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Previous studies pointed to the possibility of controlling magnetic nanofluid (MNF) boiling heat transfer
by a magnetic field. In this study, the numerical model for the film boiling of the MNF was developed to
explore the heat transfer and dynamics characteristics of MNF film boiling under the non-uniform mag-
netic field. Due to the existence of magnetic field intensity gradient, the dynamics of the separated bub-
bles in the non-uniform magnetic field was different from that in the uniform magnetic field. First, the
single-mode film boiling was performed to study the dynamics of the separated bubble in detail. As
the magnetic field intensity increased, the magnetic field force in the vertical direction increased, causing
the bubble to escape and rise faster. Due to the non-uniformity of the magnetic field in the vertical and
horizontal directions, the results of multi-mode film boiling influenced by the non-uniform magnetic
field were different from those of single-mode film boiling. As a result of the horizontal component of
the magnetic field force, the instability wavelength of film boiling became shorter and the bubble forma-
tion sites on the heated wall gradually deviated towards the central axis during the bubble generation
stage. As the magnetic field intensity increased, the deviation of the bubble increased due to the increas-
ing horizontal component of the magnetic field force. More importantly, the heat transfer performance of
a MNF with a non-uniform magnetic field applied in this paper was enhanced with a higher magnetic
field intensity. The enhancement effect is more pronounced in the film boiling for water near the critical
pressure.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Energy is the basis of human survival and development. The
world’s mineral resources are limited and the environment has
deteriorated in recent years. Therefore, saving energy and improv-
ing energy efficiency are important measures to ease the energy
shortage. Enhancing heat transfer is an effective method for saving
energy. There are many ways to enhance heat transfer, of which
boiling heat transfer is an important field. Due to its high heat
transfer coefficient, boiling heat transfer has been widely applied
in many engineering fields, such as nuclear energy construction,
thermal engineering, refrigeration industry, chemical engineering,
etc. In order to further improve the heat transfer efficiency and
safety performance of the thermal device, the related studies on
enhancing boiling heat transfer are greatly necessary.
Over the decades, many ways have been developed to enhance
boiling heat transfer. Among them, it is also an idea to seek a work-
ing medium with better performance and easier to achieve
enhanced heat transfer. Many researchers have carried out a lot
of experimental and numerical researches to study boiling heat
transfer performance of various fluid media. Different heat transfer
fluids exhibit different heat transfer performance due to their dif-
ferent physical properties. As a new type of intelligent fluid, the
magnetic nanofluid (MNF) has been increasingly favoured by many
scholars due to its unique advantages. MNFs, which consist of
colloidal mixtures of nanoparticles coated with a surfactant and
suspended within a nonmagnetic base fluid, constitute a special
nanofluid that exhibit both magnetic properties of solid magnetism
and fluid fluidity [1]. In the absence of gravity and magnetic field,
MNFs have good stability and will not appear aggregation and
deposition. Therefore, MNFs have a broad application prospect
and are considered as the most promising and intelligent material
in the field of material science [2]. Because of its higher effective
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thermal conductivity and heat transfer characteristic controlled by
external magnetic field, MNFs have a great application prospect in
thermal engineering field [2,3]. In recent years, Great progress has
been made in the experimental study of the boiling heat transfer
mechanism of MNFs [4–21]. Such a consensus has been reached
that the related studies on MNF boiling issues are very interesting
and important for implementing the foundational studies on the
hydrodynamics of MNFs and promoting practical engineering
applications of MNFs. Previous studies pointed to the possibility
of controlling magnetic boiling heat transfer by a magnetic field.

Considering the difficulty of MNF boiling issues, the numerical
methods have been applied by more and more scholars to study
MNF boiling heat transfer. The pool boiling heat transfer of a
MNF under a non-uniform magnetic field was investigated numer-
ically in a two-dimensional (2D) rectangular domain by Karimi-
Moghaddam et al. [22]. In their studies, the boiling curves with
and without magnetic field were presented and the performance
of boiling heat transfer was enhanced significantly when using a
MNF under a magnetic field. A numerical model with the two fluid
model was applied by Mohammadpourfard et al. [23–25] to simu-
lation the heat transfer performance of MNFs in the pool boiling
and flow boiling. MNFs own higher heat transfer performance than
pure liquids, and the heat transfer can be further enhanced under a
non-uniform magnetic field. Malvandi et al. [26] analyzed theoret-
ically the MNF film boiling on vertical plates and then simulated
numerically the effects of various factors (e.g. the size of nanopar-
ticles, the volume concentration, and the direction of magnetic
field) on heat transfer under uniform magnetic fields. MNF boiling
issues with a magnetic field were studied numerically with a
molecular dynamics method (MD) by Taheri and Mohammadpour-
fard [27]. In their study, MNFs containing hydrophobic nanoparti-
cles are more prone to film boiling.

Although the research and application of the MNFs have been
experienced in decades, mechanisms of the effect of magnetic field
on the MNF boiling have not been fully understood. In addition, in
previous studies, few studies have been conducted on the motion
characteristics of boiling bubbles in MNFs. Furthermore, the
motion characteristics of MNF boiling bubbles under the non-
uniform magnetic field have not been reported in published liter-
atures. For the past few years, the various numerical methods of
two-phase flow of MNFs have been proposed by more and more
scholars [28–30]; thus, great progress in the method make it pos-
sible to numerically simulate the motion characteristics of boiling
bubbles in MNFs. A numerical model to simulation the film boiling
of a MNF with magnetic actuation under the uniform magnetic
field was proposed in our previous study [31]. Effects of some
key parameters, including volume concentration of nanoparticles,
magnetic field intensity and magnetic susceptibility, on the heat
transfer and dynamics characteristics of MNF film boiling were
studied in detail. However, the motion characteristics of bubbles
under the uniform magnetic field is different significantly from
that under the non-uniform magnetic field. The related studies in
MNF film boiling in presence of a non-uniform magnetic field is
very necessary for enhancing further boiling heat transfer and pro-
moting the further development and application of MNFs.
2. Numerical modelling

2.1. Interface tracking

In this study, the VOSET method [32], a coupled volume-of fluid
and level set method, was used to capture the interface. The
parameter c represents the VOF function, which varies between 0
and 1, which can be calculated by the following VOF equation:
@c
@t

þ u � rc ¼ 0 ð1Þ

For more details on the implementation of the VOSET method,
please refer to literatures [32,33]. The density q, viscosity g and
magnetic permeability l can be calculated by the following
expressions:

q /ð Þ ¼ qgH /ð Þ þ ql 1� H /ð Þð Þ ð2Þ

g /ð Þ ¼ ggH /ð Þ þ gl 1� H /ð Þð Þ ð3Þ

l /ð Þ ¼ lgH /ð Þ þ ll 1� H /ð Þð Þ ð4Þ
where / is the level set function. H(/) is the smooth Heaviside func-
tion and can be expressed as:

H /ð Þ ¼
0 when / < �s
1
2 1þ /

s þ 1
p sin

p/
s

� �� �
when /j j < s

1 when / > s

8><
>: ð5Þ

where s is the width of transition region for smoothing, which
equals to 1.5 h. h is the grid size.

2.2. Governing equations

For the viscous and incompressible two-phase boiling prob-
lems, the governing equations can be written as:

r � u ¼ _m
1
qg

� 1
ql

 !
ð6Þ

q
@u
@t

þ u � ru
� �

¼ �rpþr � g ruð Þ þ ruð ÞT
� 	h i

þ qg 1� bT T - Tsatð Þð Þ þ f s þ fm ð7Þ

@T
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þ u � rT ¼ k
qCp

r2T ð8Þ

@c
@t

þ u � rc ¼ _m
qg

ð9Þ

r � lrwð Þ ¼ 0 ð10Þ
where _m refers to the mass transfer rate which means the magni-
tude of mass transfer per time in a cell. fs is the surface tension.
fm is the magnetic force. Introducing the magnetic scalar potential
w defined by H = �rw, the magnetic field intensity H is easily
solved. l is the relative permeability.

fs is calculated using a CSF model [34] and expressed as

f s ¼ �rj /ð Þd /ð Þr/ ð11Þ
where r represents the surface tension coefficient. j(/) is the inter-
face curvature. d(/) is the Dirac delta function. j(/) and d(/) are
calculated as follows:

j /ð Þ ¼ r � r/
r/j j

� �
ð12Þ

d /ð Þ ¼ 0 when /j j > s
1
2s 1þ cos p/

s

� �� �
when /j j 6 s

(
ð13Þ

For an isothermal and linearly magnetizable MNF, fm can be
given by Rosensweig [35], written as follows:

f m ¼ �1
2
H2rl ð14Þ



Fig. 1. Schematic of the computational domain. The dotted line represents the
magnetic field line and the red line represents the phase interface. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Substituting Eq. (4) into Eq. (14), fm can be further expressed as:

fm ¼ �1
2
H2 ll � lg

� 	
d /ð Þr/ ð15Þ

In this study, the finite volume method was used to discretize
the governing equations in the collocated grid system. QUICK
and central difference schemes were used to discretize the convec-
tion and diffusion terms. In this paper, for an interfacial cell con-
taining the phase interface, the temperature is estimated
approximately by Ling et al.’s method [36].

The density, specific heat, thermal conductivity and viscosity of
MNFs are calculated as follows [35]:

Density:

qmix ¼ 1�uð Þql þuqp ð16Þ
Specific heat:

cp;mix ¼
1�uð Þqlcp;l þuqpcp;p

qmix
ð17Þ

Thermal conductivity:

kmix ¼
kp þ 2kl � 2u kl � kp

� �
kp þ 2kl þu kl � kp

� �
 !

kl ð18Þ

Dynamic viscosity:

gmix ¼ 1þ 2:5uð Þgl ð19Þ
where u represents the volume concentration of nanoparticles.

In an interfacial cell with phase interface, the relationship of the
mass transfer and heat flux should be expressed as:Z
X

_mdV ¼ 1
c

Z
C

_qdA ð20Þ

where c is the latent heat of evaporation. dV is the volume of a cell.
dA is the area of the phase interface. q_ is defined as:

_q ¼ kg
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Combining Eqs. (20) and (21), the mass transfer mate can be
calculated as follows:Z
X

_mdV ¼ 1
c
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2.3. Physical properties and computational domain

The physical properties of the MNF mentioned in this paper are
displayed in Table 1. The most dangerous wavelength of film boil-

ing is k0 ¼ 2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3r= g ql � qg

� 	� 	r
in 2-D. The schematic of the com-

putational zone is shown in Fig. 1. A vertical upward non-uniform
magnetic field is applied to the computational domain. The compu-
tational domain is on the same axis as the coil. As is well known,
the magnetic field line is a set of parallel lines with the same direc-
Table 1
Properties of the MNF.

Liquid Vapour Nanoparticle

Density (kg/m3) 200.0 5.0 5600.0
Thermal conductivity (W/m K) 40.0 1.0 6.0
Thermal capacity (J/kg K) 400.0 200 670.0
Dynamic viscosity (kg/m s) 0.1 0.005
Surface tension coefficient (N/m) 0.1
Latent heat (J/kg) 10000.0
Magnetic susceptibility 0.2
tion and equal spacing in a uniform magnetic field. However, the
magnetic field line produced by the coil is a set of closed curves
in a non-uniform magnetic field, emitted from the upper surface
of the coil and returned to the lower surface of the coil. Fig. 1 also
gives the schematic of magnetic field line in the computational
domain (The dotted line represents the magnetic field line). The
magnetic field lines cross the boundary of the computational
domain, so the component Hx and Hy of the magnetic field intensity
H on the boundary are not zero. If we know the magnetic field
intensity perpendicular to the boundary, we can solve the mag-
netic potential equation (10) of the non-uniform magnetic field
by using the same treatment method as uniform magnetic field
[31].

2.4. Boundary conditions of flow field

For solving the flow field accurately, the boundary conditions in
the computational domain are defined as:

At x = 0 and x = L,

u ¼ 0;
@v
@x

¼ @T
@x

¼ 0 ð23Þ

At y = H,

@u
@y

¼ @v
@y

¼ @T
@y

¼ 0 ð24Þ

At y = 0,

u ¼ v ¼ 0; Tw ¼ Tsat þ DTsup ð25Þ
2.5. Boundary conditions of the non-uniform magnetic field

The method of constructing the boundary conditions of a non-
uniform magnetic field, mentioned by Shi et al. [37], is introduced
in this section. It is assumed that the magnetic field intensity on
the central axis of the coil has only the components of y axis,
and H(y) = B0 + B1y + B2y

2 + B3y
3 + B4y

4 + B5y
5. w represents the



Fig. 2. Magnetic streamlines and magnetic field intensity when H0 = 20 kA/m.
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magnetic potential in the absence of vapour. From H = -rw, we can
see that on the central axis of the coil, w is the sixth polynomial in
y, and w(x0, y) = P6(y). Here, x0 = 0.5 Lx. P6(y) can be written as
follows

P6 yð Þ ¼ �
Z

H yð Þdy

¼ � B0yþ 1
2
B1y2 þ 1

3
B2y3 þ 1

4
B3y4 þ 1

5
B4y5 þ 1

6
B5y6

� �
ð26Þ

When there is no vapour, r�(rw) = 0. For two-dimensional
cartesian coordinates,

@2w

@2x
þ @2w

@2y
¼ 0 ð27Þ

Since w is symmetrically distributed with respect to x = x0, and
w(x0, y) = P6(y), the expression of w can be defined as

w x; yð Þ ¼ P6 yð Þ þ x� x0ð Þ2P4 yð Þ þ x� x0ð Þ4P2 yð Þ þ x� x0ð Þ6P0 yð Þ
ð28Þ

where P4(y) = A�P6(2)(y), P2(y) = B�P6(4)(y), P0(y) = C�P6(6)(y). Eq. (28) is
substituted into Eq. (27), and the values of coefficients A, B and C
are �1/2, 1/24, �25/756, respectively. Therefore, the expressions
of P4(y), P2(y) and P0(y) are shown as

P4 yð Þ ¼ � 1
2 P

2ð Þ
6 yð Þ ¼ 1

2 B1 þ 2B2yþ 3B3y2 þ 4B4y3 þ 5B5y4
� �

P2 yð Þ ¼ 1
24 P

4ð Þ
6 yð Þ ¼ � 1

12 3B3 þ 12B4yþ 30B5y2
� �

P0 yð Þ ¼ � 25
756 P

6ð Þ
6 yð Þ ¼ 1

6B5

ð29Þ

After Eq. (29) is substituted into Eq. (28) to obtain the whole
magnetic potential w(x, y), the magnetic field intensity component
on the boundary of the computational domain can be calculated.
And then the magnetic field value is taken as the magnetic field
boundary condition of the non-uniform magnetic field. The pro-
cessing method of the non-uniform magnetic field boundary con-
dition is similar to the uniform magnetic field, and is processed
by the additional source term method. Finally, the magnetic poten-
tial w(x, y) in presence of vapour in the computational domain can
be obtained. The accuracy of the magnetic field model with a uni-
form magnetic field had been verified in our previous study [31].

3. Numerical method validation

In the present study, a non-uniform magnetic field is estab-
lished by the method which is described in Section 2.5. In order
to verify the reasonability of the establishment of the non-
uniform magnetic field, simulations have been performed in the
domain size of 3k0 � 3k0. Here, the magnetic field intensity at
y = 0.04 m is defined as H0. The coefficients of B0, B1, B2, B3, B4,
and B5 under different magnetic field intensity H0 of 5 kA/m,
10 kA/m, 15 kA/m, 20 kA/m, 25 kA/m and 30 kA/m are shown in
Table 2.

The distributions of magnetic field lines and magnetic field
intensity calculated numerically by the magnetic field model in
this paper are shown in Fig. 2. It can be seen in the figure that
Table 2
The coefficients of the equation H(y) = B0 + B1y + B2y

2 + B3y
3 + B4y

4 + B5y
5 under different g

Magnetic field intensity H0 (kA/m) B0 B1

5 6.181E + 03 �3.164E + 04
10 1.251E + 04 �7.306E + 04
15 1.838E + 04 �9.875E + 04
20 2.502E + 04 �1.398E + 05
25 3.089E + 04 �1.716E + 05
30 3.630E + 04 �1.541E + 05
the magnetic field line is emitted from the bottom of the computa-
tional domain and has a divergent distribution. Furthermore, the
magnetic field lines become sparser as a decrease in magnetic field
intensity (i.e., away from the bottom boundary).

Fig. 3 gives the comparison of theoretical and numerical mag-
netic field intensity along the central axis of the computational
domain. The solid line is the curve fitted with the fifth polynomial,
which represents the theoretical magnetic field intensity along the
central axis of the computational domain derived from the relation
H(y) = B0 + B1y + B2y

2 + B3y
3 + B4y

4 + B5y
5. And the discrete points in

Fig. 3 show the numerical values of magnetic field intensity along
the central axis of the computational domain. From the figure, it
can be seen clearly that the numerical solution is consistent well
with the theoretical value.

Next, there is no consideration of the volume concentration and
magnetic field. The simulation has been performed in the domain
size of 3k0 � 3k0. In order to check the grid independency, three
different grid system including k0/32, k0/64 and k0/128 were used
for this simulation. In this case, the wall superheat DTsup equals
to 2 K. The interfaces by different grid sizes at 0.45 s are shown
in Fig. 4. The result shows that the interface has no significant
change when the grid was finer than k0/64. Furthermore, the differ-
ence between the vapour volumes at k0/64 and k0/128 was less
than 0.3%. Therefore, the k0/64 grid was used in the rest of our
simulations.

The Nusselt number is defined as

Nu ¼ 1
k0

Z k0

0
Nu0dx ð30Þ

where Nu’ is the local Nusselt number, which is calculated as

Nu0 ¼ l0
Tw � Tsat

@T
@y






y¼0

; where l0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
ql � qg

� 	
g

vuut ð31Þ
radient magnetic field.

B2 B3 B4 B5

7.471E + 04 �9.505E + 04 6.207E + 04 �1.588E + 04
2.162E + 05 �3.665E + 05 3.291E + 05 �1.197E + 05
2.554E + 05 �3.658E + 05 2.745E + 05 �8.347E + 04
3.854E + 05 �6.036E + 05 5.056E + 05 �1.746E + 05
4.858E + 05 �8.019E + 05 7.163E + 05 �2.635E + 05
2.150E + 05 5.783E + 04 �3.810E + 05 2.365E + 05
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Fig. 4. The interface with different grid sizes at 0.45 s.
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Klimenko’s correlation [38] was used for validating the numer-
ical method proposed in this study. Fig. 5 shows the Nu number
with time. The space- and time- averaged Nu number calculated
in this case is 2.49. The Nu number calculated from Klimenko’s cor-
relation is 2.6. The difference between them is 4.23%.
4. Results and discussion

4.1. Single-mode film boiling

First, in order to describe clearly and conveniently the motion
mechanism of boiling bubble under a non-uniform magnetic field,
the single-mode film boiling is performed in the computational
domain of k0 � 3k0. The dynamics of the first set of separated bub-
ble are reported in detail in this section. Here, DTsup = 2 K, v = 0.2
and u = 0.1%. Fig. 6 displays the interface evolution separated bub-
ble with the magnetic field. It can be seen in Fig. 6 that when the
magnetic field is applied, the departure time and the departure
diameter of separated bubbles are greatly reduced due to the exis-
tence of the magnetic field force. And, the larger the magnetic field
intensity, the greater the magnetic field force acted on the bubble,
leading to the increase in the departure time and the departure
diameter, as shown in Fig. 7.

The influence of the magnetic field on the velocity field mainly
reflects in the magnetic field force acted at the phase interface. The
magnetic field force causes the disturbance and deformation of the
phase interface and then the dynamic characteristics of the phase
interface affects the velocity field nearby. The more detailed expla-
nations are expounded below.

In the formation of the bubble, in our opinion, the main reason
causing bubble to escape is that the phase interface is disturbed
due to the presence of magnetic field so that the instability of
phase interface become intense. And, with an increase in the mag-
netic field intensity, the instability effect becomes more intense.
Consequently, the more intense the phase interface, the easier it
is for the bubble to escape. Besides, based on our previous study
[31], the magnetic field causes the most dangerous wavelength
to decrease, and the stronger the magnetic field, the smaller the
most dangerous wavelength. Obviously, the decrease of the most
dangerous wavelength will reduce the bubble departure diameter.

After the detachment of the bubble, due to the non-uniformity
of the magnetic field in the vertical directions, which is shown in
Figs. 2 and 3, the magnetic force at the bottom of the bubble is
greater than that at the top of the bubble. And the magnetic force
acted on the phase interface directs towards the vapour phase.
Therefore, the total magnetic force acted on the whole interface
is positive in the direction of the y-axis so that the bubble is accel-
erated in the presence of the magnetic field. Fig. 8 plots the vertical
velocity and magnetic field force distributions when the bubble
detaches initially and rises steadily under different magnetic fields.
It is shown in Fig. 8 that as the magnetic field intensity increases,
the magnetic field force acted on the bubble increases and there-
fore the rise velocity increases due to the positive total magnetic
field force. Besides, due to the driving effect of the non-uniform
magnetic field on the bubble, the jet flow velocity of the liquid
below the bubble increases.

Unlike the uniform magnetic field, the magnetic field intensity
in the non-uniform magnetic field applied in this paper decreases
gradually in the vertical direction. Due to the existence of magnetic
field intensity gradient, the dynamics of the separated bubbles in
the non-uniform magnetic field is different from that in the uni-
form magnetic field. Fig. 9 plots the vertical velocity curve of the
bubble in the process of bubble formation, detachment and rise.
Here, the bubble velocity is obtained by the displacement ds at
the top of the bubble divided by the corresponding time interval
dt. In Fig. 9, we can see that with the increase in magnetic field
intensity, the bubble formation, detachment and rising velocity
increase because of larger magnetic field force in vertical direction.
After the detachment of the bubble, the other reason of the
increase in bubble rising velocity is that the resistance of the bub-
ble is reduced due to the decrease in the bubble departure diame-
ter with the increase in the magnetic field intensity. The vertical
component of the total magnetic field force is written as:

Fmag;y ¼
Z
X
fm � eydV ð32Þ

Fig. 10 plots Fmag,y versus the position of the rising bubble centre
with different magnetic field intensities. As can be seen in Fig. 10,
larger magnetic field intensity produces larger magnetic field force.



Fig. 6. Phase interface evolution of the first set of separated bubbles with different magnetic field intensities when DTsup = 2 K. (a) H0 = 0 kA/m; (b) H0 = 10 kA/m; (c)
H0 = 15 kA/m; (d) H0 = 20 kA/m; (e) H0 = 25 kA/m; (f) H0 = 30 kA/m.
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Fig. 7. Bubble departure time and bubble departure diameter for separated bubble
with different magnetic field intensities.
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And the magnetic field force gradually decreases with the rise of
bubbles due to the decreasing negative magnetic field intensity
gradient which is displayed in Fig. 3. Fig. 11 shows the typical evo-
lution of bubble velocity field, velocity contour, and magnetic field
intensity contours with different negative gradient magnetic fields.
The results from Figs. 9 and 10 can be elucidated further in Fig. 11.
4.2. Multi-mode film boiling

The objective of this investigation is to reveal some light on
multi-mode film boiling where the evolution of phase interface
results in the formation of multiple bubbles. Under some certain
conditions, the instability of the phase interface in multi-mode sat-
urated film boiling is easy to occur. The instability becomes more
intense when an external magnetic field is applied. In this study,
we address the dynamics and heat transfer characteristics of
multi-mode film boiling in presence of different non-uniformmag-
netic fields in the domain size of 3k0 � 3k0. Due to the non-
uniformity of the magnetic field in the vertical and horizontal
directions, which is shown in Fig. 2, the result of multi-mode film
boiling influenced by the non-uniformmagnetic field will be differ-
ent from that of single-mode film boiling.

Fig. 12 displays the evolution of phase interface and velocity
vector in multi-mode film boiling with different non-uniform mag-
netic fields. We can see in Fig. 12 that the bubble departure time
and the bubble departure diameter both decrease with the increase
in the magnetic field intensity. The result is consistent with that of
single-mode film boiling.

If the magnetic field is absent, bubbles are detached periodically
in the vertical direction and do not deviate in the horizontal direc-
tion, as shown in Fig. 12(a). However, after a non-uniform mag-
netic field is applied, the horizontal component of the magnetic



Fig. 8. The vertical velocity and magnetic field force distributions under different magnetic fields. The black solid lines with arrow represent the magnetic field force and the
red lines represent the phase interface. (a) H0 = 0 kA/m, (b) H0 = 10 kA/m, (c) H0 = 20 kA/m, (d) H0 = 30 kA/m.
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Fig. 9. Velocity variation of the bubble along the vertical direction from formation
to departure with different magnetic field intensity.
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Fig. 10. Vertical component (Fmag_y) of the total magnetic field force versus the
position of the rising bubble centre under different applied magnetic field
intensities.
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field force is not zero due to the existence of the magnetic field gra-
dient in the horizontal direction. Therefore, the horizontal compo-
nent of the magnetic field force will make a great influence on the
process of bubble formation, detachment and rise in the non-
uniform magnetic field. The bubble on the central axis is detached
periodically because the horizontal component of the total mag-
netic force acted on the bubble cancels each other out. However,
the horizontal component force of the total magnetic force acted
on bubbles on both sides of a central axis are not zero, so the bub-
bles deviate in the horizontal direction.

When the magnetic field intensity is less than 5 kA/m, the hor-
izontal component of the magnetic field force acted on the bubble
is so small that the process of the bubble formation, detachment
and rise are not influenced, as shown in Fig. 12(b). When the mag-
netic field intensity further changes from 5 kA/m to 20 kA/m, the
flow field is homogeneous and is distributed symmetrically along
the central axis. Besides, the detachment of the bubble still
remains periodic. Taking H0 = 20 kA/m as an example, the force
analysis of the bubble in the formation process is expounded.
Fig. 13 shows the horizontal component (Hx) of magnetic field
intensity and distributions of magnetic field force acted on the
bubble on the left side of the central axis at 0.64 s in presence of
the non-uniform magnetic field of H0 = 20 kA/m. According to the
numerical results, it can be obtained that the horizontal compo-
nent of magnetic field force acted on the bubble at the left side
of the central axis is positive, while that acted on the bubble at
the right side of the central axis is negative in the same way. The
result indicates that the magnetic field force in the horizontal
direction acted on the bubble on both sides of the central axis point
to the central axis, so the bubble is offset to the central axis. In
Fig. 12(c)–(e), it can be clearly seen that with an increase in the
magnetic field intensity, the horizontal component of the total
magnetic field force acted on the bubble on the heated wall
increases during the process of bubble formation, leading to the
gradual increase in the horizontal deviation of the bubble. In addi-
tion, it can be seen from Fig. 13 that the deviation at the bottom of
the bubble is greater than that at the top of the bubble. This is
because that the horizontal component of the magnetic field inten-
sity (i.e. Hx) at the bottom of the bubble is greater than that at the



Fig. 11. Evolution of bubble velocity field, velocity contour, and magnetic field intensity contours with different H0. (a) H0 = 10 kA/m; (b) H0 = 20 kA/m; (c) H0 = 30 kA/m.
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top of the bubble, so that the horizontal component of the mag-
netic field force at the bottom of the bubble is greater than that
at the top of the bubble. In Fig. 14, the velocity vectors near the
bubble on the left side of the central axis at 0.76 s are given when
the magnetic field intensity H0 is equal to 20 kA/m. In the process
of the bubble rise, the non-uniform magnetic field causes a large
disturbance in the flow field, and the distribution of the flow field
is no longer symmetrical along the bubble, resulting in the dip
angle between the jet flow at the bottom of the bubble and the ver-
tical direction. Driven by the jet, the bubble rises towards the
direction of the magnetic field line (the direction of the magnetic
field line is shown in Fig. 2). When the magnetic field intensity is
25 kA/m, the bubble formation sites increases due to the stronger
instability of phase interface. The stronger instability leads to lar-
ger disturbance of the flow field, resulting in the asymmetry of
the flow field. The bubbles on the central axis are offset in the hor-
izontal direction, and the formation and detachment of bubbles are
no longer periodic. In the process of bubble formation and detach-
ment, the bubble flow gradually evolved into the bubble column
flow, as shown in Fig. 12(f).

Effects of different magnetic intensities on the heat transfer of
MNF film boiling are displayed in Figs. 15 and 16. Fig. 15 plots
the variation of the space-averaged Nusselt number over time
under different magnetic field intensities. In Fig. 15, we can see
that when the magnetic field intensity is less than 20 kA/m, the
lines representing the space-averaged Nusselt number is periodic
over time due to the bubbles detaching periodically from the
heated surface. However, the bubble is detached randomly at the
initial time and then the bubble morphology changes gradually
after the magnetic field intensity further increases to 25 kA/m.
The vapour column flow is formed. Therefore, the space-averaged
Nusselt number is no longer periodic and unchanged basically over
time. Fig. 15 gives Nusselt number and the enhancement ratio g.
The enhancement ratio g can be calculated by the following
equation:

g ¼ NuM � Nu0

Nu0
� 100%

where NuM and Nu0 are Nusselt number with and without magnetic
field, respectively. Here, the parameter g represents the ability of
magnetic field to enhance heat transfer. In Fig. 16, it can be seen
clearly that as the magnetic field intensity increases, the perfor-
mance of heat transfer of a MNF in presence of the non-uniform
magnetic field is enhanced. Furthermore, the magnetic field is so
small that there is a negligible impact on heat transfer. For example,



Fig. 12. Interface evolution and velocity vector under different non-uniform magnetic fields. (a) H0 = 0 kA/m; (b) H0 = 5 kA/m; (c) H0 = 10 kA/m; (d) H0 = 15 kA/m; (e)
H0 = 20 kA/m; (f) H0 = 25 kA/m.
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when the magnetic field intensity is equal to 5 kA/m, the enhance-
ment ratio g is 1.1%. However, there is a significant effect on heat
transfer under high magnetic field intensity. When the magnetic
field intensity is 30 kA/m, the heat transfer can be enhanced up to
20%.

4.3. Film boiling for water near the critical pressure

In order to further confirm the reasonability and accuracy of the
results in this paper, similar analysis has been performed for water
near the critical pressure (21.9 MPa). The physical properties used
are given in Table 3. The properties of magnetic nanoparticles are
shown in Table 1. In this study, the magnetic susceptibility is set
to 0.2. The wall superheat is 10 K. After checking the grid indepen-
dency, the grid dimension is taken as k0/240 in all simulations per-
formed in the computational domain of k0 � 3k0, where the most
dangerous wavelength k0 is 0.002275 m. The computational setup
about the non-uniform magnetic field in this section is same to
that in Section 4.1. The coefficients of B0, B1, B2, B3, B4, and B5 under
different magnetic field intensity H0 of 5 kA/m, 7.5 kA/m and
10 kA/m are shown in Table 4.

Fig. 17 plots the comparison of the interface morphology at the
instant of the first set of the released bubble with different mag-
netic fields. In Section 4.1, the interface morphology without the
magnetic field and with a non-uniform magnetic field of 5 kA/m
is almost the same. However, we can obviously see in Fig. 17 that
when a non-uniform magnetic field of 5 kA/m is applied, the inter-
face morphology has changed dramatically. Obviously, the mag-
netic field has a greater influence on the film boiling for water
near the critical pressure. The magnetic Bond number
Bom ¼ l0LH

2=r, which represents the influence of magnetic field
and is the ratio of the magnetic force and the surface tension force,



Fig. 13. Distributions of magnetic field force and horizontal component (Hx) of
magnetic field intensity at 0.64 s in presence of the non-uniform magnetic field of
H0 = 20 kA/m. The black solid lines represent the contour of Hx and the yellow
arrowed lines represent magnetic field force. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. velocity vector near the bubble on the left side of the central axis at 0.76 s is
given when H0 = 20 kA/m.
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Fig. 15. Variation of space-averaged Nusselt number over time in presence of
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Fig. 16. Space- and time- averaged Nusselt number and the enhancement ratio g
with different magnetic field intensities in presence of the non-uniform magnetic
field.

Table 3
The physical properties of water near the critical pressure.

Liquid Vapour

Density (kg/m3) 402.4 242.7
Thermal conductivity (W/m K) 0.5454 0.5383
Thermal capacity (J/kg K) 2.18 � 105 3.52 � 105

Dynamic viscosity (kg/m s) 4.67 � 10�5 3.52 � 10�5

Surface tension coefficient (N/m) 7.0 � 10�5

Latent heat (J/kg) 2.764 � 105
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is used to explain the phenomenon. In Section 4.1, when a mag-
netic field of 5 kA/m is applied, Bom¼ 2:27. However, for the water
near the critical pressure with a magnetic field of 5 kA/m,
Bom ¼ 94:9, the magnetic force plays an absolutely dominant role.
With an increase in magnetic field intensity, the interface mor-
phology becomes more intense and the bubble departure diameter
and the bubble departure time both sharply decrease. This conclu-
sion is basically consistent with that of Section 4.1. The greater
magnetic field intensity, the more intense the interface instability,
and the more bubbles are generated. At the fixed computational
domain, the numbers of bubble formation sites for the cases of
H0 = 0 kA/m, H0 = 5 kA/m, H0 = 7.5 kA/m and H0 = 10 kA/m is one,
three, five and eight. Fig. 18 also displays the interface evolution
at the instant of the first set of the released bubble under the mag-
netic field intensity of H0 = 5 kA/m. The figure indicates that during
bubble growth, the bubble formation sites on the left and right
sides of the central axis gradually move toward the central axis
due to the non-uniformity of the magnetic field. The detailed
explanation on the phenomenon has been discussed in Section 4.2.

Fig. 19 gives the effect of the non-uniform magnetic field on the
heat transfer performance of film boiling for water near the critical
pressure. The space- and time- averaged Nusselt number obtained
from the computational results without the magnetic field is 4.03,
and that predicted from Klimenko’s correlation [38] is 4.20. The
deviation is about 4%. So, the numerical result agree well with
the correlation, which verifies the accuracy and reasonability of
the present results.



Table 4
The coefficients of the equation H(y) = B0 + B1y + B2y

2 + B3y
3 + B4y

4 + B5y
5 under different gradient magnetic field applied in the film boiling for water near the critical pressure.

Magnetic field intensity H0 (kA/m) B0 B1 B2 B3 B4 B5

5 6.181E + 03 �3.164E + 06 7.471E + 08 �9.505E + 10 6.207E + 12 �1.588E + 14
7.5 9.403E + 03 �5.371E + 06 1.547E + 09 �2.567E + 11 2.275E + 13 �8.211E + 14
10 1.251E + 04 �7.306E + 06 2.162E + 09 �3.665E + 11 3.290E + 13 �1.200E + 15

Fig. 17. Comparison of the interface morphology at the instant of the first set of the
released bubble with different magnetic fields.

Fig. 18. Interface evolution at the instant of the first set of the released bubble
under the magnetic field intensity of H0 = 5 kA/m.
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Fig. 19. Space- and time- averaged Nusselt number and the enhancement ratio g
with different magnetic field intensities.
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The space- and time- averaged Nusselt number and the
enhancement ratio g under different magnetic field intensities
are shown in Fig. 19. When the magnetic field of H0 = 5 kA/m,
H0 = 7.5 kA/m or H0 = 10 kA/m is applied, the enhancement ratio
g is 58%, 106.2% or 166%, respectively. It is obvious that the heat
transfer performance of film boiling for water near the critical
pressure is greatly improved by the non-uniform magnetic field.
5. Conclusions

In the study, we presented the simulation of MNF saturated film
boiling in presence of a non-uniform magnetic field. The effects of
the non-uniform magnetic field on the heat transfer characteristics
of a single-mode and multi-mode saturated film boiling of the MNF
and the dynamics of phase interfaces were studied in detail under
the constant wall temperature condition.

It is found that the departure diameter and time both decrease
with an increase in the magnetic field intensity. Increasing mag-
netic field force in the vertical direction due to higher magnetic
field intensity lead to the increase in the bubble velocity in the pro-
cess of bubble formation, detachment and rise. And, when the
magnetic field intensity continue to increases to a greater value,
the bubble formation sites increase because of stronger interface
instability.

It is easy to produce the instability phenomenon in multi-mode
saturated film boiling as compared to single-mode film boiling. The
instability becomes more intense when the magnetic field is
applied. In a non-uniform magnetic field, as a result of the horizon-
tal component of the magnetic field force, the instability wave-
length of film boiling becomes shorter and the bubble formation
sites on the heated wall gradually deviate towards the central axis
during the bubble generation stage. With an increase in the mag-
netic field intensity, the deviation of the bubble increases due to
the increasing horizontal component of the magnetic field force.
When the magnetic field intensity increases further to higher
value, the bubble formation and release loses its temporal period-
icity and spatial asymmetry. The increased convection currents
and vigorous disturbance of the flow field also lead to the lateral
motion of bubbles on the central axis.

The heat transfer performance is enhanced with an increase in
the magnetic field intensity in presence of non-uniform magnetic
field. Particularly, the magnetic field has a greater influence on
the film boiling for water near the critical pressure due to the dom-
inant effect of the magnetic force.
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