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Abstract
In this study, mixed convection of pulsating ferrofluid flow over a backward-facing step under the effect of a magnetic

source is performed. Heat transfer and fluid flow characteristics for a range of flow parameters were identified in terms of

streamlines, isotherms and local and averaged Nusselt number plots. Finite element method was used to solve the resulting

governing equations. The effects of the Richardson number (0:05�Ri� 50), strength of the magnetic dipole (0� c� 6),

horizontal and vertical locations of the magnetic dipole (H� a� 5H;� 5H� b� � 0:75H), amplitude and non-dimen-

sional frequency of flow pulsation (0:25�A� 1; 0:01� St� 5) on the fluid flow and heat transfer enhancement were

numerically investigated in detail. It was observed that the magnetic dipole parameters effect is different in pulsating flow

compared to steady flow simulation results. The flow pulsation was found to enhance the average heat transfer which is

about 17.5% in the absence of magnetic dipole source. When magnetic dipole source was used, up to 32% in the average

heat transfer was obtained with flow pulsation. The primary recirculation zone behind the step is deteriorated by the

presence of the magnetic source, and an addition vortex which is restricted to a very small region near the step is formed.

The magnetic dipole source can be combined with flow pulsation to control the mixed convective flow over the backward-

facing step.
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List of symbols
a, b Location of the cylinder center (m)

B Magnetic induction (T)

c, d Location of the magnetic dipole (m)

h Local heat transfer coefficient (W m�2 K�1)

H Magnetic field (A m�1)

k Thermal conductivity (W m�1 K�1)

L Length of the bottom wall (m)

Mn Magnetic number,
l0H

2
r
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n Unit normal vector

Nu Local Nusselt number, hS=k ð�Þ
p Pressure (Pa)

Re Reynolds number, u0S=m ð�Þ
S Step size (m)

T Temperature (K)

u, v x–y velocity components (m s�1)

x, y Cartesian coordinates

Greek characters
a Thermal expansion coefficient (K�1)

h Non-dimensional temperature, T�Tc
Th�Tc

ð�Þ
l0 Magnetic permeability of vacuum ðNA�2Þ
m Kinematic viscosity m2 s�1ð Þ
v Magnetic susceptibility (–)

c Strength of the magnetic dipole (Am)

q Density of the fluid ðkgm�3Þ
X Non-dimensional rotation velocity of cylinder, xS
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Subscripts
c Cold wall

max Maximum

mean Average

h Hot wall

1 Introduction

Flow over a backward-facing or forward-facing step

geometry is a benchmark problem where flow separation

and reattachment occur. This phenomena occurs in a wide

range of practical engineering applications such as airfoils,

collectors of power systems, flow around buildings and

many others. Numerical and experimental studies were

conducted to study the flow over a backward-facing or

forward-facing step (Barkley et al. 2002; Iwai et al. 2000;

Barbosa-Saldana and Anand 2008; Erturk 2008; Selime-

fendigil and Oztop 2013a, b, 2017a; Shih et al. 2007;

Armaly et al. 1983; Terhaar et al. 2010; Stuer et al. 1999;

Sherry et al. 2010; Abu-Mulaweh 2005;). Mixed convec-

tion has many practical engineering applications areas such

as design of heat exchangers, cooling of electronic equip-

ment, nuclear reactors and solar collectors. These systems

have to be efficiently designed with maximum heat transfer

and minimum power requirements. Mixed convection in

cavities or channels was extensively studied by various

researchers (Bouhdjar et al. 1997; Degan and Vasseur

2002; Gorla et al. 1989; Selimefendigil et al. 2017a; Noor

et al. 2009; Selimefendigil and Oztop 2012, 2014a, 2017b).

A comprehensive review study is given in Abu-Mulaweh

(2003) for laminar mixed convection over backward and

forward-facing steps in the open literature.

In convection, flow with pulsations has the potential to

increase the heat transfer (Selimefendigil and Oztop

2014b, c, d; Velazquez et al. 2008; Wang et al. 2015;

Mikheev et al. 2017; Witte and Polifke 2017). When pul-

sations are applied to the systems, heat transfer may be

enhanced due to the deterioration of the vortices and

thermal boundary layers (Habib et al. 1999). The pulsation

has also shown to produce obstacle like vortical structures

which affects the main flow and disrupt the thermal

boundary layers near the surfaces. In the literature, studies

with reverse effect of flow pulsation (Hemida et al. 2002)

are seen. The flow parameters and geometry of the problem

are also effective along with the flow pulsation on the heat

transfer enhancement. Mixed convection of pulsating flow

over a backward-facing step was numerically studied by

Khanafer et al. (2008). They showed that the Richardson

number and frequency of the oscillation have significant

effects on the heat transfer and fluid flow.

Magnetic field effects on the fluid flow and heat transfer

were attracted some attention in recent years which may

find some important technological applications such as

coolers of nuclear reactors, purification of molten metals,

MEMs and many others (Selimefendigil and Oztop 2017c;

Ishak et al. 2009; Selimefendigil et al. 2017b; Aydin and

Kaya 2011; Kumari and Nath 2004; Bhargava and L. Ku-

mar 2003; Takhar et al. 2002; Cuevas et al. 1997; Hua and

Walker 1989; Rao and Deshikachar 1986; Chamkha 1995).

The fluid flow experiences a Lorentz force due to the effect

of the magnetic field which then can be used to control the

convective heat transfer (Selimefendigil et al. 2014;

Selimefendigil and Oztop 2014e, f). The stability of fer-

romagnetic convection for a fluid layer heated from below

and subjected to a uniform vertical magnetic field was

studied by Finlayson (1970). Strek and Jopek (2007)

numerically investigated convection in a channel under the

influence of magnetic dipole using finite element method.

The temperature gradient across the fluid layer causes the

spatial variation in magnetization and affects convection.

Heat transfer characteristics for a kerosene-based ferrofluid

within two cylinders were investigated by Jafari et al.

(2008) with computational fluid dynamics. They observed

that the heat transfer enhances when the magnetic field is

imposed perpendicular to the temperature gradient.

Based on the above literature survey and to the best of

authors’ knowledge, laminar pulsating flow of ferrofluid

over a backward-facing step under the effect of a magnetic

source has never been reported in the literature despite its

importance in many technological applications as outlined

above. Such a system may be encountered in practical

applications, or a system with ferrofluid under the influence

of magnetic source combined with flow pulsation can be

designed to control the mixed convection. The present

study aims at investigating the effects of Richardson

number, magnetic dipole source parameters (strength and

location) and flow pulsation parameters (amplitude and

frequency) on the fluid flow and heat transfer characteris-

tics for a backward-facing step geometry in two-dimen-

sional laminar flow conditions.

2 Physical Model and Numerical Study

The schematic sketch of backward-facing step with a

magnetic dipole source along with the boundary conditions

is depicted in Fig. 1. The step size is H1 ¼ H, and

expansion ratio is H2

H1
¼ 2. The entry length form the inlet to

the step is L1 ¼ 10H, and the downstream length starting

from the edge of the step to the exit is L2 ¼ 35H. The

velocity is parabolic, and it has a sinusoidal time-depen-

dent part with frequency of f and amplitude of A. The

temperature is uniform and constant at the inlet T ¼ Tc,

and it has a constant value higher than the inlet temperature
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on the bottom wall downstream of the step T ¼ Th [ Tc.

The other walls of the channel are assumed to be adiabatic.

A magnetic dipole is placed below the channel at the

location (a, b). The fluid is electrically non-conducting.

An incompressible fluid with constant viscosity yields

the following momentum equation that has a term related

to magnetic field as:

q
ou

ot
þ qu � 5u ¼ �5 pþ bqgðT � TcÞ þ 5 � ðHBÞ þ l52 u

ð1Þ

where H;B denote the magnetic field and magnetic

induction.

The energy equation for an incompressible fluid can be

written as:

qc
oT

ot
þ qcu � 5T ¼ k52 T þ U� l0T

oM

oT
ððu � 5ÞHÞ

ð2Þ

where M denotes the magnetization. Maxwell’s equation

for a non-conducting fluid can be written as

5 � B ¼ 0; 5�H ¼ 0 ð3Þ

The constitutive relation between B;M and H is written

as:

B ¼ l0ðMþHÞ ð4Þ

The magnetic field is induced with a magnetic dipole

source placed under the bottom wall of the channel

downstream of the step. A magnetic scalar potential can be

defined H ¼ �5 Vm for a magnetostatic case as:

VmðxÞ ¼
c
2p

x� c

ðx� cÞ2 þ ðy� dÞ2 ð5Þ

where c; c and d represent the magnetic field strength and

its location where the dipole source is placed. The term in

the momentum equation is the force per unit volume when

the spatially non-uniform magnetic field is employed to the

magnetic fluid. The relation between the magnetization

vector M and magnetic field vector H is written as:

M ¼ vmH ð6Þ

where vm is the total magnetic susceptibility

Fig. 1 Geometry and boundary

conditions for the backward-

facing step under the effect of

magnetic dipole source and flow

pulsation

Table 1 Variation of average Nusselt number along the bottom wall

for various grid sizes, Ri ¼ 50; c ¼ 6; a ¼ 3H; b ¼ � 1:5H

Grid name No. of elements Max element size Nusm

G1 332 0.5H 0.365

G2 1328 0.25H 0.402

G3 5838 0.125H 0.411

G4 9188 0.1H 0.413

G5 15,995 0.075H 0.415

G6 77,752 0.045H 0.417

Table 2 Maximum Nusselt number along the hot wall for various

Reynolds numbers calculated in Kumar and Dhiman (2012) and

obtained with the present solver

Re Numax

(present)

Numax (Kumar and

Dhiman 2012)

Difference

(%)

10 1.01 0.974 3.564

50 1.660 1.601 3.554

100 1.962 1.942 1.070

150 2.183 2.166 0.778

200 2.340 2.336 0.001

Table 3 Comparison of recirculation lengths with the results of

Khandelwal et al. (2015)

Re LR=D (Khandelwal

et al. 2015)

LR=D (Present

solver)

Difference

(%)

100 2.73 2.64 - 3.29

150 3.39 3.36 - 0.88

200 3.99 3.96 - 0.75
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(a) (b)

(c)

(d) (e)

(f)

Fig. 2 Streamlines (a–c) and
isotherms (d–f) for various
values of Richardson numbers,

c ¼ 3; a ¼ H; b ¼ �H.

a Ri = 0.125. b Ri = 1.

c Ri = 50. d Ri = 0.125.

e Ri = 1. f Ri = 50
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Fig. 3 Effects of Richardson

number on the Nusselt number

distributions along the bottom

wall, c ¼ 3; a ¼ H; b ¼ �H.

a c ¼ 0. b c ¼ 6
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vm ¼ v0
1þ aT þ T0

ð7Þ

Finally, using the constitutive equation, the body force

in the momentum equation is written as:

f ¼ l0vmð1þ vmÞðH � 5ÞHþ l0vmHðH � 5Þð1þ vmÞ
ð8Þ

The boundary conditions for the computational model in

dimensional form is written as:

• Velocity is unidirectional parabolic and has a sinusoidal

time-dependent part, and temperature is uniform at the

inlet: u ¼ u0 1þ A sinð2pftÞð Þ; v ¼ 0; T ¼ Tc; u0 is the

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i)

Fig. 4 Effects of varying

magnetic dipole strength on the

streamlines for various

Richardson numbers at fixed

values of a ¼ 0:5H; b ¼ �H. a
c ¼ 0;Ri ¼ 0:05.
b c ¼ 0;Ri ¼ 1:2.
c c ¼ 0;Ri ¼ 50.

d c ¼ 3;Ri ¼ 0:05.
e c ¼ 3;Ri ¼ 1:2.
f c ¼ 3;Ri ¼ 50.

g c ¼ 6;Ri ¼ 0:05.
h c ¼ 6;Ri ¼ 1:2.
i c ¼ 6;Ri ¼ 50

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i)

Fig. 5 Isotherm distributions for

various magnetic dipole

strengths and Richardson

numbers at fixed values of

a ¼ 0:5H; b ¼ �H.

a c ¼ 0;Ri ¼ 0:05.
b c ¼ 0;Ri ¼ 1:2.
c c ¼ 0;Ri ¼ 50.

d c ¼ 3;Ri ¼ 0:05.
e c ¼ 3;Ri ¼ 1:2.
f c ¼ 3;Ri ¼ 50.

g c ¼ 6;Ri ¼ 0:05.
h c ¼ 6;Ri ¼ 1:2.
i c ¼ 6;Ri ¼ 50
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Fig. 6 Local Nusselt number

distributions for various

magnetic dipole strengths and

Richardson numbers at fixed

values of a ¼ 0:5H; b ¼ �H.

a Ri ¼ 0:05. b Ri ¼ 1:2.
c Ri ¼ 50
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average velocity, f and A are the frequency and

amplitude of the pulsating flow.

• Temperature is constant at the bottom wall downstream

of the step: T ¼ Th:

• Gradients of all variables in the x-direction are set to

zero at the exit: ou
ox
¼ 0; ov

ox
¼ 0; oT

ox
¼ 0:

• Adiabatic wall with no-slip boundary conditions is used

on the channel walls (except the downstream of the

step): u ¼ 0; v ¼ 0; oT
on

¼ 0; n denotes the surface nor-

mal direction.

Richardson number (Ri), magnetic number (Mn),

Strouhal number and amplitude of the pulsation are the

relevant physical non-dimensional numbers of the studied

model. The governing equations described in Eqs. (1–8)

along with the boundary conditions are solved with

Galerkin weighted residual finite element method. Trian-

gular elements are used to discretize the computational

domain. The flow variables within the computational

domain are approximated with triangular Lagrange finite

elements of different orders. The approximations into the

governing equations are substituted, and residuals for each

of the conservation equation are obtained. Newton–Raph-

son iteration algorithm was used. The convergence of the

solution is assumed when the relative error for each of the

variables satisfies the following convergence criteria:

Unþ1 � Un

Unþ1

�
�
�
�

�
�
�
�
� 10�6 ð9Þ

Local Nusselt number is defined as

Nux ¼
hxH

k
¼ � oh

on

� �

n

: ð10Þ

where hx represent the local heat transfer coefficient and k

denotes the thermal conductivity of the fluid. Spatial

averaged, temporal averaged and spatiotemporal averaged

Nusselt numbers along the bottom wall downstream of the

step are defined as:

Nutm ¼ 1

L2

Z L2

0

Nutxdx; Nuxm ¼ 1

s

Z s

0

Nuxt dt;

Num ¼ 1

L2

Z L2

0

Nuxmdx:

ð11Þ

To obtain an optimal grid distribution of the computa-

tional model with accurate results and minimal computa-

tional time, different grid sizes are tested. Averaged

Nusselt number results along the bottom wall downstream

of the step wall for various grid sizes are shown in Table 1

for fixed values of the parameters ðRi ¼ 50; c ¼ 6;

a ¼ 3H; b ¼ � 1:5H). From this table, grid size of 9188 is

decided to be fine enough to resolve the flow and thermal

field for the given flow parameters and used in the subse-

quent computations. The present solver is validated against

the existing numerical results computed in Kumar and

Dhiman (2012) for the laminar flow over a backward-fac-

ing step. A correlation for the maximum Nusselt number

along the hot wall downstream of the step was provided

which has the following from Kumar and Dhiman (2012):

Numax ¼ 0:9816Re0:2073 � 0:6072 ð12Þ

Table 2 presents the variation of maximum Nusselt

number along the hot wall for different Reynolds numbers

computed in Kumar and Dhiman (2012) and obtained with

the present solver. A further validation of the present code

is made against the results of Khandelwal et al. (2015). In

the study, the fluid flow in a right-angled horizontal

T-channel was numerically analyzed with a commercial

finite volume-based solver. The results for various values

of recirculation lengths at different Reynolds numbers are

shown in Table 3.
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Fig. 7 Averaged Nusselt

number along the bottom wall

for various magnetic dipole

strengths and Richardson

numbers at fixed values of

a ¼ 0:5H; b ¼ �H
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Fig. 8 Local Nusselt number

distributions along the bottom

wall for various horizontal

locations of the magnetic dipole

source, c ¼ 3; b ¼ �H.

a Ri ¼ 0:05. b Ri ¼ 1:2.
c Ri ¼ 50
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3 Results and Discussion

In this simulation study, the influence of Richardson number,

magnetic dipole source parameters (strength and location)

and pulsating flow parameters (amplitude and frequency of

pulsation) on the heat transfer and fluid flow characteristics

are numerically investigated. The range of studied parame-

ters are: Richardson number (0:05�Ri� 50), strength of the

magnetic dipole (0� c� 6), horizontal and vertical locations

of themagnetic dipole (H� a� 5H;� 5H� b� � 0:75H),

amplitude and non-dimensional frequency of flow pulsation

(0:25�A� 1; 0:01� St� 5).

4 Steady Simulation Results

Figure 2 demonstrates the effects of varying Richardson

number on the flow and thermal patterns for fixed values of

c ¼ 3; a ¼ H; b ¼ �H. A recirculation region is seen

behind the step downstream of the bottom wall. The size of

the recirculation zone decreases with increasing values of

Richardson number. Richardson number denotes the ratio

of natural convection to the forced convection. A higher

value of the Richardson number represents the increasing

effects of buoyant forces. A weak secondary recirculation

zone is also seen on the upper wall of the channel for

lowest value of Richardson number. Steep temperature

gradients are seen behind the step in the vicinity of the

reattachment point as shown in Fig. 2d–f. As the value of

the Richardson number enhances, isotherms become more

clustered near the step and temperature gradients are less

steeper on the bottom wall far from the step. These results

are also supported from the literature study as in Selime-

fendigil and Oztop (2017b). Local and averaged heat

transfer plots for various values of Richardson numbers are

demonstrated in Fig. 3. Two distinct peaks are seen, and

they correspond to reattachment points of the recirculation

zones behind the step as shown in Fig. 3. The value of the

first peak increases and the second one decreases as the

value of Richardson number increases. The averaged

Nusselt number decreases and shows almost a linear trend

on a logarithmic scale as the value of Richardson number

increases.

Figures 4 and 5 show the effects of varying strength of

the magnetic dipole source on the streamlines and iso-

therms for various values of Richardson numbers at fixed

values of a ¼ 0:5H; b ¼ �H. The size of the recirculation

zone decreases as then Richardson number enhances which

was shown before. The small recirculation zone behind the

step deteriorates in shape as the strength of the magnetic

dipole source increases. The magnetization varies spatially,

and it is induced through the temperature gradient. This

effect acts as an inhomogeneous magnetic body force in the

momentum equations which is responsible for this flow

behavior (Strek and Jopek 2007; Finlayson 1970). Iso-

therms become more clustered near the reattachment point

of the first vortex with increasing values of the magnetic

dipole strength. The effect of convection becomes weaker

after the first vortex downstream of the step. The local heat

transfer along the bottom wall downstream of the step for

various strengths of the magnetic source and Richardson

numbers is shown in Fig. 6. The first peak of the local

Nusselt number increases and second one decreases with

increasing magnetic dipole strength which is due to the

inhomogeneous magnetic body force. The location of the

second peak moves toward the step as the value of the

Richardson number enhances due to the reduction in the

size of the recirculation zone behind the step. The averaged

heat transfer remains nearly constant until c ¼ 4:5 which is

due to the enhancement and reduction of the first and

second peaks of the Nusselt numbers (Fig. 7).

The influence of the horizontal location of the magnetic

dipole source on the local and average Nusselt number

distribution along the bottom wall downstream of the step
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Fig. 9 Averaged Nusselt

number distributions along the

bottom wall for various

horizontal locations of the

magnetic dipole source,

c ¼ 3; b ¼ �H
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is demonstrated in Figs. 8 and 9 for various Richardson

numbers at fixed values of c ¼ 3; b ¼ �H. At Ri = 0.05,

the influence of the natural convection effect is weak and

first peak of the local Nusselt number increases and moves

in the direction of the magnetic dipole source with its

horizontal location. There is negligible effect of the
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Fig. 10 Effects of vertical

location of the magnetic dipole

source on the local Nusselt

number distributions for various

values of Richardson numbers

at fixed values of c ¼ 3; a ¼ H.

a Ri ¼ 0:05. b Ri ¼ 1:2.
c Ri ¼ 50
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Fig. 11 Averaged Nusselt

numbers for different values of

vertical location of the magnetic

dipole source and Richardson

numbers at fixed values of

c ¼ 3; a ¼ H
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Fig. 12 Temporal evolution of the streamlines for various values of

magnetic dipole source strength for some time instances within a

period of pulsation Ri ¼ 0:5; a ¼ H; b ¼ �H;A ¼ 0:5;St ¼ 1.

a c ¼ 0; t1. b c ¼ 0; t2. c c ¼ 0; t3. d c ¼ 0; t4. e c ¼ 0; t5.
f c ¼ 6; t1. g c ¼ 6; t2. h c ¼ 6; t3. i c ¼ 6; t4. j c ¼ 6; t5
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horizontal location of the magnetic dipole on the second

peak of the local Nusselt number. The secondary peak

reduces in strength and moves toward the step with

increasing Richardson number. At the highest Richardson

number, the effect of the buoyancy is significant and local

Nusselt number decreases along the bottom wall for loca-

tions at a ¼ 2H and a ¼ 3H compared to location at a ¼ 0.

The averaged heat transfer increases and decreases with

horizontal location of the magnetic dipole at the lowest and

highest value of the Richardson number as shown in Fig. 9.

The effects of varying vertical locations of the magnetic

dipole source on the local and averaged Nusselt number are

shown in Figs. 10 and 11 for Richardson numbers of 0.05,

1.2 and 50 at fixed values of c ¼ 3; a ¼ H. As the magnetic

dipole source moves toward the bottom wall of the

channel, the first peak enhances significantly and the sec-

ond peak remains relatively constant at Ri = 0.05. As the

value of the Ri is increased to 50, since the secondary

vortex behind the step moves toward the step, the peak

value decreases for the vertical location at b ¼ � 0:75H.

There is negligible effect of the vertical positions on the

local Nusselt number distributions between the locations at

b ¼ � 1:5H and b ¼ � 2H. Even though the averaged

Nusselt number remains relatively constant from location

at b ¼ � 2H until vertical location b ¼ �H, there is sig-

nificant changes in the local Nusselt number over a

restricted region behind the step. The averaged heat

transfer enhances for the vertical location of the magnetic

dipole source at b ¼ � 0:75H which is due to the

(a) (b)

(c) (d)

(e)

(f) (g)

(h) (i)

(j)

Fig. 13 Temporal evolution of the isotherms for various values of

magnetic dipole source strength for some time instances within a

period of pulsation Ri ¼ 0:5; a ¼ H; b ¼ �H;A ¼ 0:5;St ¼ 1.

a c ¼ 0; t1. b c ¼ 0; t2. c c ¼ 0; t3. d c ¼ 0; t4. e c ¼ 0; t5.
f c ¼ 6; t1. g c ¼ 6; t2. h c ¼ 6; t3. i c ¼ 6; t4. j c ¼ 6; t5
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Fig. 14 Local Nusselt number distributions for various time instances

within a period and for two different strength values of magnetic

dipole source (a, b) and space averaged Nusselt number distributions

for various values of magnetic dipole strength (c),
Ri ¼ 0:5; a ¼ H; b ¼ �H;A ¼ 0:5; St ¼ 1. a c ¼ 0. b c ¼ 6.

c space averaged Nusselt number
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significant enhancement of the local heat transfer for

Ri = 0.05 and Ri = 1.2 (Fig. 12).

5 Pulsating Flow Simulation Results

The unsteady simulation was performed for five or six

periods, and the time step was chosen as one fifth of the

oscillation period. The influence of the magnetic dipole

strength on the transient evolution of the streamlines and

isotherms is demonstrated in Figs. 12 and 13 for two dif-

ferent values of magnetic dipole strength and for some time

instances (equal interval) within a period as denoted by

t1; . . .; t5 when the system reaches periodic steady state

(Ri ¼ 0:5; a ¼ H; b ¼ �H;A ¼ 0:5; St ¼ 1). In the absence

of the magnetic source which is denoted by c ¼ 0, a recir-

culation zone is seen behind the step and its size and strength

change for different time instances within a period. On the

upper wall of the channel, a weak recirculation region near

the upper wall of the channel is also observed. As the

magnetic dipole is installed, the primary recirculation region

is distorted and a small vortex appeared in a small restricted

zone behind the step. The size and extension of these vor-

tices also change periodically within a period of the pulsa-

tion. Isotherms plots show additional locations for the steep

temperature gradients near the step due to the formation of

small vortex when the magnetic dipole is added. In the

absence of the magnetic dipole source, the very near of the

step isotherms are less clustered which indicates less

effective heat transfer and more clustered along the bottom

wall further downstream in the vicinity of the reattachment

point of the primary vortex behind step. Local Nusselt

numbers for different time instances within a period for two

different magnetic dipole strengths are shown in Fig. 14a, b.

The periodic change in local Nusselt number and its location

which is due to the periodic change in size and extent of the

primary recirculation zone is apparent form Fig. 14a in the

absence of magnetic dipole source. As themagnetic dipole is

installed, an additional second peak is seen and its location

does not change with time within a period. The strength of

the first peak changes with time, and its value is higher than

that of the primary vortex behind the step. Space averaged

Nusselt number for various magnetic dipole strengths is

shown in Fig. 14c. The peak values in the sinusoidal heat

transfer response increase as the value of c enhances.

Table 4 shows the effects of varying magnetic dipole

strength on the averaged heat transfer in steady and pulsating

flow cases and averaged Nusselt number enhances with flow

pulsation. The rate of enhancement between the average

Nusselt numbers in steady and pulsating flow increases with

magnetic dipole strength.

Figure 15 shows the effects of horizontal movement of

the magnetic dipole source on the local heat transfer for two

different locations and space averaged Nusselt number

along the bottom wall for various horizontal locations,

Fig. 15c (Ri ¼ 0:5; c ¼ 3; b ¼ �H;A ¼ 0:5; St ¼ 1). The

peaks in the local Nusselt number represent the vicinity of

the reattachment points of the vortices, and two distinct

vortices are seen behind the step for various time instances

within a period for location at a ¼ H. The value of the first

peak of the local Nusselt number increases as the magnetic

source moves further downstream to location at a ¼ 5H.

There is a phase shift in the space averaged Nusselt number

signals for locations at a ¼ H and at a ¼ 5H. Table 5

demonstrates the effects of varying horizontal positions of

the magnetic dipole source on the average heat transfer in

the steady case and pulsating flow case. The average heat

transfer increases with flow pulsation, and the rate of

enhancement between the steady and pulsating flow case is

higher at the location a ¼ 5H.

The influence of varying vertical location of the mag-

netic dipole source on the local and space averaged heat

transfer is shown in Fig. 16 for various vertical positions

(Ri ¼ 0:5; c ¼ 3; b ¼ �H;A ¼ 0:5; St ¼ 1). At location

b ¼ � 5H, there is negligible influence of the magnetic

dipole on the primary recirculation zone behind the step

and periodic change in vortex location is apparent as shown

in Fig. 16b. As the magnetic dipole source moves toward

the bottom wall of the channel, the influence of the mag-

netic field is seen as the form of first peak in the Nusselt

number which is due to the formation of the vortices in the

small region near the step. There is negligible effect of the

vertical location on the space averaged Nusselt number as

shown in Fig. 16c since the vortex formed due to the

magnetic dipole source for location b ¼ �H is restricted to

very small region behind the step and the value of the peak

in the Nusselt number is not significant for this flow con-

dition. The average heat transfer for various vertical loca-

tions of the dipole source in steady and pulsating flow

conditions is shown in Table 6. The average heat transfer

increases with flow pulsation, and the heat transfer

enhancement is slightly lower in the steady case compared

to pulsating flow case when the magnetic dipole is closer to

the bottom wall of the channel due to the deterioration of

Table 4 Averaged Nusselt numbers for various values of magnetic

dipole source strength in steady and pulsating flow cases,

Ri ¼ 0:5; a ¼ H; b ¼ �H;A ¼ 0:5; St ¼ 1

c Nusm Num Difference

(%)

0 1.20 1.41 17.50

3 1.21 1.44 19.00

6 1.19 1.55 30.25
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Fig. 15 Local Nusselt number distributions for various time instances

within a period and for horizontal locations of magnetic dipole source

(a, b) and space averaged Nusselt number distributions for various

values of horizontal locations of magnetic dipole strength (c).
Ri ¼ 0:5; c ¼ 3; b ¼ �H;A ¼ 0:5;St ¼ 1. a a ¼ H. b a ¼ 5H.

c space averaged Nusselt number
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Fig. 16 Local Nusselt number distributions for various time instances

within a period and for vertical locations of magnetic dipole source

(a, b) and space averaged Nusselt number distributions for various

values of vertical locations of magnetic dipole strength (c).
Ri ¼ 0:5; c ¼ 3; b ¼ �H;A ¼ 0:5;St ¼ 1. a b ¼ �H. b b ¼ � 5H.

c Space averaged Nusselt number
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the primary vortex and formation of the additional small

vortex behind the step.

The effects of amplitude (Ri ¼ 0:5; c ¼ 3; b ¼ �H;

St ¼ 1) and frequency (Ri ¼ 0:5; c ¼ 3; b ¼ �H;A ¼ 0:5)

of the pulsation on the spatial averaged Nusselt number are

demonstrated in Fig. 17a, b for various amplitudes and

Strouhal numbers. The amplitude of the pulsation increases

the peak values in the heat transfer. At higher values of

amplitudes, nonlinear effects is seen where the signal is not

a purely sinusoidal and this is due to the flow reversal at

higher amplitudes where the flow reversal occurs. The

system reaches it periodic steady state after two or three

oscillation periods, and the heat transfer response is higher

for the highest Strouhal number as shown in Fig. 17b. The

spatiotemporal averaged Nusselt numbers are depicted in

Fig. 18a, b for various amplitude and frequency values.

There is negligible change in the averaged Nusselt number

Table 5 Averaged Nusselt numbers for various values of horizontal

locations of magnetic dipole source in steady and pulsating flow

cases, Ri ¼ 0:5; c ¼ 3; a ¼ H;A ¼ 0:5;St ¼ 1

a Nusm Num Difference (%)

H 1.23 1.44 17.07

2.5H 1.22 1.47 20.49

5H 1.02 1.35 32.35

Table 6 Averaged Nusselt numbers for various values of vertical

locations of magnetic dipole source in steady and pulsating flow

cases, Ri ¼ 0:5; c ¼ 3; b ¼ �H;A ¼ 0:5;St ¼ 1

b Nusm Num Difference (%)

� 5H 1.19 1.41 18.48

� 2.5H 1.19 1.41 18.48

� H 1.02 1.43 17.21
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Fig. 17 Effect of amplitude and frequency on the space averaged Nusselt number along the bottom wall. a Effect of amplitude,

Ri ¼ 0:5; c ¼ 3; b ¼ �H;St ¼ 1. b Effect of frequency, Ri ¼ 0:5; c ¼ 3; b ¼ �H;A ¼ 0:5
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with respect to a change in the amplitude of the pulsation,

whereas Strouhal number effect is effective for heat

transfer enhancement for values at St = 5 and St = 10.

The averaged heat transfer enhances by 14.67 and 24.53%

at St = 5 and St = 10 when compared to flow condition at

St = 0.01.

6 Conclusions

In this numerical study, laminar mixed convection of two-

dimensional pulsating flow over a backward-facing step

under the effect of a magnetic dipole source is investigated

in detail. Following important conclusions can be drawn

from the numerical simulation results:

• As the value of the Richardson number increases, the

size of the recirculation zone behind the step decreases.

The averaged heat transfer decreases with Richardson

number.

• The length and size of the recirculation zone can be

controlled with magnetic dipole strength.

• As the Reynolds number increases, local Nusselt

number increases and number of peaks in the presence

of the magnetic field decreases.

• When strength of magnetic dipole source is increased,

the primary recirculation zone behind the step deteri-

orates and additional vortex is seen near the step. The

average Nusselt number remains relatively constant

until c ¼ 4:5 which is due to the enhancement and

reduction of the first and second peaks of the local heat

transfer along the bottom wall.

• The average Nusselt number increases (decreases) with

horizontal location of the magnetic dipole source at the

lowest (highest) value of the Richardson number. The

averaged Nusselt number increases for the vertical
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Fig. 18 Effect of amplitude and frequency on the spatiotemporal averaged Nusselt number along the bottom wall. a Effect of amplitude,

Ri ¼ 0:5; c ¼ 3; b ¼ �H;St ¼ 1. b Effect of frequency, Ri ¼ 0:5; c ¼ 3; b ¼ �H;A ¼ 0:5
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location at b ¼ � 0:75H which is due to the significant

enhancement of the local heat transfer for low values of

Richardson number.

• The flow pulsation enhances the average heat transfer.

The rate of enhancement between the average Nusselt

numbers in steady and pulsating flow increases with

magnetic dipole strength. The rate of enhancement is

higher at the location a ¼ 5H.

• The peak values in the space averaged Nusselt number

increases as the pulsation amplitude increases. The

average Nusselt number enhances by 14.67 and 24.53%

at St = 5 and St = 10 when compared to flow condi-

tion at St = 0.01.
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