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In this paper, the effect of an external non-uniform magnetic field on forced 
convective heat transfer of magnetite nanofluid (ferrofluid) in a heated channel is studied 
numerically. The main goal is to emphasize the importance of magnetic field location and 
investigate the possibility of heat transfer enhancement by finding the optimum location of 
magnetic field source.It is observed that the magnetic field results in creation of 
recirculation zones which affect the thermal boundary layer thickness and Nusselt 
number. Results show that the effect of magnetic field location on the heat transfer is 
completely dependent on the thermal boundary condition. It is also shown that the flow 
and temperature fields can be manipulated by application of multiple magnetic field 
sources. Using genetic algorithm (GA), an optimum arrangement for locations of eight 
magnetic field sources is obtainedresulting in a27% heat transfer enhancement compared 
to the case of no magnetic field.  

Keywords: Heat transfer; Forced convection, Ferrofluid, Mini channel, Magnetic field, Optimization, 
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Introduction 
Ferrofluid is a colloidal liquid made of nanoscale 
magnetic particles suspended in a carrierliquid  
typically water or oil [1]. It becomes strongly 
magnetized in the presence of an external  magnetic 
field. Thus, it is possible to alter the ferrofluid flow 
field and temperature distribution, increase flow 
mixing, disturb the thermal boundary layer and 
consequently  improve the heat transfer rate. Due to 
this distinguished characteristic, ferrofluid has been 
utilized in several applications such as micro-scale 
heat exchangers in MEMS devices, bioengineering, 
aerospace, and electronic cooling of spacecraft devices 
in microgravity condition [2-4]. 

One of the most serious problems in designing 
spacecraft equipments is reliable heat removal in low 
and micro-gravity conditions. Due to the lack of 
gravity, conventional coolants cannot be circulated 
around the heat dissipating devices appropriately. 
Thus, ferrofluid can be a good alternative. The 
magnetic force resulted from the external magnetic 
field can drive the ferrfluidto the heat source, circulate 
around it and facilitate the heat transfer process.  

Numerical study of ferrofluid flow and heat 
transfer has been growing rapidly in the recent years. 
Ferrofluidthermomagnetic convection in which 
ferrofluid is confined in an enclosure and is subjected 
to a magnetic field has been considered in numerical 
and experimental studies with a variety of geometries 
and thermal boundary conditions [5-8].  

A group of studies have also concentrated on 
forced convection heat transfer problem [9-13]. 
Ganguly et al. [11] numerically studied two-
dimensional forced convection heat transfer of a hot 
ferrofluid flowing through a channel with a cold 
wall under the influence of a line-source dipole. It 
was shown that the local vortex resulted from the 
magnetic field alters the advection energy transport 
and enhances heat transfer. Strek and Jopek [12] 
studied the two-dimensional and time dependent 
heat transfer of a ferrofluid in a channel with 
isothermal walls under the influence of amagnet 
dipole located below the channel. They showed that 
an imposed thermal gradient produces a spatial 
variation in the magnetization through the 
temperature - dependent magnetic susceptibility for 
ferrofluids and therefore renders the Kelvin body 
force non-uniform spatially. Xuan et al. [13] 
calculated flow and temperature distribution of a 
ferrofluid in a micro-channel with adiabatic and 
isothermal walls using lattice-Boltzmann method. In 
their work, the magnetic force was considered a 
constant and it was shown that heat transfer 

augmentation depends on the magnitude and 
direction of the magnetic force. Aminfar et al. [9]  
studied the forced convection of ferrofluid in a duct 
under the influence of a transverse non-uniform 
magnetic field which is generated by an electric 
current going through a wire parallel tothe duct. They 
reported a considerable enhancement of average heat 
transfer coefficient in their studied case. 

Goharkhah and Ashjaee [14] and Ghasemian et 
al. [15] investigated the influence of alternating 
magnetic field on the convective heat transfer 
ferrofluid and showed that the intensity and 
frequency of the external magnetic field has a 
significant effect on heat transfer. Sheikhnejad et al. 
[16] studied different magnetic field distributions on 
laminar ferroconvection heat transfer in horizontal 
tube. They showed that the magnetic field causes an 
increase in both pressure loss and heat transfer. The 
magnetic field with low gradient and high intensity 
was shown to be the best choice for both saving 
energy and heat transfer enhancement. Sheikhnejad et 
al. [17] also carried out a three -dimensional 
numerical analysis of ferrofluid flow through a 
horizontal tube under the influence of two fixed 
parallel magnet bars. 

Additionally, several numerical studies have 
concentrated on biomagnetic fluid dynamics (BFD) 
considering blood as a magnetic fluid [18-20]. 
Despite several numerical studies, the mechanism of 
ferrofluid heat transfer is not still clearly investigated. 
Moreover, any study concerning the effect of magnetic 
field location on heat transfer and the optimization 
problem hasnot been reported previously. 

In the current study, forced convection heat 
transfer of ferrofluid in a heated channel under an 
external non-uniform magnetic field is studied 
numerically. The effect of magnetic field location on 
the heat transfer rate has been investigated for two 
common boundary conditions of constant temperature 
and constant heat flux. Furthermore, the optimum 
locations of multiple magnetic eldsourcesand heat 
transfer enhancement have been calculated using 
genetic algorithm. 

Problem Description 
Ferrofluid flows through a two-dimensional channel 
with an insulated top and a heated bottom surface. 
The channel height and length are W= 2mm and 
L=20mm, respectively.A non-uniform two-
dimensional magnetic field is created by a magnetic 
dipole. In the first part, the location of the dipole 
has been assumed to vary in the horizontal and 
vertical directions beneath the heated surface as 
shown in Fig. 1(a). Simulations have been carried 
out for two common boundary conditions of 
isothermal and constant heat flux. The cooling 
performance of the system has been evaluated for 



  
 
 Numerical Simu

both cases 
magnetic fi
transfer has 
shown in 
algorithm, th
have been 
maximum he

Fig. 

Magnetic B
Gauss’s law BሬሬԦ = μ଴൫MሬሬሬԦ ൅

where, 
magnetizatio

Ampere
assumptionis ׏ሬሬԦ. BሬሬԦ = ሬሬԦ׏  0 × HሬሬԦ = 0  

The magHሬሬԦ =   V୫ ׏−
where, V

line dipole, itV୫(x, y) = ௠ଶ
Where ݉

field and X 
dipole. ThenHሬሬԦ(r, ϕ) = ஓଶ஠
Where r andr = ඥ(x − Xϕ = tanିଵ ቀ୷୶

The ma
related  as foMሬሬሬԦ = χ୫HሬሬԦ   

The varχ୫ as a funct

ulation and Optim

separately. 
ield sources 
been investi
Fig. 1(b). 

he optimum 
obtained i

eat transfer ra

1. Schematic o

Governin

Body Force 
for the magneHሬሬԦ൯  

H and M 
on, respectivel
e’s law wi

also stated as:

gnetic field ca

V୫ is the sca
t can be expre௠஠ ୶ିଡ଼(୶ିଡ଼)మା(୷ିଢ଼)݉ represents 
and Y are th
, H is obtaineஓ஠୰మ (cos(2ϕ) ıԦd  ϕare definedX)ଶ ൅ (y − Y)ଶ୷ିଢ଼୶ିଡ଼ቁ  

agnetic field a
ollows. 

riation of the 
tion of temper

 

mization of  Force

The effect
on the co

gated in the 
Moreover, 
arrangement 

in order to
ate. 

 

of the studied pr

g Equation

etic flux densi

are magne
ly.  
ith zero c
: 

an be obtained

lar magnetic p
essed as follow

మ     
the strength o

he locations o
d in polar cooıԦ ൅ sin(2ϕ) ȷԦ)
d as: ଶ  

and magnetiza

total magnetic
rature is rewri

ed Convection He

t of multip
onvective he
second part 
using genet
of the dipol

 achieve th

roblems 

ns 

ity is: 

(

etic field an

urrent densi

(

(

d from [4]: 

(

potential. For
ws[11]. 

(

of the magnet
of a single lin
ordinates as   )         (

(

(

ation vector a

(

c susceptibilit
itten as[11]: 

eat … 

ple 
eat 
as 
tic 
es 
he 

 

(1) 

nd 

ity 

(2) 

(3) 

(4) 
r a 

(5) 

tic 
ne 

(6) 

(7) 

(8) 

are 

(9) 

ty,  

χ୫ =
wher
temp

for a FሬԦ୏ =
Flui
The 
mom
equat
respeడ௨డ௫ ൅డ௨డ௧ ൅ܨ௄(ݔడ௩డ௧ ൅ܨ௄(ݕడ்డ௧ ൅
wher
from߆ =
usingݔ∗ ∗ݑ= ∗ݐ= =ܲ∗ =ܶ∗ =
Usingడ௨∗డ௫∗ ൅డ௨∗డ௧∗ ൅ଵோ௘ ቀడడడ௩డଵோడ்డడడ௬

Jour
Vol.  

= χ୫(T) = ଵା
re, χ଴ is t
perature. 
The correspon
ferrofluid is d= MሬሬሬԦ.   BሬሬሬԦ׏

d Flow and 
governing eq

mentum in 
tions) and en
ectively. డ௩డ௬ = ݑ  0 డ௨డ௫ ൅ ݒ డ௨డ௬ ݑ  (ݔ= డ௩డ௫ ൅ ݒ డ௩డ௬ (ݕ= ݑ   డ்డ௫ ൅ ݒ డ்డ௬ =
re, ߆ is the v

m: 2 ቀడ௨డ௫ቁଶ ൅ 2 ቀ
The foregoing

g the followin= ௫ௐ ,= ௨௨ೝ೐೑ ,= ௧௨ೝ೐೑ௐ   = ௉ఘ௨ೝ೐೑మ   = ்ି బ்்ಹି బ்  

g Eq.17-21, E൅ డ௩∗డ௬∗ = 0   ൅ ∗ݑ డ௨∗డ௫∗ ൅ డమ௨∗డ௫∗మݒ ൅ డమ௨∗డ௬∗మቁ௩∗௧∗ ൅ ∗ݑ డ௩∗డ௫∗ ൅ଵ௘ ቀడమ௩∗డ௫∗మ ൅ డమ௩∗డ௬∗మ்∗௧∗ ൅ ∗ݑ డ்∗డ௫∗ ൅మ்∗௬∗మቁ ൅ ா௖ோ௘  .∗߆

rnal of Space Scie
11 / No. 2/ 2018

஧బஒ(୘ି୘బ)   

he susceptib

nding Kelvin 
defined as [4, 

Heat Trans
quations for 
x, y direct

nergy are give

= − ଵఘ . డ௉డ௫ ൅ ఓఘ ቀ
= − ଵఘ . డ௉డ௬ ൅ ఓఘ ቀ
= ߙ ቀడమ்డ௫మ ൅ డమ்డ௬మ
viscous dissip

ቀడ௩డ௬ቁଶ ൅ ቀడ௩డ௫ ൅
g equations ar
g parameters:ݕ∗ = ௬ௐ ∗ݒ   = ௩௨ೝ೐೑  

Eq.12-15 can b

∗ డ௨∗డ௬∗ = −=൅ ∗ݒ  (∗ݔ)∗௄ܨ డ௩∗డ௬∗ = − డ௉డ௬ቁ ൅ ∗ݒ, (∗ݕ)∗௄ܨ డ்∗డ௬∗ = ଵோ௘௉௥
 

ence and Techno

bility at a 

body force p
11]: 

sfer Equatio
conservation 
tions (Navie
en by equatio

ቀడమ௨డ௫మ ൅ డమ௨డ௬మቁ ൅
ቀడమ௩డ௫మ ൅ డమ௩డ௬మቁ ൅
మ்ቁ ൅   ߆ߤ

ation and is 

൅ డ௨డ௬ቁଶ
  

re non-dimen
  

be rewritten as

− డ௉∗డ௫∗ ൅
௉∗௬∗ ൅,  
௥ ቀడమ்∗డ௫∗మ ൅

logy / 13 

(10) 

reference 

er volume 

(11) 

ons 
of mass, 

er-Stockes 
ons 12-15, 

(12) ൅
(13) 

൅
(14) 

(15) 

calculated 

(16) 

sionalized 

(17) 

(18) 

(19) 

(20) 

(21) 

s: 

(22) 

(23) 

(24) 

(25) 



Jour
Vol14 / 

 
 
 

It sh
propertie
equations

Finaܰݑ = ିଶ
Whe

calculated
Eq. 27. ௠ܶ∗ = ׬ ௨ಲ׬ಲ

whe
perpendic

Ferrofluid
and temp
and fully 
of the fl
buoyancy
forced co
assumed 

The 
equations
The solv
the dom
upwind, 
pressure,
Furtherm
bottom a

A s
discretize
points ar
the entr
temperatu
different 
channel 
the Nuss
from diff

 

rnal of Space Sci
l. 11/ No. 2/ 2018

hould be note
s of ferrofl
s. 
ally, Nusselt nଶడ்∗ డ௬∗⁄ଵି ೘்∗   

ere ௠ܶ∗  is the
d for a fluid 

௨∗்∗௨∗ ,  
re, A is the
cular to the ch

Nume

d enters the c
perature and 

developed at
fluid are assu
y effects are 
onvection and 
that the fluid 

set of 
s are solved
ver specificat
main involv

first-order u
, momentum

more, no-slip 
and top surfac
structured n
e the comp
re clustered n
rance region
ure gradient
grid sizes on

are studied. 
selt number o
ferent grid siz

Fig. 2. Gr

ence and Techno
8 

ed that effect
luid are use

number is defin

e mean tempe
with constan

e cross-sectio
hannel plane. 

erical Solut

channel  with 
the flow is c

t the exit. The
umed to be 

negligible c
hydromagnet
is non-conduc
two-dimens

d using finite
tions for the

ve the pres
upwind and 

m, and ener
condition is

ces.  
on-uniform 

putational do
near the cha
n where th
ts are large
n theNusselt 
Fig. 2 show

on the bottom
zes.  

rid independenc

ology 

tive values fo
ed in the a

ned as: 

erature that c
nt properties 

on of the ch

tion 

a uniform ve
considered la
e thermal prop

constant, an
compared wit
tic effects. It i
cting.  
sional gove
e volume me
e discretizatio
sto, second-

second-orde
rgy, respecti
s applied for 

grid is use
omain. The 
nnel walls a
he velocity 
. The effec
number alon

ws the variatio
m surface obt

cy test 

 

or the 
above 

(26) 

an be 
using 

(27) 

hannel 

elocity 
minar 

perties 
d the 
th the 
is also 

erning 
ethod. 
on of 
-order 
er for 
ively. 
both 

ed to 
grid 

nd in 
and 

ts of 
ng the 
on of 
tained 

 

th
u

A
R
co
ar

o
m
fe
N
v݉

 

fi

un
si
b
su
x
 

M. Go
 

As shown
he same resul
sed in the sim

R

A water-based
Reynolds num
onsidered in t
re summarize

T

Property ܥ1  ߩ௣  45  ݎ1ܲ  ߤ
 
In order to

f the numeri
madewith the p
errohydrodyna

Nusselt numbe
alues of ma݉ଶ = 0.58 Am.

 

Fig. 3.

As shown
ield effect app

In order to
nder the influ
imulation is car
eneath the bot
urface. The str
-velocity and te

oharkhah, M. E

n, the last two 
lts. Thus, the 

mulations. 

Results and

d ferrofluid w
mber of  300 
the simulation
d in Table 1. 

Table 1. Ferrof

Value 1180 ݇݃ ݉ଷ⁄  ߯4000 ܬ ݇݃⁄ 10ିଷߛ   ݏܰ ݉ଶൗ ݇  5.5ߚ  
o demonstrate
cal procedure
previously pub
amics. Fig. 3
er in a channe
agnetic field 
. 

. Validation of t

n, the code h
propriately. 
o illustrate the
uence of a  

arried out with t
ttom surface a
reamlines and c
emperature are

smaeili and M. 

grid systems 
grid of 300×

d Discusion

with inlet tem
Kand 10, re

ns. The ferroflu

fluid properties 

Property ߯଴  0.00.7  5.6݇  ߚ0.0  ߛ
e the validity 
e, a comparis
blished work 
 indicates the

el surface for 
strength, ݉

the numericalre

has predicted 

e features of f
magneticdipo

two dipolespla
and  ܺ∗ = 6  
contours of no
eplotted in Fig. 

Ashjaee

lead toalmost
× 50 (x, y) is

 
mperature and
espectively is
uid properties

Value 06  01 ܣ. ݉  6 × 10ିସ 1 ൗܭ   7273  

and precision
son has been
in the field of
e variation of
two different݉ଵ = 0.19 and

esults 

the magnetic

ferrofluid flow
ole, a primary
aced at ܺ∗ = 4
above the top

on-dimensional
4. 

t 
s 

d 
s 
s 

n 
n 
f 
f 
t 
d 

c 

w 
y 4 
p 
l 



Journal of Space Science and Technology
Vol. 11 / No. 2/ 2018 / 15 

   
 
 Numerical Simulation and Optimization of  Forced Convection Heat … 

 
Fig. 4. Streamlines and contours of non-dimensional x-

velocity and temperature for the sample case 

As shown, the magnetic field of the bottom dipole 
has resulted in production of a local vortex near the 
heated surface. This is due to the temperature dependence 
of the magnetic susceptibility and resultant non-
symmetrical magnetic body forces [3]. The vortices have 
great influence on the thermal boundary layer thickness. 
Thickening of the thermal boundary layer is observed in 
locations where direction of the flow in the vortex is 
along the direction of the mean flow. By contrast, thermal 
boundary layer shrinks in locations where the mean flow 
is in the opposite direction of the flow in vortex region. 
These two phenomena result in the decrease and increase 
of heat transfer rate, respectively. However, the second 
effect is dominant and heat transfer is expected to 
increase due to the magnetic field.   

It should be also noted that, since a portion of the 
channel is blocked by the created vortex, the fluid reaches 
higher velocities above the vortex due to the continuity. 
This is clearly shown in x-velocity contours of Fig. 4.  

Another interesting point is the difference between 
effects of two dipoles on the flow and temperature fields 
despite having the same magnetic field strength. In 
contrast with the bottom dipole, the dipole that is located 
above the top surface at ܺ∗ = 6 has less effect on 
streamlines and it has not led to formation of any vortex. 
This behavior can be attributed to the lower temperature 
gradient near the top dipole.  

In order to quantify the foregoing discussion, 
Nusselt number for the sample case is calculated from 
Eq. 24 and is compared with the case with no magnetic 
field in Fig. 5. 

A considerable decrease in the local Nusselt number 
on the left of the bottom dipole is observed which is the 
result of thickening of thermal boundary layer. However, 
the Nusselt number increases right after the center of the 
vortex. Although the second dipole hasnot resulted in 
formation of another vortex, it has affected the flow field 
and the heat transfer rate. The second drop and rise in the 
Nusselt number in Fig. 3 is due to the manipulation of the 
fluid flow by the second line dipole at ܺ∗ = 6. As 
discussed earlier, the second dipole has less impact on the 
ferrofluid since it is located above the adiabatic surface 

where the temperature gradient is not as great as the 
isothermal bottom surface.  

 
Fig. 5. Variation of Nusselt number on the bottom surface for 

the sample case compared with the case with no magnetic field  

It is observed in Figs. 4 and 5 that a single 
magnetic field leads to thickening and shrinkage of the 
thermal boundary layer which have negative and 
positive effects on the heat transfer enhancement, 
respectively. Therfore, location of the magnetic field 
source and thermal boundary layer thickness at that 
point determine which effect dominates. Moreover, 
interaction of multiple magnetic fields can lead to 
different temperature fields and heat transfer rates. 

Single Magnetic Field Source 

In order to investigate the effect of position of the 
magnetic field source on the heat transfer from the 
heated surface, location of the magnetic line dipole is 
varied in the grid of 0.004m ≤ x ≤ 0.016m and −0.0020m ≤ y ≤ −0.0010m below the heated 
surface with a 0.0001m increment. The magnetic 
moment of the dipole is 0.07Am. Numerical simulations 
have been carried out for isothermal and constant heat 
flux boundary conditions, separately. 

Isothermal Boundary Condition 

The temperature of the heated surface is kept constant 
at 380K. Variation of the local Nusselt number for 
different horizontal and vertical locations of the line 
dipole has been calculated and compared with the case 
of no magnetic field in Figs. 6(a) and (b). 

It is observed in Fig.6(a) that the maximum 
value of the Nu decreases with the distance of line 
dipole from the channel entrance. This can be 
justified considering the fact that the thermal 
boundary layer grows with x. In other words, the 
effect of magnetic field in shrinking the boundary 
layer and drawing the cold fluid to the hot wall is less 
pronounced for larger boundary layer thicknesses. 
Moreover, Nu decays as the vertical distance from 
the heated plate increases, as shown in Fig.6(b).  
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shown that thermal boundary layer in right side of the 
main vortex is reformed and remained thin until the 
high velocity ferrofluid is detached from the bottom 
surface. Also, it should be noted that the dead zone in 
left of the main vortex center results in the growth of 
thermal boundary layer which would lead to poor heat 
transfer rate at that location.  

In order to show the effect of the applied 
magnetic field on the heat transfer rate, the Nusselt 
number for the optimal case and the case with no 
magnetic field are plotted in Fig. 12.  

As explained earlier, the sudden drop in the 
Nusselt number is due to the thick thermal boundary 
layer where the direction of velocity of the flow in the 
main vortex is in opposite direction of the main fluid 
flow.  However, this is almost the only region where 
the Nusselt number of the optimal case is less than the 
Nusselt number of the original flow. In all other 
regions, the distribution of the magnetic field is such 
that the negative effect of using line dipoles 
(thickening of thermal boundary layer in the dead 
zones) is overcome and the thermal boundary layer is 
kept thin for a long distance. As a result, the average 
Nusselt number for the optimal magnetic field would 
reach 7.4 which shows a 27.6% increase compared to 
the original case with no magnetic field.  

It is also possible to define the maximum bulk 
temperature at the exit as the objective. Fig. 13 
illustrates change of the non-dimensional mean 
temperature for the optimal case compared with the 
case with no magnetic field. 

In the absence of magnetic field, the bulk 
temperature behaves linearly after the thermal entry 
length as expected ofthe constant surface temperature 
boundary condition. However, applying the magnetic 
field by line dipoles disturbs the thermal boundary 
layer. Again, after a drop in the left side of the main 
vortex, the mean temperature is of the optimal design 
is greater than the original case, which means that the 
hot bottom surface has transfered more heat into the 
fluid that passes over it. 

 

Fig. 12. The Nusselt number for the optimal case compared 
with the case with no magnetic field along the channel 

 

Fig. 13. Mean temperature for the optimal case compared 
with the case with no magnetic field along the channel 

Conclusion  

The effect of the magnetic field source location on the 
convective heat transfer of ferrofluid in a heated 
channel is investigated for isothermal amd constant 
heat flux boundary conditions.Results show that 
placing a magnetic field in an arbitrary point near the 
channel does not necessarily lead to convective heat 
transfer enhancement.  On the other hand, for some 
locations, the augmentation of the heat transfer is 
reflected in terms of increase in total heat transfer and 
decrease inmean temperature of the heated surface for 
isothermal and constant heat flux conditions, 
respectively. It was also shown that in contrast to the 
isothermal case, heat transfer does not always decrease 
with the magnetic field distance from the heated 
surface for constant heat flux condition. Next, using 
genetic algorithm, an optimum arrangement has been 
obtained for a set of eight magnetic field sources. It is 
shown that the flow and temperature fields can be 
manipulated by the application of multiple magnetic 
field sources. It is shown that a maximum 27 percent 
enhancement in Nusseltnumber  can be achieved by 
proper arrangement of a set of eight dipoles below the 
studied channeland onthe top of it. 
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