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A two-dimensional numerical model for solving the problem of incompressible two-phase boiling of a
magnetic nanofluid (MNF) in presence of a magnetic field was established by the VOSET (the coupled
VOF and a level set method) interface tracking method including a phase change effect. The present work
was focused on analyses of the bubble growth and heat transfer characteristics in saturated film boiling at
various volume concentrations, magnetic field intensities and magnetic susceptibilities. Under the condi-
tion of low volume concentration, the evaluation of the phase interface was mildly influenced, and the
heat transfer performance of MNF film boiling was slightly enhanced with an increase in the volume con-
centration. Discrete bubble growth occurred and the heat transfer characteristics of MNF film boiling
were only slightly affected at a lower magnetic field intensity or magnetic susceptibility. In contrast,
vapour columns formed and a significant heat transfer enhancement was achieved at a higher magnetic
field intensity or magnetic susceptibility.

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

A magnetic nanofluid (MNF) is a colloidal suspension in which
magnetic nanoparticles coated with a surfactant are steadily dis-
persed within a base fluid. Base fluids can be water, kerosene,
R134a, and so forth. MNFs exhibiting magnetic properties of solid
magnetic materials and fluidity of liquids represent a new type
of nanoliquid functional materials with a unique performance
and wide applications. MNFs exhibit stability without aggregation
and deposition under the action of gravity and magnetic field.
MNFs demonstrate potential for broad applications and are consid-
ered the most promising new intelligent materials in materials
science [1]. To date, MNFs have been widely used in chemical engi-
neering, mechanical engineering, medical treatment, instrumenta-
tion, environmental protection, navigation, positioning, sealing,
etc. As the thermal conductivity of nanoparticles in MNFs can be
several orders of magnitude greater than that of the base fluid,
the effective thermal conductivity of the MNF is much higher than
that of the pure liquid without nanoparticles. In addition, the mag-
netic nanoparticles in MNF can be controlled by an external mag-
netic field; thus, the flow field can be controlled and the heat
transfer performance of the MNF can be enhanced effectively.
Therefore, as a new type of heat transfer medium, MNFs have great
practicability in thermal engineering and related fields, such as an
energy conversion system controlled by a magnetic field for
enhanced heat transfer performance, the cooling system of high
power devices, solar collectors, and microelectromechanical sys-
tems (MEMS) [1,2].

Boiling heat transfer has been widely used in thermal engineer-
ing because of its high heat transfer performance and small tem-
perature difference. To further improve the efficiency of heat
exchange equipment and ensure the safety of devices, enhanced
boiling heat transfer technology has become an important research
subject in modern heat transfer science. In recent years, some
researchers have researched the boiling heat transfer characteris-
tics of MNFs and have achieved many important results through
combining the advantages of MNFs and boiling heat transfer tech-
nology. Liu et al. [3] studied experimentally the pool boiling heat
transfer characteristics of a magnetite-water nanofluid (MWNF)
with and without a magnetic field. These authors found that mag-
netic nanoparticles and surfactants can enhance heat transfer per-
formance in the absence of a magnetic field and the heat transfer
performance will be further enhanced when an external magnetic
field is applied. Lee et al. [4] studied the critical heat flux (CHF) of
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an MWNF and other non-magnetic nanofluids in pool boiling, and
their results showed that the MWNF has the highest CHF. Lee et al.
[5] further studied the flow boiling heat transfer characteristics of
the MNF at atmospheric pressure and low mass flux conditions.
These authors found that whether or not an external magnetic field
is applied, the CHF of the MNF is still stronger than that of pure
water. The researchers analysed the main reasons for CHF
enhancement and believed that the magnetic nanoparticles depos-
ited onto the heated surface improve the wetting characteristics of
the surface. As the deposition amount of nanoparticles increases,
the value of the CHF increases gradually until its saturation value
is reached. However, Naphon [6] studied the effect of magnetic
fields on the boiling heat transfer characteristics of a cylindrical
surface in a nanofluid and obtained a different conclusion then that
of Lee [5]. In the absence of a magnetic field, the boiling heat trans-
fer coefficient decreases with an increase in the volume concentra-
tion of nanoparticles of the MNF. The main reason is that no
surfactant was added to the MNF, which facilitates the continuous
gathering of nanoparticles into clusters that are deposited on the
heated surface during the boiling process, leading to a further dete-
rioration of the heat transfer on the heated surface. In addition,
Naphon also found that under high magnetic field intensity condi-
tions, the maximum heat transfer coefficient of boiling can
increase by 27.91%. Sesen et al. [7] believed that in practical appli-
cations, the stability of nanofluids is difficult to maintain due to the
deposition of nanoparticles onto the surface. To solve this problem,
these authors used a magnetic stirrer as a magnetic drive, which
not only enhances the cooling capacity of the system but also
avoids the aggregation and deposition of the nanoparticles. After-
wards, the researchers used the improved experimental system
to study the pool boiling heat transfer characteristics of the MNF.
The results showed that this new device enhanced the heat trans-
fer by approximately 17% and the aggregation and deposition of
nanoparticles did not occur during the experiment. Abdollahi
et al. [8,9] studied the boiling heat transfer characteristics of an
Fe3O4/DI water nanofluid in presence of a magnetic field. These
authors found that when the volume concentration of the MNF
increases from zero to 0.1%, the boiling heat transfer coefficient
of heated wall gradually increases, then decreases after the volume
concentration exceeded 0.1%. The boiling heat transfer coefficient
of the MNF with a volume concentration of 0.1% increased by
nearly 43% compared with that of DI water. These investigators
also found that the direction of the magnetic field gradient has a
significant impact on the heat transfer performance of the MNF.
When the magnetic field gradient is positive, the boiling heat
transfer coefficient decreases. However, the negative magnetic
field gradient led to an increase in heat transfer performance. Ulti-
mately, these authors concluded that increasing the volume con-
centration of nanoparticles and applying magnetic fields are not
the only major factors affecting the boiling heat transfer perfor-
mance. Surface roughness, average nanoparticle size and magnetic
field gradient can also significantly influence the heat transfer
characteristics of MNF boiling. Amirzehni et al. [10] conducted an
experimental study on the subcooled flow boiling of an MWNF in
a vertical ascending annular channel in presence of a non-
uniform magnetic field, aiming to study the lift-off diameter of
the boiling bubble. The experimental results showed that applying
a magnetic field can reduce the lift-off diameter by 5–10% and
increase the CHF value. In addition to the effect of the magnetic
field, the lift-off diameter increases with an increase in the mass
velocity.

With the development of numerical methods and the rapid
improvement of computer performance, some scholars have
already used numerical methods to study the boiling heat transfer
characteristics of MNFs. Mohammadpourfard et al. [11] used the
mixture model to simulate the pool boiling heat transfer character-
istics of an MWNF. These authors determined that when ferromag-
netic nanoparticles are added, the pool boiling heat transfer
performance is significantly enhanced. When a negative magnetic
field gradient is applied, the heat transfer characteristic is further
enhanced with an increase in the negative magnetic gradient. Sub-
sequently, Mohammadpourfard et al. [12,13] further studied the
subcooled boiling heat transfer characteristics of an R113-based
MNF in the vertical annular channel in presence of a non-
uniform magnetic field by using a two-fluid model. Their results
showed that the use of the MNF as working medium and the appli-
cation of non-uniform magnetic fields significantly improve the
heat transfer performance of boiling. Malvandi et al. [14] con-
ducted a theoretical analysis and research on the film boiling of
the MNF on vertical plates. These authors considered the migration
of nanoparticles and the effects of the anisotropic thermodynamic
properties of the MNF in presence of uniform magnetic fields with
varying directions and theoretically modelled the film boiling of
the MNF. The following conclusions were obtained. In the case of
a high volume concentration, the small nanoparticles increase
the velocity distribution in the gas film, while the larger magnetic
field intensity reduces the velocity distribution in the gas film.
Additionally, under the condition of a low volume concentration,
the large nanoparticles enhance the heat transfer performance,
and the heat transfer performance is best when the magnetic field
is parallel to the temperature gradient. Taheri and Mohammad-
pourfard [15] used a molecular dynamics model (MD) to conduct
a numerical study on the effects of the surface wetting character-
istics and nanoparticle concentration on the liquid argon-based
MNF boiling heat transfer characteristics in presence of a magnetic
field. Their results showed that compared with the pure liquid, the
MNF containing hydrophilic nanoparticles are less prone to film
boiling, and MNFs containing hydrophobic nanoparticles are more
likely to produce gas film. In addition, they believed that an
increase in the concentration of nanoparticles or a decrease in
the magnetic force changes the momentum transport of fluid par-
ticles, leading to an increase in the energy of liquid particles, which
changes the boiling nucleation process.

It can be seen from the research results of the above scholars
that few investigators have studied the dynamic characteristics
of MNF boiling bubbles. As is well known, the dynamic character-
istics of bubbles have a very important influence on the boiling
heat transfer characteristics. In recent years, great progress has
been made in the numerical simulation method for the gas-liquid
two-phase flow of MNFs [16–18]; thus, it is possible to study the
dynamic characteristics of MNF boiling bubbles by using an inter-
face capture method, such as VOF method, Level-set method,
CLSVOF method and VOSET method. However, as well known,
the VOF method is not accurate in calculating the direction and
curvature of the interface, and the Level-set method is difficult to
maintain the conservation of the total mass enclosed in interfaces.
Although realizing the combination of VOF method and level-set
method and giving full play to the advantages of the two methods,
the CLSVOF method needs to solve the advection equation of both
the VOF function and the level-set function, which greatly
increases the complexity of the algorithm. Sun and Tao [19] pro-
posed the VOSET method also by combining the VOF method and
the level-set method, and the VOSET method as well has the
advantages of both the VOF method and the level-set method,
but the VOSET method does not need to calculate the advection
equation of the level-set function separately, but only solves the
VOF equation. As a result, the calculation process of the VOSET
method is more efficient than that of the CLSVOF method. In this
paper, a two-dimensional numerical model for the incompressible
two-phase boiling of the MNF will be developed by the VOSET
interface capture method to study the heat transfer characteristics
of MNF film boiling and the dynamics of bubbles.
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2. Numerical modelling

2.1. Governing equations

Because of the complexity of the boiling problem of MNFs, the
following assumptions are made in this paper: (1) The magnetic
nanoparticles are uniformly dispersed in the base fluid and do
not interact with each other. Therefore, a magnetic liquid can be
treated as a homogeneous fluid with the same properties in the
study of the macroscopic behaviour of the MNF. (2) The volume
concentration of the MNF studied in this paper is low, so it is
assumed that the volume concentration of the MNF does not
change during boiling. (3) The effect of a magnetic field on the
physical properties and volume concentration of the MNF are not
considered. (4) The MNF is non-conductive, and there is no dis-
placement current in the fluid.

In view of the viscous and incompressible two-phase boiling
problems of the MNF in presence of a magnetic field, the governing
equations include Maxwell’s equation of a static magnetic field, the
continuous equation, the momentum equation, the energy equa-
tion and the transport equation of phase interface.

In this paper, the MNF is considered a non-conductive fluid, and
there is no displacement current in the fluid. Maxwell’s equations
can be simplified as follows:

r� H ¼ 0 ð1Þ

r � B ¼ 0 ð2Þ
where B is the magnetic flux density and H is the magnetic field
intensity. According to the equilibrium magnetization theory, the
magnetization M can be expressed as M = vH. The parameter v is
the magnetic susceptibility in a magnetized material, which is
defined as v = l/l0 � 1, l is the relative permeability and l0 is
the vacuum permeability. The relationship between B and H is as
follows:

B ¼ l0 1þ vð ÞH ¼ lH ð3Þ
Since the curl of the H field is zero, H has the potential function.

By introducing the scalar magnetic potential w and defining
H = �rw, Maxwell’s Eqs. (1) and (2) are further simplified into
the Laplace equation concerning the magnetic potential w, which
is expressed as:

r � lrwð Þ ¼ 0 ð4Þ
It can be seen that only the spatial distribution of the magnetic

potential w is required. According to H = �rw and the relationship
between B and H, the spatial distribution of the magnetic field
intensity H can be easily obtained. In addition, the value of w
depends on l. However, l is a different constant in each phase
but changes at the phase interface, which indicates that the distri-
bution of w will change correspondingly with the evolution of the
phase interface. At the phase interface of the MNF, the magnetic
field satisfies certain boundary conditions. B is continuous in the
normal direction of the phase interface, and H is continuous in
the tangential direction of the phase interface. That is, B1, H1, B2

and H2 on both sides of the phase interface can be expressed as
the following expressions:

n � B1 � B2ð Þ ¼ 0 ð5Þ

n� H1 � H2ð Þ ¼ 0 ð6Þ
The fluid is assumed to be viscous and incompressible in this

paper, in which the physical property is set to be constant. The
expression of the two-phase flow governing equations for the boil-
ing can be written as:
r � u ¼ _m
1
qg

� 1
ql

 !
ð7Þ

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 Fs þ Fm ð8Þ

@T
@t

þ u � rT ¼ k
qCp

r2T ð9Þ

@c
@t

þ u � rc ¼ _m
qg

ð10Þ

where q, u, p, g, g, T, k and Cp represent the density, velocity, pres-
sure, viscosity, gravitational acceleration, temperature, thermal
conductivity and specific heat, respectively. The parameter c is a
function of the VOF, which varies between 0 and 1, _m denotes the
mass transfer rate produced by evaporation at the phase interface,
bT is the coefficient of volumetric expansion, Tsat is the saturation
temperature of the liquid phase, Fs is the surface tension and Fm
is the magnetic force. It was assumed that the temperature of the
liquid phase and the phase interface are the saturated temperature,
and the gas phase temperature is solved by using the single-phase
temperature Eq. (9). Fs is written as the source term in the momen-
tum equation using a CSF model [20], which is defined as following

Fs ¼ �rj /ð Þd /ð Þr/ ð11Þ
where r is the surface tension coefficient, / is the level set function,
j(/) is the interface curvature and d(/) is the Dirac delta function. j
(/) and d(/) can be defined 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

where s is the width of the smooth areas between both sides of the
phase interface, which is defined as s = 1.5 h. The parameter h is the
grid size.

For incompressible, isothermal and linear magnetic materials,
Fm can be calculated according to the method proposed by Rosens-
weig [21], which can be written as:

Fm ¼ �1
2
H2rl ð14Þ

The level set function is substituted into Eq. (14), and Eq. (14)
can be further written as:

Fm ¼ �1
2
H2 ll � lg

� �
d /ð Þr/ ð15Þ
2.2. Physical property of the MNF

It is assumed that there is a local thermal balance and no slip
between the magnetic nanoparticles and the substrate. A MNF
can be approximately considered a single-phase fluid [21]. The
physical property of the MNF can be obtained from the physical
parameters of the nanoparticles and base fluids, which are calcu-
lated as follows [21]:

Density : qmix ¼ 1�uð Þql þuqp ð16Þ

Specific heat : cp;mix ¼
1�uð Þqlcp;l þuqpcp;p

qmix
ð17Þ
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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 is the volume concentration of the MNF.

2.3. Interface tracking

The liquid-vapour interface is captured by a VOSET method, a
coupled VOF and a level set method proposed by Sun and Tao
[19]. First, the VOF equation is solved by using the Youngs-PLIC
method, and the normal direction of phase interface is obtained.
After the geometric reconstruction of the initial phase interface
shape and position, the level set function is calculated using the
geometric method proposed byWang [22]. Details of the treatment
of the VOSET method are provided in the literature [19,22]. After
obtaining the level set function, the density q, viscosity g and mag-
netic permeability l are given by:

q /ð Þ ¼ qgH /ð Þ þ ql 1� H /ð Þð Þ ð20Þ

g /ð Þ ¼ ggH /ð Þ þ gl 1� H /ð Þð Þ ð21Þ

l /ð Þ ¼ lgH /ð Þ þ ll 1� H /ð Þð Þ ð22Þ

where H(/) is the smooth Heaviside function and can be written 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><
>: ð23Þ
2.4. Solving governing equations

The governing equations are discretized by the finite volume
method based on a collocated grid in the present study. The con-
vection term adopts the QUICK format, the diffusion term adopts
the central difference format, and finally, the discrete equations
are solved by the alternating direction implicit iteration method
(ADI method). The unsteady IDEAL algorithm [23] is adopted to
address the coupling of the pressure and velocity.

In this paper, Ling et al.’s processing method [24] is used to
solve the temperature of the grid unit containing the phase inter-
face, as shown Fig. 1. For a unit containing a phase interface, the
Fig. 1. The method solving the temperature field with an immersed boundary
condition at the interface [24].
temperature is calculated using the linear interpolation in the nor-
mal direction of the phase interface. If the centre of the phase
interface grid is located in the liquid phase, the temperature of this
unit can be set as the saturation temperature. If the centre of the
grid is located in the gas phase, interpolation point A0 is sought
along the normal direction of the phase interface. The distance
between point A0 and grid centre point A is 1.5 times the grid size.
The temperature of grid centre point A is estimated according to
the distance between these two points and the phase interface,
as shown in the following equation:

TA � T sat

TA0 � T sat





 ¼ /Aj j
/Aj j þ d

ð24Þ

where d is 1.5 times the grid size. The temperature of the point A0 is
obtained by a bilinear interpolation from nearby cells. The function
/A is the level set function of cell A, and its absolute value equals the
distance between the point A and the phase interface. Ling et al.
[24] provides the temperature solution details of the grid cell con-
taining the phase interface.

2.5. Solving the interfacial mass transfer rate _m

If we assume that dV is the volume of the control unit X and dA
is the area of the gas-liquid interface C, then the following rela-
tionship needs to be satisfied:Z
X

_mdV ¼ 1
c

Z
C

_qdA ð25Þ

where c is the latent heat of evaporation and _q refers to the heat
flux flowing into the interface, as shown:

_q ¼ kg
@T
@n






g

� kl
@T
@n






l

ð26Þ

In this paper, a normal probe technique proposed by Udayku-
mar [25] and bilinear interpolation method are used to calculate
the temperature gradient on both sides of the phase interface.
The detailed solution process can be found in the literature
[24,25]. If the temperature gradient on both sides of the phase
interface is obtained, then the mass transfer rate can be calculated
by the following formula:Z
X

_mdV ¼ 1
c

kg
@T
@n






g

� kl
@T
@n






l

 !
DA ð27Þ

where DA is the area of the phase interface of the grid cell contain-
ing phase interface, which can be obtained by a geometric method.

2.6. Boundary conditions

The physical properties of the fluid and the magnetic nanopar-
ticles used in this paper are shown in Table 1. The Taylor instability
wavelength of film boiling is k0 = 2p (3r/(g/(ql � qg)))�1/2 in 2-D.
To ensure that the fluid is in a uniform magnetic field and avoid
that the magnetic field boundary affects the flow field, the compu-
tational region is divided into two regions. The magnetic field is
Table 1
The physical properties of the MNF used in this study.

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 0.2/0.4/0.8
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solved in region I (EFGH), and the flow field is solved in region II
(ABCD), as shown in Fig. 2. The computational domain for solving
the magnetic field is chosen to be 3k0 � 5k0 and that for solving
the flow field is chosen to be 3k0 � 3k0. According to the gas - liquid
interface obtained from region II, region I is calculated until region
I is stable, and region I and region II are simultaneously solved by a
coupling iteration approach.

Symmetry conditions are provided at the left and right bound-
aries both regions I and II as

ABCD : u ¼ 0; @v
@x ¼ 0; @T

@x ¼ 0

EFGH : @w
@x ¼ 0

ð28Þ

The top wall of region I is explicitly defined at a constant mag-
netic field intensity and outflow condition is incorporated at the
top boundary of region II. The conditions are mentioned as follows:

ABCD : @u
@y ¼ @v

@y ¼ @T
@y ¼ 0

EFGH : @w
@y ¼ � l0

lg
H0

ð29Þ

The bottom wall of region I is explicitly defined at a constant
magnetic field intensity. A constant heat flux and a no-slip wall
condition are incorporated at the bottom boundary of region II.
The conditions are defined as follows:

ABCD : u ¼ v ¼ 0;�kg
@T
@y ¼ qw

EFGH : @w
@y ¼ l0

lg
H0

ð30Þ
2.7. Variable time step size

Due to the requirement of computation stability, the
time step used in the numerical simulation should be limited to
Fig. 2. Computational domain for the MNF film boiling simulation.
small values. According to [26], the restrictions to time step

is usually taken as Dt 6 0:8qlh
2
= 6ll

� �
, Dt 6 0:8qvh

2
= 6lv
� �

,

Dt 6 0:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ql þ qv
� �

h3
= prð Þ

q
and Dt 6 0:1h=umax, where h is the

mesh size and umax is the maximum velocity in the flow field. An
upper limit of 10�4 s to the time step was adopted in the present
study.

3. Numerical method validation

3.1. Magnetic field validation

First, the accuracy of the numerical solution of Maxwell’s equa-
tions was verified. In this paper, the numerical solution of the mag-
netic potential equation was verified by taking the distribution of a
magnetic field around an infinitely long stationary cylinder. In a
uniform magnetic field, the theoretical solution to the distribution
of the magnetic field around an infinitely long stationary cylinder
[27] is shown below:

H ¼ �A er sin hþ eh cos hð Þ; r 6 R
� E� D=r2
� �

sin her � Eþ D=r2
� �

cos heh; r > R

(
ð31Þ

The magnetic field at infinity (r?1) is uniform, and
H = H0 j, where j = ersinh + ehcosh. j is the unit vector in the y direc-
tion. In Eq. (31),

E ¼ �H0; A ¼ � 2l2H0

l1 þ l2
; D ¼ l1 � l2

l1 þ l2
R2H0

The detailed parameters of the validation example in this present
study are shown as follows: the computational domain is chosen
to be 10R � 10R with R = 0.002 m, the whole computational domain
is discretized by a uniform 200 � 200 grid (R/D = 20), the magnetic
permeability within the cylinder is l1 = 2l0, the magnetic perme-
ability outside the cylinder is l2 = l0, and the applied uniform mag-
netic field is vertical with an intensity of H0 = 1.0 kA/m. Fig. 3(a)
presents the contrast between the numerical and theoretical solu-
tions of the magnetic field intensity on the centre line of
x = 0.01 m. From Eq. (31), the theoretical value of the magnetic field
intensity within the circle is 0.667 kA/m, and the magnetic field
intensity within the circle obtained by numerical simulation is
0.661 kA/m. The relative error between the numerical solution
and the theoretical solution is 0.9%, which shows that the results
are basically consistent with each other, indicating that the solution
of Maxwell’s equations in this present study is very accurate.

Subsequently, the numerical model of MNF two-phase flow was
validated. In this paper, the equilibrium shape of a gravity-free
MNF droplet in a uniform magnetic field was simulated numeri-
cally, and the calculated results were compared with the experi-
mental results of Flament et al. [28]. In this study, a stationary
circular MNF droplet with radius R = 0.001 m was located at the
centre of a domain of 8R � 8R. The density, viscosity, and magnetic
permeability of the MNF droplet were qd = 1380 kg/m3, gd = 6.64 -
mPa�s and ld = 3.2l0, respectively. The surrounding fluid was non-
magnetic having a magnetic permeability close to the vacuum l0.
The density, viscosity and surface tension coefficient of nonmag-
netic fluid are qc = 800 kg/m3, gc = 3.81 mPa�s and r = 3.07 mN/m,
respectively. A uniform magnetic field was applied from the bot-
tom to the top, and the gravity was not considered. No slip bound-
ary condition was applied on all walls, and the continuity of the
normal B and the tangential H was the magnetic field boundary
condition. A mesh number of 128 � 128 (R/D = 16) was applied.

The ratio of the long axis a and short axis b in the directions par-
allel and perpendicular to the magnetic field a/b is defined to rep-
resent the deformation degree of the droplet. Fig. 3(b) shows the
value of a/b in presence of different magnetic field intensities, indi-



Fig. 3. (a) The contrast between the numerical and theoretical solutions of the magnetic field intensity on the centre line of x = 0.01 m. (b) The value of a/b in presence of
different magnetic field intensities.
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cating that with an increase in the magnetic field intensity, the
droplet is stretched along the magnetic field direction, and the
stronger the magnetic field, the greater the deformation. Clearly,
in Fig. 3(b), the calculation results in this paper are in good agree-
ment with the calculation results of Shi et al. [18] and the experi-
mental results of Flament et al. [28]. This excellent agreement
indicates that the current model developed in this paper can be
used to accurately study the incompressible two-phase flow of
MNFs in presence of the magnetic fields.

3.2. Saturated film boiling validation of a pure fluid without a
magnetic field

Two-dimensional horizontal saturated film boiling was simu-
lated to evaluate the accuracy of the numerical method described
in part 2. In this case, the volume concentration and magnetic field
intensity of the MNF were both zero. The physical properties of the
liquid and gas used in this study are shown in Table 1. The inter-
face location was initialized as y(x) = 1/128k0(4.0 + cos(2px/k0)).
The liquid was initialized to be in a saturation state, and the vapour
temperature increased linearly from the liquid–vapour interface to
the wall.

To obtain reasonable calculation results, a mesh independency
study is required. In this study, the heat flux, magnetic field inten-
sity and volume concentration are qw = 1 kW/m2, H0 = 0 kA/m and
u = 0%, respectively. Three different grid sizes of k0/32, k0/64 and
k0/128 were adopted for this simulation. Fig. 4 shows the terminal
shape of the phase interface obtained under different grid sizes at
0.45 s, indicating that the shape of the phase interface did not sig-
nificantly change when the grid was finer than k0/64. Furthermore,
when the grid sizes were k0/32, k0/64 and k0/128, the gas volumes
were 2.5115E�3 m3, 2.5901E�3 m3 and 2.614E�3 m3, respec-
tively. The difference between the gas volumes at k0/32 and
Fig. 4. The terminal shape of the phase interface with different grid sizes at 0.45 s.
k0/64 was 3.15% and that between the gas volumes at k0/64 and
k0/128 was 0.92%. According to the above results, a grid resolution
of k0/64 has the adequate numerical accuracy.

In order to check the effect of the time step on the computation
results, a series of computations were carried out with the time
step of Dt = 10�4 s, Dt = 10�5 s and half of original time step size
to conduct the computation on the problem studied in the grid
independence test once more in the k0/64 grid. Fig. 5 shows the
evolution of bubble rising velocities with time as well as that by
the original time step. These four lines almost coincide, indicating
that the time step used in the present simulations are small
enough.

The spatial average Nusselt number in film boiling can be
defined as

Nu ¼ 1
k0

Z k0

0
Nu0dx ð32Þ

where Nu0 is the local Nusselt number, which is written as

Nu0 ¼ l0
Tw � T sat

@T
@y






y¼0

; where l0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
ql � qg

� �
g

vuut ð33Þ

At present, there are many correlations that describe the com-
plex mechanism of horizontal film boiling, among which Kli-
menko’s correlation [29] has been widely used. Fig. 6 shows the
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Fig. 5. Bubble rising velocity obtained by different time steps in grid size of k0/64.
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Fig. 6. The spatial average Nu number with time when qw = 1 kW/m2.
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changing trend of the spatial average Nu number with time when
qw = 1 kW/m2, which reveals the cycling characteristics of bubble
growth and release in the computational domain. The spatial and
temporal average Nu number obtained by the numerical simula-
tion is 1.85, while that obtained by Klimenko’s correlation was
1.75, and the difference between the two is 5.7%. It can be seen
from the comparison results that the numerical simulation results
are in good agreement with the experimental correlation results,
which verifies the accuracy of the two-phase boiling model in this
paper.
4. Results and discussion

In this section, the developed numerical model in this paper is
used to simulate the heat transfer characteristics of saturated film
boiling of the MNF and the dynamic characteristics of boiling bub-
bles under different volume concentrations, magnetic field intensi-
ties and magnetic susceptibilities in the presence of a uniform
magnetic field.
4.1. Effect of concentration

First, the effects of volume concentration on the heat transfer
characteristics of MNF film boiling without a magnetic field were
Fig. 7. Variation in the space-averaged (a) wall temperature and (b)
studied. Fig. 7(a) and (b) show the change in the spatial average
wall temperature and the spatial average Nu number with time
at different volume concentrations, respectively. Fig. 8 shows the
interface shape when a bubble is released at different volume con-
centrations. In Fig. 7(a) and (b), with an increase in volume concen-
tration, the spatial average temperature and the spatial average Nu
of the bottom wall change periodically with time. The number of
valleys of the wall temperature and peaks of Nu represent the
number of times a bubble is released. When the volume concentra-
tion increases from 0 to 0.2%, there is no significant change in the
period and amplitude, and there are five valleys of the wall tem-
perature and five peaks of Nu, revealing that five bubbles are
detached during the simulated time, as shown in Fig. 8 (a)�(c).
When the volume concentration is further increased, the bubble
departure times of u = 0.4%, u = 0.8% and u = 1.2% are six in the
total time. However, as shown in Fig. 7(a) and (b), when the vol-
ume concentration increases from 0.4% to 1.2%, although the num-
ber of released bubbles is the same, the valley value of the wall
temperature and the peak value of Nu both advance. An increase
in the volume concentration shortens the detaching time of a bub-
ble and accelerates bubble departure to some extent, as displayed
in Fig. 8(d)�(f). Fig. 9 shows the changes in the space- and time-
averaged wall temperature and the space- and time-averaged Nu
with volume concentration. Under the condition of a low volume
concentration, the space- and time-averaged wall temperature
decreases, and the space- and time-averaged Nu number increases
with an increase in volume concentration. These results indicate
that increasing the volume concentration can improve the heat
transfer performance of the MNF to some extent under the condi-
tion of a low volume concentration.
4.2. Effect of the magnetic field intensity

The magnetic field intensity can directly influence the magnetic
force acting on the bubble, which will further affect the dynamic
characteristic of the bubble. Fig. 10 shows the distributions of mag-
netic streamlines and magnetic field force at 0.4 s under conditions
with H0 = 10 kA/m and v = 0.2. As seen in Fig. 10(a), the vertical
upward magnetic field is applied in the computational domain,
and as seen in Fig. 10(b) the magnetic field force acted on the bub-
ble has the same direction as that of the surface tension due to the
fact that the ratio of the magnetic permittivity of the liquid to that
of the vapour is greater than 1. Fig. 11 shows the velocity vector,
Nusselt number for different volume concentrations of the MNF.



Fig. 8. Interface growth for bubble release with different volume concentrations of the MNF: (a) u = 0%; (b) u = 0.1%; (c) u = 0.2%; (d) u = 0.4%; (e) u = 0.8% and (f) u = 1.2%.
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Fig. 9. The space- and time-averaged Nusselt number and wall temperature with
different volume concentrations of the MNF.
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magnetic field intensity contours and also the temperature contour
at 0.4 s under conditions of H0 = 10 kA/m and H0 = 20 kA/m. It can
be seen in Fig. 11 that the evaporation occurs mostly at the base of
the vapour columns where the vapour film is closest to the heated
surface. It can also be seen in Fig. 11 that the magnetic field inten-
sity gradient is the largest at the phase interface where the phase
change occurs, and the stronger the magnetic field intensity, the
greater the magnetic field force, and then the faster the bubble dis-
engages due to the larger pressure difference.

Fig. 12 displays the morphology of the phase interface when the
bubble first releases with different magnetic field intensities.
When the magnetic field intensity is low, such as 5 kA/m and 10
kA/m, the morphology of the phase interface during departure
does not significantly change. As the magnetic field intensity
increases, the magnetic force on the bubble increases gradually
and the bubble begins to deform along the magnetic field direction.
The bottom of the bubble gradually becomes sharp, and the bubble
departure diameter decreases. When the magnetic field intensity



Fig. 10. Distributions of (a) magnetic streamlines and (b) magnetic field force at 0.4 s when H0 = 10 kA/m.

Fig. 11. Velocity vector, magnetic field intensity contours and temperature profile at 0.4 s when (a) H0 = 10 kA/m and (b) H0 = 20 kA/m.

Fig. 12. Interface profiles for the first set of bubble releases with different applied magnetic field intensities.

K. Guo et al. / International Journal of Heat and Mass Transfer 134 (2019) 17–29 25
increases to 40 kA/m, the bubble is stretched along the magnetic
field direction under the action of the magnetic force, then a verti-
cal bubble column forms. In addition, an increasing magnetic field
intensity causes greater Maxwell stress, which results in greater
instability at the gas-liquid interface, a changing wavelength of
the vapour film and several bubble formation sites. When the mag-
netic field intensity is 5 kA/m or 10 kA/m, the magnetic force is
small, but the number of bubble formation sites and the wave-
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length of the vapour film are basically unchanged. When the mag-
netic field intensity is further increased to 20 kA/m, 30 kA/m or 40
kA/m, the number of bubble formation sites increases, and the
wavelength of the vapour film decreases due to the larger magnetic
force. Fig. 13 shows the bubble departure time of the first set of
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Fig. 13. Bubble departure time for the first set of bubble releases with different
applied magnetic field intensities.

Fig. 14. Interface growth for different applied magnetic field intensities: (a) 0 k
bubble releases with different applied magnetic field intensities.
As the magnetic field intensity increases, the magnetic force on
the bubble increases, resulting in a decrease in the bubble depar-
ture time. When the magnetic field intensity increases to 40 kA/
m, the larger magnetic force changes the morphology of the bub-
ble, and the stable vapour column starts to form. Under the action
of the magnetic force, the bubble column is gradually stretched
and finally breaks off.

The evolution of the phase interface under different magnetic
field intensities is shown in Fig. 14. When the magnetic field inten-
sity increases from 0 kA/m to 5 kA/m, the film boiling arrives at the
quasi-steady stage after the first departure of the bubble, and the
bubble is periodically formed and detached in the same way, as
shown in Fig. 14(a)�(b). When the magnetic field intensity further
increases to 10 kA/m, the bubble detaches in a similar way to the
previous two cases during the initial stage. However, the greater
magnetic force causes greater phase interface instability after the
initial bubble departure. Therefore, although there is no change
in the way the bubble detaches, the number of bubble formation
sites increases. When t = 1.07 s, a wave peak appears at the right
boundary of the computational domain, followed by a bubble
releasing from the location of the peak, as shown in Fig. 14(c).
When the magnetic field intensity increases to 20 kA/m, the
greater magnetic force will further increase the instability of the
phase interface, making the formation and departure of bubbles
random and aperiodic. Furthermore, when the number of bubble
A/m; (b) 5 kA/m; (c) 10 kA/m; (d) 20 kA/m; (e) 30 kA/m and (f) 40 kA/m.
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Fig. 16. Space- and time-averaged Nusselt number and wall temperature with
different applied magnetic field intensities.
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formation sites multiplies, the bubble departure time and the bub-
ble departure diameter are both significantly reduced. In addition,
after the bubble is detached, a long bubble belt begins to form
between the bubble and the vapour film, and the bubble column
begins to form at the left and right boundaries. When the bubble
column is extended to a certain length under the combined action
of gravity, surface tension and magnetic forces after a certain dis-
turbance, the bubble column begins to break off and forms small
bubbles. When the magnetic field intensity increases to 20 kA/m
or 30 kA/m, both the bubble flow and bubble column flow exist
simultaneously, as shown in Fig. 14(d)�(e). When the magnetic
field intensity reaches 40 kA/m, the bubble release pattern of film
boiling has completely evolved into a tall and stable bubble col-
umn flow, as shown in Fig. 14(f).

Figs. 15 and 16 show the effect of the magnetic field intensity
on the heat transfer characteristics of MNF film boiling. Fig. 15(a)
and (b) show the variation in the space-averaged wall temperature
and Nu number with time under different magnetic field intensi-
ties, respectively, and Fig. 16 depicts the variation in the space-
and time-averaged wall temperature and Nu number with the
magnetic field intensity. When the magnetic field intensity
increases from 0 kA/m to 10 kA/m, the space-averaged wall tem-
perature and Nu number show a periodicity over time, and there
is no significant change in the period and amplitude. The space-
and time-averaged wall temperature and Nu number remain basi-
cally unchanged with an increase in the magnetic field intensity,
indicating that the low magnetic field intensity has little influence
on the heat transfer characteristics of MNF film boiling. When the
magnetic field intensity further increases to 20 kA/m, the vapour
film wavelength decreases rapidly, the number of the bubble for-
mation sites increases, and the bubble is detached randomly, losing
periodicity. Therefore, the space-averaged wall temperature and
Nu number are no longer periodic over time. The convection heat
transfer between the wall and the fluid becomes more intense
due to the random departure of the bubbles and the shorter bubble
departure time. The heat transfer performance of the MNF is
enhanced as a result. When the magnetic field intensity continued
to increase to 40 kA/m, the bubble morphology changed greatly.
Bubbles are no longer directly detached from the vapour film,
and the flow pattern of film boiling is the vapour column flow.
Because of the formation of a continuous vapour column, the thick-
ness of vapour film is always at a minimum. As a result, the ther-
mal resistance between the wall surface and the phase interface is
Fig. 15. Variation in the space-averaged (a) wall temperature an
always at a minimum, so the heat transfer is always at the stron-
gest state, and the space-averaged wall temperature and Nu num-
ber are basically unchanged over time. In conclusion, when the
magnetic field intensity is small, the heat transfer characteristics
of film boiling are periodic and the magnetic field intensity has lit-
tle effect on the heat transfer. When the magnetic field intensity
increases to a certain value, the heat transfer characteristic no
longer has periodicity, and with an increase in the magnetic field
intensity, the heat transfer is significantly enhanced.
4.3. Effect of magnetic susceptibility

Fig. 17 shows the evolution of the phase interface under differ-
ent magnetic susceptibilities, and Figs. 18 and 19 displays the
effect of the magnetic susceptibility on the heat transfer character-
istics of MNF film boiling. Here, the magnetic field intensity is
H0 = 10 kA/m, and the volume concentration of the MNF is
u = 0.1%. Fig. 18(a) and (b) show the variation in the space-
averaged wall temperature and Nu number with time under differ-
ent magnetic susceptibilities, respectively, and Fig. 19 depicts the
variation in the space- and time-averaged wall temperature and
Nu number with magnetic susceptibility. Nearly the same effects
of the magnetic field intensity on the interface growth and heat
transfer performance can be seen in Figs. 17–19 when increasing
d (b) Nusselt number for a varying magnetic field intensity.



Fig. 17. Interface growth for different susceptibilities: (a) v = 0; (b) v = 0.2; (c) v = 0.4 and (d) v = 0.8.

Fig. 18. Variation in the space-averaged (a) wall temperature and (b) Nusselt number for varying susceptibilities.
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Fig. 19. Space- and time-averaged Nusselt number and wall temperature with
different susceptibilities.

28 K. Guo et al. / International Journal of Heat and Mass Transfer 134 (2019) 17–29
the susceptibility at a fixed magnetic field intensity. When the
magnetic susceptibility is small, the heat transfer characteristics
of film boiling are periodic, and the magnetic susceptibility has lit-
tle effect on the heat transfer. When the magnetic susceptibility
increases to a certain value, the heat transfer characteristic loses
its periodicity, and the heat transfer performance is greatly
enhanced with increasing magnetic susceptibility.

5. Conclusions

In this paper, the VOSET interface tracking method including
the phase change effect was combined with Maxwell’s equation
and the momentum equation, which couples the surface tension
and magnetic field force, and a two-dimensional numerical model
for solving the problem of incompressible two-phase boiling of a
MNF in presence of a magnetic field was established. The heat
transfer characteristics of saturated film boiling of the MNF and
the dynamic characteristics of the bubbles in presence of a uniform
magnetic field were numerically simulated using the developed
numerical model in the present study. The following conclusions
were obtained.

(1) Under the condition of low volume concentration, the bub-
ble departure time is shortened and the heat transfer perfor-
mance of the MNF was slightly enhanced with increasing
volume concentration.
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(2) When the magnetic field intensity or magnetic susceptibility
is small, there is no significant change in the evolution of the
phase interface. With a further increase in the magnetic field
intensity or magnetic susceptibility, the gradually increasing
magnetic field intensity or magnetic susceptibility causes
greater Maxwell stress, which renders the gas-liquid inter-
face more unstable. The bubbles begin to deform in the
direction of the magnetic field, the wavelength of the vapour
film and the bubble size when released decreases, the bub-
ble departure time shortens, and the number of bubble for-
mation sites increases. Furthermore, bubble formation and
departure become random, and both of the bubble flow
and the bubble column flow exist simultaneously. When
the magnetic field intensity or magnetic susceptibility
increases to a certain value, the bubble is stretched along
the magnetic field direction under the action of the magnetic
force, further forming a vertical vapour column, which indi-
cates that the bubble release pattern of film boiling has com-
pletely evolved into a bubble column flow.

(3) When the magnetic field intensity or magnetic susceptibility
is low, the heat transfer characteristics of the MNF film boil-
ing are periodic and have little effect on the heat transfer.
However, when the magnetic field intensity or magnetic
susceptibility increases to a certain value, the heat transfer
characteristic no longer has periodicity, and the heat transfer
performance is significantly enhanced with an increase in
the magnetic field intensity or magnetic susceptibility.

Briefly, the numerical model of incompressible two-phase boil-
ing of a MNF in presence of a magnetic field is developed in this
paper, promoting the popularization and application of MNFs.
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