3cnenBaHo € BIMSHHUETO Ha abcopOLusTa HA TOIIMHA BHPXY TPAH3UEHTHHS CBOOOJICH KOHBEKTHBEH ITOTOK Ha
TPaHUYHUS CIOM Ha €JEKTPONpPOBOJANMA, BUCKO3HA U HECBUBA€Ma MarHUTO-HAHOTEYHOCT HAJ MMIYJICHO JIBHXKELIA Ce
BEpTHKaJHA IUIACTHHA C IPOMEHJIMBA TeMIeparypa. M3mon3BaHa € HAHOTEYHOCT Ha OCHOBaTa Ha BoJa C JI00aBEeHH
HAaHOYACTULIM OT TUTAHOB OKCHJ, alyMMHHMEB OKCHJ M Mel. MareMaTH4eCKUAT MOJEN € IOJy4YeH C M3MOJI3BAaHE Ha
Mozena Ha obeMHaTa (Qpakius HAa HAHOYACTHUIWTE. YTPABIABALIMAT MOJAEN € PElIeH aHAJUTUYHO C ITOMOINTa Ha
TpaHchopMmanoHHaTa TexHuka Ha Laplace. M3pasute 3a CKOpOCTTa U TeMIieparypara Ha TeYHOCTTa, MTOBBPXHOCTHOTO
Tpuene u gucnoro Ha Nusselt ca monydenu 3a ciyuanTe Ha POMEHSIIA Ce M Ha MMOCTOSIHHA TeMIepaTtypa. BiusHueTo
Ha pa3nuYHATe (PU3WYHH MapaMeTpH BBPXY CKOPOCTTa Ha HAHOTEYHOCTTA € FIIIOCTPUPAHO TpadudHO, a YHCICHUTE
CTOMHOCTH Ha MOBBPXHOCTHOTO TpUeHe U uucinoto Ha Nusselt ca npencraBenn B Tabnuuu. [logydeHuTe pe3ynTaTa IpH
IIPOMEHSIIA CE€ U MPU MOCTOSHHA TEMIIEpaTypa ca CPABHEHU U € YCTAHOBEHO, Y€ CTOMHOCTUTE MPHU U30TEPMHH YCIOBHS
Ca MO-HUCKH OT TE€3M MPHU IPOMEHJIMBA TEMIIEPATYpa.
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