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Radiation and heat generation effects in unsteady magnetohydrodynamic mixed
convection flow of nanofluids along a vertical channel are investigated. Silver
nanoparticles of spherical shapes and of different sizes in water as a convection-
al base fluid are incorporated. The purpose of this study is to measure the effect
of different sizes of nanoparticles on velocity and temperature. Keeping in mind
the size, particle material, shape, clustering and Brownian motion of nanoparti-
cles, Koo and Kleinstreuer model is used. The problem is modeled in terms of
partial differential equations with physical boundary conditions. Analytical solu-
tions are obtained for velocity and temperature, plotted and discussed. It is con-
cluded that increasing the size of Ag nanoparticles (up to specific size, 30 nm, re-
sults in a very small velocity increment while for large particle size (30-100 nm),
no change in velocity is observed. As the small size of nanoparticles has the high-
est thermal conductivity and viscosity. This change in velocity with size of nano-
particles is found only in water-based nanofluids with low volume fraction 0.01
while at low volume concentration, no change is observed.

Key words: radiation, heat generation, magnetohydrodynamic mixed convection,
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Introduction

Heat transfer due to mixed convection with radiation and heat generation effects is
of great significance in many industrial processes such as heating and cooling. This mode of
heat transfer can be sufficiently enhanced by changing either flow geometry or boundary
conditions, or due to fluid thermo-physical properties. An innovative way of improving the
thermal conductivity of the fluid is to suspend small solid particles within it. At the begin-
ning, this idea was limited only to particles with dimensions of the order of micrometers [1].
Hamilton and Crosser [2] extended the Maxwell model in order to take into account the ef-
fect of the different shapes of the solid particles for volume fraction less than 0.1. Both
Maxwell [1] and Hamilton and Crosser [2] models were derived for the suspension of mi-
cro-or milli-sized solid particles inside the fluids. But frequently, these models were utilized
due to their simplicity in the study of nanofluids. Then later on, in 1995, Choi [3] extended
this idea to nanometer-sized particles and dispersed them within a base fluid such as water.
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These types of suspensions, he named as nanofluids. Different novel characteristics of
nanofluids make them strongly applicable in different processes of heat transfer. Examples
of such processes include fuel cells, microelectronics, hybrid-powered engines, and phar-
maceutical applications [4-6].

Yu and Choi [7] modified the Maxwell model [1] by including the effect of the lig-
uid nanolayers formed around nanoparticles. In another investigation, Yu and Choi [8] ex-
tended this idea by modifying the Hamilton and Crosser model for non-spherical particles.
Several other models were also introduced to take into account different effects of nanoparti-
cles. For example, Xuan ef al. [9] presented their own model by considered the effect of
Brownian motion, size and clustering of nanoparticles. They considered the thermal conduc-
tivity of nanofluids to be composed of two parts; static part represents the thermal conductivi-
ty enhancement due to the higher thermal conductivity of the nanoparticles and second part
takes the effect of Brownian motion into account. Koo and Kleinstreuer [10] proposed a mod-
el by taking into account the effect of Brownian motion of nanoparticles. They also consid-
ered the thermal conductivity of nanofluids to be composed of two parts as Xuan et al. [9]
considered. They also calculated some parameters by using experimental data of Das et al.
[11] for CuO nanofluid. Thermal conductivity of Al,Os/water nanofluid was experimentally
investigated by Chon et al. [12]. He also proposed a correlation for the determination of the
thermal conductivity of alumina nanofluids based on the experimental data. Though several
attempts have been made on nanofluids to explain the physical reasons for the heat transfer
enhancement [13, 14], there are still many conspicuous inconsistencies and the investigators
are working on, see for example some recent attempts in [15-33].

Earlier studies indicate that no exact analysis has been made so far for the radiation
and heat generation effects on nanofluids. Therefore, present study aims to investigate the ef-
fects of radiation and heat generation on unsteady mixed convection flow of nanofluids along
a vertical channel with induced magnetic field and external pressure gradient. Silver nanopar-
ticles of spherical shapes and of different sizes in water as a convectional base fluid are incor-
porated. Solutions for velocity and temperature are plotted and discussed for different embed-
ded parameters. Influence of different sizes of nanoparticles on velocity and temperature is
investigated.

Problem formulation and solution

In this problem, water-based nanofluid containing magnetite (Ag and Al,O;) nano-
particles is considered. Pressure gradient of oscillatory type is applied in the flow direction.
Radiation and heat generation effects are taken into account. Mixed convection flow is in-
duced inside a vertical channel of width d with constant temperature. Fluid is electrically con-
ducting due to magnetic field Bo of strength B, applied in a transverse direction to the flow.
Magnetic Reynolds number is taken small and induced magnetic field is neglected. External
electric field and electric field due to polarization is taken zero. One boundary of the channel
is maintained at constant temperature 7,, while other boundary has uniform temperature 7.
Channel is taken along x-axis and y-axis is taken normal to the flow direction. After using ap-
proximation of Boussinesq and taking into consideration the above assumptions, the govern-
ing equations of momentum and energy are obtained [31, 32]:
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where u = u(y, £) denotes the fluid velocity in the x-direction, T = T(y, f) is the temperature of
the nanofluid, p,¢ — the density of the nanofluid, u,¢ — the dynamic viscosity of the nanofluid,
our — the electrical conductivity of the nanofluid, (pf),¢— the thermal expansion of the nanoflu-
id, g — the acceleration due to gravity, ¢, — the specific heat of the nanofluid at constant pres-
sure, ks — the thermal conductivity of the nanofluid, and ¢ — the radiative heat flux in x-di-
rection.

The density p,¢ thermal expansion coefficient (pf).r and heat capacitance (pc,)ys of
nanofluids are derived by using the relations given by [13, 16, 17, 21].

(Pep)ne =(A=@)pcy)p +(pcy)ss Pop == + 8P, ko = app(pc)),
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where ¢ is the volume fraction of the nanoparticles, pr and p are the density of the base fluid
and solid nanoparticles, respectively, uyis the dynamic viscosity of the base fluid, k¢ and k; are
the thermal conductivities of the base fluid and solid nanoparticles, respectively, ¢, and c,s
denote the specific heat at constant pressure corresponding to the base fluid and solid nano-
particles, respectively, or and o5 are the electrical conductivity of base fluid and solid nanopar-
ticles, respectively. The total term pc, is known as heat capacitance. Some physical properties
of nanoparticles and base fluid are listed in tab. 1 [13, 16, 17, 21]. These properties will be
used in numerical computations of this problem.

Table 1. Thermo-physical properties of basefluids and nanoparticles

Model ¢, [ke 'K | plkem™] | A[Wm 'K B 107° [K] o [Sm]
Water (H,0) 4179 997.1 0.613 21 55-10°
EG (C,He0,) 0.58 1.115 0.1490 6.5 1.07-10°°
Silver (Ag) 235 10500 429 1.89 6.30 - 107
Alumina (Al,05) 765 3970 40 0.85 35-10°

The effective thermal conductivity k,s and viscosity u,¢ of nanofluid are derived by
using the generalized model of Koo and Kleinstreuer [10]:

nf
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static

T k4 2k + Pk — k) |

+k

Brownian

TP

kT
kBrownian =35 '104ﬂ¢pfcpf pb_df(Ta ¢7 etc.) (6)



Gul, A, et al.: Radiation and Heat Generation Effects in Magnetohydrodynamic ...
54 THERMAL SCIENCE: Year 2018, Vol. 22, No. 1A, pp. 51-62

Mot = Hstatic T HBrownian »

Hstatic =, 55> HBrownian = 5-10 ﬂ¢pf f(T,¢a etc.)
- ped,

where £, is the Boltzman constant = 1.3807- 10 J/K, T — the temperature of the nanofluids,
300 K > T > 325 K, d, — the diameter of solid particles, f — the modelling function which is
used to represents the fraction of the liquid volume, which travels with a particle. It is related
to the particle motion. Here, {7, ¢, etc.) is function which depends on properties of interven-
ing fluid and hence particle interactions. Interparticle potential has been used to take the in-
terparticle interaction into consideration. It was difficult to find the theoretical value of
AT, ¢, etc.). Therefore, experimental results of Das et al. [10] for Al,O; and experimental re-
sults of Patel et al. [24] for Ag nanoparticles have been listed in tabs. 2 and 3. The values of
these two functions, f and AT, @, etc.), are mentioned in tabs. 2 and 3 [10, 33]. Koo and
Kleinstreuer [10] model is the generalized model of these two models.

Table 2. For Table 3. For f(7, ¢, etc.)
Type Type
of particles B GRS of particles I G @2
Ag 0.0137(1004) 8% ¢ <1% Ag 1
AlLO, 0.0017(1004) 084! ¢>1% AlLO, (—64 + 0.4705)T + (1722.3¢ — 134.63)

Therefore, the expressions in eqs. (6) and (7) are restricted only to spherical shape of
nanoparticles. The radiative heat flux give:

% 4gl(r-Ty) ®)
oy

where oy is the mean radiation absorption coefficient. Applied pressure gradient in the flow
direction is taken as —Op/Ox = Aexp(iw,f), where 4 is constant and w; — the frequency of oscil-
lation. Introducing following dimensionless variables:

* * * * tU % % T—T
L L R L By L et !
)
* d 1
P P _ jpeen
U, ox
the system of eqs. (1)-(4) reduces to:
Ou o*u 2
a,— = Asexp(iot) + ¢, — —mju +a,T 10
075 p(iot) + ¢, 6y2 0 1 (10)
u(0,0)=0, u(l,t)=0, t>0 (11)
2
bga—Tza—fH;fT (12)
ot oy

T(0,6)=0, T(LH)=1, >0 (13)
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Here Re, M, Gr, Pe, O, and N denote the Reynold’s number, magnetic parameter, the
thermal Grashof number, the Peclet number, heat generation, and the radiation parameter, re-

spectively.
In order to solve eqs. (10)-(13) the following perturbed type solutions are assumed:
u(y ) =[ug(y) + £ explionu ()] (14)
T(y,1) =Ty (») + exp(ionT; ()] (15)

Using eqgs. (14) and (15) into eqgs. (10)-(13), respectively, the following system of
ordinary differential equations is obtained:

2
TUW) 2 () = —ay Ty () (16)
dy
1y(0)=0, (1) =0 a7
d*u, () p)
o mm0)=— (18)
w(0)=0, u(1)=0 (19)
2
D) g (y-0 20)
dy
T,0)=0, Ty1)=0 @)
2
RO 213 =0 (22)
dy

L©0)=0, T,()=0 (23)
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where

2 2 .
m a my +1ma ;
m, = _0 a, = _1 m- = M m, = b —_ la)b
1 5 2 5 2 > 3 \Vt! 0
¢2 ¢2 ¢2

Solutions of egs. (20)-(23) yield:

_sin(byy)
Iy(y)= sin(hy) (24)
Ti(y)=0 (25)
Now eq. (15), after using eqgs. (24) and (25) becomes:
B _sin(by)
T(y,0)=T(y)= i) (26)

Incorporate eq. (26) into eq. (16) and then the solution of the resulting equation with
boundary conditions (17) yields:

a,  sin(hy)

uy(y) = ¢, sinh(m, y) + ¢, cosh(m, y) + -
0 1 1 2 1 (blz +m12) sm(bl)

27)

Similarly, eq. (18) with boundary conditions (19) results in:

u,(y) = ¢y sinh(m,y) + ¢, cosh(m, y) +

’ (28)

my, 9
Here ¢, c;, c3, and ¢4 are arbitrary constants given by:

9 R S I | R p——
m;y ¢, sinh(m;) my ¢,

C =— N CH = 0, C
' sinh(m)®2 +m?)’ .

Now using eqs. (27) and (28) into eq. (16), give:
a, sinh(m, y) LD sin(b,y)
(b +m})sinh(m,) (b} +m})sin(b,)
Alcosh(m,) +1]sinh(m,y) 2

2, 2
m; ¢, sinh(m, ) m, 9,

u(y’t) ==

+& exp(ia)t){ [cosh(m,y) - 1]} (29)
Nusselt number and skin-friction

Nusselt number and skin-friction are evaluated from egs. (26) and (29) as:

_ bl
Nu = i) (30)

Am,[cosh(m,) —1]

am " a,b,
m3 ¢, sinh(m,)

31
(b +m})sinh(m,) (b7 + m})sin(b,) 1)

+ gexp(iot)

n=0)=-



Gul, A, et al.: Radiation and Heat Generation Effects in Magnetohydrodynamic ...
THERMAL SCIENCE: Year 2018, Vol. 22, No. 1A, pp. 51-62 57

Results and discussion

Graphical results with illustration are included in this section. Koo and Kleinstreuer
[10] model is used to derive velocity profile of silver-water based nanofluids. Using the ther-
mophysical properties HO, C,HO,, Ag, and Al,O; from tab. 1, figs. 1-11 are plotted. In these
figs. 1-6 and 10 are sketched for velocity profiles, and 7-9 and 11 for temperature profiles. Fig-
ure 1 is sketched to show velocity profile of Ag nanoparticles of different sizes in water-based
nanofluids. One can see from this fig. 1 that on increasing size of Ag nanoparticles (from 1 nm
to 30 nm) in water-based nanofluids, velocity is found to increase. However, after 30 nm, no
variation is observed, even if the size of nanoparticle is increased upto 100 nm or above. Only a
small variation is observed when volume fraction of nanofluids is taken as 0.01.

T T 5 T T

o—¢ d,= 100 nm =& d,= 100 nm
0 L 0 1
0 0.5 y 1 0 0.5 y 1
Figure 1. Velocity graph for different sizes of Ag Figure 2. Velocity graph for different sizes of
in water-based nanofluid when Gr =0.1, N =0.1, Al,O; in water-based nanofluid when ¢ = 0.01,
Re=1,Pe=1,M=1,A=1,t=0.1,and Q = 0=0.01,Gr=0.1,N=0.1,Re=1,Pe =1,
0.001, ¢ =0.01, 0 = 0.2 M=1,2=1,t=0.1,and © = 0.2

This result shows that size of Ag nanoparticles is effected in very small volume frac-
tion. The increasing of velocity with size of nanoparticle means that viscosity and thermal con-
ductivity of nanofluids are decreasing. It is clear from fig. 1 that dispersion of Ag nanoparticles
of small sizes show higher viscosity and thermal conductivity. According to theory of Brownian
motion, random motion of small size particles is greater than large size particles or aggregation
and aggregate containing a number of nanoparticles or clusters slow down the random motion
of nanoparticles. This means that large size particles has greater possibility of making clusters
as compare to small size particles. Therefore, suspension of small size particles has greater
thermal conductivity. However, after a certain increase of size no variation is observed. It is also
mention in Xuan af el. [9] model that smaller the radius of aggregation or cluster of suspended
nanoparticles higher will be thermal conductivity of nanofluids and completed dispersed single
particles (without aggregation or cluster) is found only in an ideal case.

Figure 2 is sketched to represent velocity profile of Al,O5 in water-based nanofluids.
This figure shows that dispersion of Al,O; nanoparticles in water gives the same results as
found in case of dispersion of Ag nanoparticles in water-based nanofluids. But variation in
velocity of Al,O; nanoparticles in water-based nanofluids is found only at high volume frac-
tion. Although variation in velocity of dispersion of Ag nanoparticles in water is found at low
volume concentration. This means that ¢ plays an important role when the size of Ag nano-
particle is kept constant in both cases of water-based nanofluid and Al,O; based-nanfluid. It is
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also important to note that there is a limit of adding nanoparticles to the base fluid. Physically,
it is due to the sedimentation in nanofluids by high volume concentration taken at different
volume for different nanoparticles.

Graphical results of dispersion of different sizes of Ag in EG-based nanofluids are
shown in fig. 3. It is found from this figure that there is no variation in velocity with size of
nanoparticles in EG-based nanofluids. It means that the size is unaffected in EG-based
nanofluids even at a high ¢. Comparison of Ag and Al,O5 in water-based nanofluids is shown
in fig. 4. It is noted that Al,O; in water-based nanofluids has high velocity as compare to Ag
in water-based nanofluids. This means that silver is more viscous than Al,O3 in water-based
nanofluids. Figure 5 is drawn to represent the velocity profile for different ¢. It is noted from
this figure that with the increase of ¢ velocity of nanofluids decreases. This physically means
that with the increase of ¢ viscosity of nanofluids increases, due to which velocity of nanoflu-
ids decreases. Figure 6 is sketched to show the velocity profile for different value of Q. It is
found from fig. 6 that velocity of nanofluids increases with the increase of Q.

0.8 T T 5 T T
uly uly 2190
23
4 F .
06 1
3k .
041 T
2F 4
B8 d,=1nm
O.Z'Hd‘)=5nm 7 1k i
@o-® d,= 30 nm
o—e d,= 100 nm
0 L 0 ;

0 0.5 1

y

Figure 3. Velocity graph for different sizes of Ag
in EG-based nanofluid when ¢ = 0.1, 0 =0.01,
Gr=01,N=0.1,Re=1,Pe=1,2=1,t=0.1,
and w = 0.2

5 T T
u(y b
4
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0
0 0.5 y 1

Figure 5. Velocity profile of Ag nanofluid for
different ¢ when Q =0.01, d, =5 nm, Ag,
Gr=01,N=0.1,Re=1,Pe=1,A=1,¢=0.1,
and w = 0.2

0 0.5 1

y

Figure 4. Velocity comparison graph of Ag and
Al,Oj3 in water based nanofluids when Q = 0.01,
d,=5nm, Gr =0.1, N=0.1,Re=1,Pe =1,
2=1,t=0.1,and w = 0.2

Figure 6. Velocity graph for different values of
Qwhen¢=1,0=0.01,d, =5 nm, Ag, Gr = 0.1,
N=01,Re=1,Pe=1,1=1,¢=0.1,

and o = 0.2
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Graphs of temperature profile for different values of radiation parameter N volume
fraction, and heat generation parameter are given in figs. 7-9 and 11. Figure 7 on the other
hand indicates that temperature of nanofluids increases with the increase of ¢ but this varia-
tion in temperature is observed at very high ¢ for Ag in water-based nanofluids. This is due to
the reason that with the increase of volume fraction, thermal conductivity and viscosity in-
crease but the variation in thermal conductivity lead to increase the temperature of nanofluids
and viscosity start decreasing with increasing temperature. Figure 8 shows that temperature
profiles of nanofluids increase with the increase of radiation parameter N. This physically
means that an increase in radiation parameter, increases the rate of heat energy transport to the
fluid. Increasing rate of heat transfer decreases the viscosity of nanofluids due to which tem-
perature of nanofluids increases. When N = 0, means there is no radiation from the fluid. This
physically means the nanofluid has low temperature. Figure 9 represents temperature profile
for different value of Q. It is clear from this figure that nanofluids temperature increases with
the increase of Q.

T T 2 T T
WL Ty 1)
15F
Tyt
1k
0.5F -
0.5}
0 1 0 1 1
0 0.5 y 1 0 0.5 y 1

Figure 7. Velocity profile for different value of ¢
when @ =1,d, =5 nm, Ag, Gr =0.1, N=0.1,
Re=1,Pe=1,A=1,t=0.1,and ® =0.2

1.5 T T

Ty

0.5F -

1 Il

0.5 y 1

0
0

Figure 9. Temperature profile for different
value of volume fraction Q whenz=1, N=0.1,
¢=0.04,d;,=5 nm

Figure 8. Temperature profile for different
value of radiation parameter N when ¢ = 0.04,
0=1,t=1,and d;=5 nm

6 T T
B8 Presentresult Q=0,¢=0
u(y, t) | [#* Result [32]
4+ .
2F ]
0 1
0 05 y 1

Figure 10. Comparison of present velocity
results when ¢ =0, Q =0, with published
results [32]
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- Finally, in figures 10 and 11, the results
of the present study are compared with those
of Makinde and Mhone [32] in the absence of
heat generation and in a non-porous medium.

=5 Presentresult Q=0,¢=0
o—¢ Result [32]

T(.0 It can clearly be seen that the present results

of velocity and temperature are identical with

the results obtained for a regular fluid [32].
05 -

Final conclusions

In this work we have studied analytically
heat transfer in mixed convection flow of
0 . L MHD nanofluids inside a vertical channel
0 05 y ! with radiation and heat generation effects.

Figure 11. Comparison of present tempertaure The dispersion of different sizes of Ag and
results when ¢ = 0, Q = 0, with published Al,O; nanoparticles in water as conventional
results [32] base fluids is considered. In addition, the sus-

pension of different sizes of Ag nanoparticles

in EG-based nanofluids is also studied. Present result is compared with the existing result of
Makinde [32] result and found an excellent agreement tab. 4. Expression for velocity and
temperature are obtained. Results are plotted and the following conclusions are drawn.

The suspension of small size nanoparticles (Ag and Al,O;) in water-based nanofluids has
greater viscosity and thermal conductivity.

It is also observed that there is a certain limit of increasing size of nanoparticles (upto 30
nm) which causes the velocity to increase and thereafter no change is observed for further
increasing size of nanoparticles.

It is found that there is certain limit of ¢ where size of nanoparticles start affecting. The
size of Ag nanoparticles is affected only at small volume fraction (¢) 0.01 as compared to
AlLO5 nanoparticles, size has no effect at this volume fraction on velocity of nanofluid but
at high volume fraction 0.1, velocity of nanofluids start affecting with increasing size of
Al,Oj; nanoparticles. On the other side for EG-based nanofluids the size has no effect.
Besides, velocity is decreasing with increase of ¢ due to viscosity increases whereas ve-
locity is increasing with the increase of Q.

In limiting sense the present results are reduced to published results [32].

Table 4. Comparison of present result with those of Makinde and Mhone [32]

Present results Present results when Makinde and Mhone [32] results
O=0and¢=0 in the absence of porous medium
Velocity 5.323 0.119 0.119
Temperature 0.501 0.599 0.599
Nomenclature
B, - applied magnetic field, [T E  —total electric field, [NC™']
0 lpe—1
(c,)r — heat capacity of base fluid, [kg K~ J Gr  —thermal Grashof number, [-]
(¢p)ns — heat capacity of nanofluids, kg 'K g — gravitational acceleration, [ms~]
(cy)s — heat capacity of solid nanoparticles, k¢ — thermal conductivity of base fluid,
kg 'K ] [Wm K]

dp

— diameter of solid nanoparticles, [m]
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kye  — thermal conductivity of nanofluids, ps — volumetric coefficient of thermal expansion
[Wm'K™] of solid nanoparticles, [K™']
ks —thermal conductivity of solid u — dynamic viscosity of base fluid, [kgm™'s™]
nanoparticles, [Wm 'K™'] Um — magnetic permeability, [H'm™]
M —magnetic parameter, [—] o — dynamic viscosity of solid nanofluids,
N —radiation parameter, [—] [kgm’ls’l]
Nu — Nusselt number, [-] us — dynamic viscosity of solid nanoparticles,
Pe  —Peclet number, [—] [kgm's™]
O - heat generation parameter, [—] pae — density of nanofluids, [kgm ]
T - temperature of nanofluids, [K] pr — density of base fluid, [kgm ]
t — time, [s] ps — density of solid nanoparticles, [kgm™]
Greek symbols o, — elecltriczlil conductivity of nanofluids,
[€'m™ (mho)]
oy —mean absorption coefficient, [m™] T - viscous stress tensor, [Nm™]
pr — volumetric coefficient of thermal expansion 7, — skin friction, [-]
of base fluid, [K™'] o — oscillating parameter, [s™']
P — volumetric coefficient of thermal expansion ¢ —volume fraction of solid nanoparticles, [—]

of nanofluids, [K™']
Acknowledgment

The author acknowledge with thanks the Deanship of Scientific Research at Majma-
ah University, Majmaah Saudi Arabia for technical and financial support through vote number
37/97 for this research project.

References

[1] Maxwell, J. C., 4 Treatise on Electricity and Magnetism, Clarendon Press Series, Clarendon Press, Ox-
ford, UK, 1873,2 v

[2] Hamilton, R., Crosser, O., Thermal Conductivity of Heterogeneous Two-Component Systems, Industrial
& Engineering Chemistry Fundamentals, 1 (1962), 3, pp. 187-191

[3] Choi, S., Enhancing Thermal Conductivity of Fluids with Nanoparticles, ASME-Publications-Fed, 231
(1995), pp. 99-106

[4] Sheikholeslami, M., et al., Simulation of MHD CuO-Water Nanofluid Flow and Convective Heat Trans-
fer Considering Lorentz Forces, Journal of Magnetism and Magnetic Materials, 369 (2014), Nov., pp.
69-80

[5] Mohyud-Din, S. T., et al., Magnetohydrodynamic Flow and Heat Transfer of Nanofluids in Stretchable
Convergent/Divergent Channels, Applied Sciences, 5 (2015), 4, pp. 1639-1664

[6] Al-Salem, K., et al., Effects of Moving Lid Direction on MHD Mixed Convection in a Linearly Heated
Cavity, International Journal of Heat and Mass Transfer, 55 (2012), 4, pp. 1103-1112

[71 Yu, W., Choi, S., The Role of Interfacial Layers in the Enhanced Thermal Conductivity of Nanofluids: a
Renovated Maxwell Model, Journal of Nanoparticle Research, 5 (2003), 1-2, pp. 167-171

[8] Yu, W., Choi, S., The Role of Interfacial Layers in the Enhanced Thermal Conductivity of Nanofluids: a
Renovated Hamilton-Crosser model, Journal of Nanoparticle Research, 6 (2004), 4, pp. 355-361

[9] Xuan, Y., et al., Aggregation Structure and Thermal Conductivity of Nanofluids, AIChE Journal, 49
(2003), 4, pp. 1038-1043

[10] Koo, J., Kleinstreuer, C., A New Thermal Conductivity Model for Nanofluids, Journal of Nanoparticle
Research, 6 (2004), 6, pp. 577-588

[11] Das, S. K., etal., Temperature Dependence of Thermal Conductivity Enhancement for Nanofluids,
Journal of Heat Transfer, 125 (2003), 4, pp. 567-574

[12] Chon, C. H., et al, Empirical Correlation Finding the Role of Temperature and Particle Size for
Nanofluid (Al,0;) Thermal Conductivity Enhancement, Applied Physics Letters, 87 (2005), 15, pp.
153107-153107

[13] Qasim, M., et al., Mhd Boundary Layer Slip Flow and Heat Transfer of Ferrofluid along a Stretching
Cylinder with Prescribed Heat Flux, PloS One, 9 (2014), https://doi.org/10.1371/journal.pone.0083930

[14] Khan, Z. H., et al, MHD Stagnation Point Ferrofluid Flow and Heat Transfer Toward a Stretching
Sheet, Nanotechnology, IEEE Transactions, 13 (2014), 1, pp. 35-40


https://doi.org/10.1371/journal.pone.0083930

Gul, A, et al.: Radiation and Heat Generation Effects in Magnetohydrodynamic ...
62 THERMAL SCIENCE: Year 2018, Vol. 22, No. 1A, pp. 51-62

[15] Sheikholeslami, M., Ganji, D. D., Ferrohydrodynamic and Magnetohydrodynamic Effects on Ferrofluid
Flow and Convective Heat Transfer, Energy, 75 (2014), Oct., pp. 400-410

[16] Turkyilmazoglu, M., Unsteady Convection Flow of Some Nanofluids Past a Moving Vertical Flat Plate
with Heat Transfer, Journal of Heat Transfer, 136 (2014), 3, ID 031704

[17] Asma, K., et al., Exact Solutions for Free Convection Flow of Nanofluids, with Ramped Wall Tempera-
ture, The European Physical Journal Plus, 130 (2015), Apr., pp. 57-71

[18] Tiwari, A. K., et al., Investigation of Thermal Conductivity and Viscosity of Nanoflurids, J. Environ.
Res. Develop, 7 (2012), 2, pp. 768-777

[19] Zeeshan, A., et al., Magnetohydrodynamic Flow of Water/Ethylene Glycol Based Nanofluids with Natu-
ral Convection through a Porous Medium, The European Physical Journal Plus, 129 (2014), 12, pp. 1-
10

[20] Akbar, N. S., et al., Impulsion of Induced Magnetic Field for Brownian Motion of Nanoparticles in Peri-
stalsis, Applied Nanoscience, 6 (2015), 3, pp. 359-370

[21] Das, S., Jana, R. N., Natural Convective Magneto-Nanofluid Flow and Radiative Heat Transfer Past a
Moving Vertical Plate, Alexandria Engineering Journal, 54 (2015), 1, pp. 55-64

[22] Garoosi, F., et al., Two Phase Simulation of Natural Convection and Mixed Convection of the Nanofluid
in a Squarecavity, Powder Technology, 275 (2015), May, pp. 239-256

[23] Sheikholeslami, M., Rashidi, M., Ferrofluid Heat Transfer Treatment in the Presence of Variable Mag-
netic Field, The European Physical Journal Plus, 130 (2015), 6, pp. 1-12

[24] Patel, H. E., et al., Thermal Conductivities of Naked and Monolayer Protected Metal Nanoparticle Based
Nanofluids: Manifestation of Anomalous Enhancement and Chemical Effects, Applied Physics Letters,
83 (2003), 14, pp. 2931-2933

[25] Brinkman, H., The Viscosity of Concentrated Suspensions and Solutions, The Journal of Chemical
Physics, 20 (1952), 4, pp. 571-571

[26] Khan, U., et al., Thermo-Diffusion, Diffusion-Thermo and Chemical Reaction Effects on MHD Flow of
Viscous Fluid in Divergent and Convergent Channels, Chemical Engineering Science, 141 (2016), Feb.,
pp. 17-27

[27] Ahmed, N., et al., MHD Flow of an Incompressible Fluid through Porous Medium between Dilating and
Squeezing Permeable Walls, Journal of Porous Media, 17 (2014), 10, pp. 861-867

[28] Sheikholeslami, M., Ellahi, R., Three Dimensional Mesoscopic Simulation of Magnetic Field Effect on
Natural Convection of Nanofluid, International Journal of Heat and Mass Transfer, 89 (2015), Oct., pp.
799-808

[29] Mohyud-Din, S. T., et al., On Heat and Mass Transfer Analysis for the Flow of a Nanofluid between Ro-
tating Parallel Plates, Aerospace Science and Technology, 46 (2015), Oct.-Nov., pp. 514-522

[30] Khan, U., et al., Thermo-Diffusion Effects on MHD Stagnation Point Flow Towards a Stretching Sheet
in a Nanofluid, Propulsion and Power Research, 3 (2014), 3, pp. 151-158

[31] Jha, B. K., et al., Natural Convection Flow of Heat Generating/Absorbing Fluid near a Vertical Plate
with Ramped Temperature, Journal of Encapsulation and Adsorption Sciences, 2 (2012), 4, pp. 61-68

[32] Makinde, O. D., Mhone, P. Y., Heat Transfer to MHD Oscillatory Flow in a Channel Filled with Porous
Medium, Romanian Journal of Physics, 50 (2005), 9-10, pp. 931-938

[33] Said, Z., et al., Mixed Convection Heat Transfer of Nanofluids in a Lid Driven Square Cavity: A Para-
metric Study, International Journal of Mechanical and Materials Engineering (IJMME), 8§ (2013), 1, pp.
48-57

Paper submitted: July 30, 2015 © 2017 Society of Thermal Engineers of Serbia.
Paper revised: January 15, 2016 Published by the Vin&a Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: February 26, 2016 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.


http://www.vin.bg.ac.rs/index.php/en/


<<

  /ASCII85EncodePages false

  /AllowPSXObjects false

  /AllowTransparency false

  /AlwaysEmbed [

    true

  ]

  /AntiAliasColorImages false

  /AntiAliasGrayImages false

  /AntiAliasMonoImages false

  /AutoFilterColorImages true

  /AutoFilterGrayImages true

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CheckCompliance [

    /None

  ]

  /ColorACSImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /ColorConversionStrategy /LeaveColorUnchanged

  /ColorImageAutoFilterStrategy /JPEG

  /ColorImageDepth -1

  /ColorImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /ColorImageDownsampleThreshold 1.50000

  /ColorImageDownsampleType /Bicubic

  /ColorImageFilter /DCTEncode

  /ColorImageMinDownsampleDepth 1

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /ColorImageResolution 300

  /ColorSettingsFile ()

  /CompatibilityLevel 1.3

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /CreateJDFFile false

  /CreateJobTicket false

  /CropColorImages false

  /CropGrayImages false

  /CropMonoImages false

  /DSCReportingLevel 0

  /DefaultRenderingIntent /Default

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /ESP <>

    /FRA <>

    /ITA <>

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

  >>

  /DetectBlends true

  /DetectCurves 0.10000

  /DoThumbnails false

  /DownsampleColorImages false

  /DownsampleGrayImages false

  /DownsampleMonoImages false

  /EmbedAllFonts true

  /EmbedJobOptions true

  /EmbedOpenType false

  /EmitDSCWarnings false

  /EncodeColorImages true

  /EncodeGrayImages true

  /EncodeMonoImages true

  /EndPage -1

  /GrayACSImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /GrayImageAutoFilterStrategy /JPEG

  /GrayImageDepth -1

  /GrayImageDict <<

    /HSamples [

      1

      1

      1

      1

    ]

    /QFactor 0.15000

    /VSamples [

      1

      1

      1

      1

    ]

  >>

  /GrayImageDownsampleThreshold 1.50000

  /GrayImageDownsampleType /Bicubic

  /GrayImageFilter /DCTEncode

  /GrayImageMinDownsampleDepth 2

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /GrayImageResolution 300

  /ImageMemory 1048576

  /JPEG2000ColorACSImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000ColorImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayACSImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayImageDict <<

    /Quality 30

    /TileHeight 256

    /TileWidth 256

  >>

  /LockDistillerParams false

  /MaxSubsetPct 100

  /MonoImageDepth -1

  /MonoImageDict <<

    /K -1

  >>

  /MonoImageDownsampleThreshold 1.50000

  /MonoImageDownsampleType /Bicubic

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /MonoImageResolution 1200

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /NeverEmbed [

    true

  ]

  /OPM 1

  /Optimize true

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName ()

      /DestinationProfileSelector /NA

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.25000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXBleedBoxToTrimBoxOffset [

    0

    0

    0

    0

  ]

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXOutputCondition ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputIntentProfile (None)

  /PDFXRegistryName ()

  /PDFXSetBleedBoxToMediaBox true

  /PDFXTrapped /False

  /PDFXTrimBoxToMediaBoxOffset [

    0

    0

    0

    0

  ]

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /ParseICCProfilesInComments true

  /PassThroughJPEGImages true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Remove

  /UCRandBGInfo /Remove

  /UsePrologue false

  /sRGBProfile (sRGB IEC61966-2.1)

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [2159.000 2794.000]

>> setpagedevice



