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Abstract
How to reduce or even eliminate the influence of gravity on boiling heat transfer, how to restrain the emergence of abnormally 
large bubbles and how to prevent the large decrease of critical heat flux (CHF) are the key to enhancing boiling heat transfer 
under reduced gravity. Magnetic nanofluid (MNF) boiling is one of the effective methods to solve the above problem. Under 
reduced gravity, the wall superheat has a crucial influence on the dynamics of the bubbles and boiling heat transfer. However, 
it has been unsolved whether the application of an external magnetic field can enhance the influence of wall superheat on 
boiling thermal dynamics or not. Based on the author's previous research, the influence of wall superheat on the enhanced 
heat transfer of MNF boiling under reduced gravity is further studied by using the computational model of MNF boiling heat 
transfer under external magnetic field. In this paper, the phase interface dynamics evolution and heat transfer characteristics 
of MNF boiling under the dual influence of wall superheat and magnetic field are described for the first time. The results 
show that the application of the magnetic field retards the flow state development of MNF film boiling compared with the 
results without the magnetic field. As the wall superheat increases, whether magnetic field is applied or not, the heat flux 
enhancement ratio with respect to wall superheat of 2 K under the various gravity level is almost the same. The effect of the 
wall superheat on boiling heat transfer characteristics under reduced gravity is enhanced by the application of external mag-
netic field. When the magnetic field of H = 20 kA/m is applied and the wall superheat is 6 K, under the three gravity levels 
of g/ge = 1.0, g/ge = 0.44 and g/ge = 0.11, the heat flux with respect to wall superheat of 2 K can be enhanced up to 22.7%, 
53.9% and 150.1%, furthermore, the heat flux enhancement rate can be enhanced up to 10%, 18.7% and 12.6%, respectively.
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Nomenclature
B	� Magnetic induction intensity, (T)
c	� Volume fraction of the discrete phase
cp	� Specific heat, (J/kg·K)
d	� Distance, (m)
e	� Heat flux enhancement ratio
Fσ	� Surface tension, (N/m2)
Fm	� Magnetic force, (N/m2)
g	� Gravitational acceleration, (m/s2)
H	� Magnetic field intensity, (A/m)
H(ϕ)	� Smooth Heaviside function
hlv	� Latent heat of vaporization, (J/kg)
m ̇	� Mass transfer rate, (kg/m3.s)
p	� Pressure, (pa)
q̇ 	� Heat flux that causes the phase change at the phase 

interface, (W/m2)
T	� Temperature, (℃)
u	� Velocity, (m/s)
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Greek letters
βT	� Volume expansion coefficient
δ(ϕ)	� Dirac delta function
η	� Dynamic viscosity, (kg/m·s)
λ	� Thermal conductivity, (W/m·K)
μ	� Magnetic permeability, (H/m)
μ0	� Vacuum permeability, μ0 = 4π × 10–7 H/m
ρ	� Density, (kg/m3)
σ	� Surface tension coefficient, (N/m)
Γ	� Phase interface
ϕ	� Level Set function
φ	� Volume concentration of nanoparticles
χ	� Magnetic susceptibility
ψ	� Magnetic potential, (At)
Ω	� Control volume unit

Subscripts
e	� Earth
v	� Discrete phase
l	� Continuous phase
mix	� Mixture phase
p	� Magnetic nanoparticles
w	� Wall

Acronym
MNF	� Magnetic nanofluid

Introduction

Due to its high heat transfer rate and small temperature 
difference, boiling heat transfer is widely used in many 
fields such as heat dissipation of electronic devices, 
thermal management system, thermal engineering and 
aerospace (Kharangate and Mudawar 2017). With the 
development of space technology, especially the gradual 
completion of China's space station, boiling heat transfer 
under reduced gravity has been widely concerned and 
studied (Celata 2015). Due to the decrease or even loss 
of buoyancy, boiling heat transfer has its special bubble 
dynamic behavior and heat transfer characteristics under 
reduced gravity (Dhir et al. 2012). The bubble departure 
diameter is much larger than that under the earth's grav-
ity, and the bubble departure time increases significantly. 
Large bubbles covering the heated surface are difficult to 
escape, resulting in early heat transfer deterioration. And 
the critical heat flux (CHF) is much lower than that under 
the earth's gravity (Xue et al. 2011; Zhao et al. 2011; 
Konishi and Mudawar 2015). Compared with the results 
under the earth's gravity, the abnormally large bubble 
size and the large reduction of CHF under reduced grav-
ity make it difficult to realize the advantages of boiling 
enhanced heat transfer technology in future space systems 
(Celata 2015; Konishi and Mudawar 2015). Therefore, 

how to reduce or even eliminate the influence of gravity 
on boiling heat transfer, how to restrain the emergence 
of abnormally large bubbles and how to prevent the large 
decrease of CHF are the key to enhancing boiling heat 
transfer under reduced gravity.

To explore the measures to further improve the effi-
ciency of boiling heat transfer under reduced gravity, over 
the years, many scholars have made many attempts, such as 
optimizing the structure of heated surfaces (Liu et al. 2020), 
microchannels (Huang et al. 2020), nanofluids (Kim et al. 
2007), the applied electric field (Pandey et al. 2017), the 
applied magnetic field (Guo et al. 2019a) and surfactants 
(Premnath et al. 2018). Different implementation methods 
and application backgrounds of the above measures lead to 
different enhancement effects, which mainly depend on the 
corresponding enhanced heat transfer mechanism. Since the 
introduction of nanofluids in 1995, nanofluids have been 
applied in many thermal management fields (Bahiraei et al. 
2022; Mazaheri et al. 2022; Sheikholeslami and Ebrahimpour 
2022; Sheikholeslami et al. 2022; Hosseinzadeh et al. 2021; 
Rostami et al. 2022). Magnetic nanofluid (MNF) is one of 
the nanofluids. MNF is favored by more and more scholars 
because of its unique advantages and is regarded as a new 
type of intelligent fluid. MNF is a colloidal solution in which 
magnetic nanoparticles dependent on surfactants are stably 
suspended in the base solution which can be water, kerosene, 
Freon, etc. Because of its highly effective thermal conductiv-
ity and heat transfer characteristics controlled by the external 
magnetic field, MNF as the new type of heat transfer work-
ing medium has broad application prospects in the field of 
thermal engineering.

Applying a magnetic field is considered as an active boil-
ing heat transfer method, which can be combined with a pas-
sive method of adding nanoparticles to the base fluid to obtain 
synergistic results. In recent years, some researchers have 
combined the advantages of MNF and boiling heat transfer 
technology to study the MNF boiling heat transfer character-
istics under the external magnetic field, and many important 
achievements have been achieved (Özdemir et al. 2018; Lee 
et al. 2012; Karimi-Moghaddam et al. 2014; Abdollahi et al. 
2017). In the author’s previous studies (Guo et al. 2019a, b), 
the author first developed a computational model of MNF boil-
ing heat transfer with the magnetic field and systematically 
studied the characteristics of MNF boiling heat transfer with a 
uniform magnetic field and a non-uniform magnetic field. The 
results showed that the application of the external magnetic 
field can significantly improve the MNF boiling heat transfer 
efficiency. The author's results have attracted the attention of 
some scholars, who have also carried out some relevant stud-
ies (Sedaghatkish et al. 2020; Zhu et al. 2020; Chang et al. 
2022). Given the result that the external magnetic field can sig-
nificantly enhance boiling heat transfer efficiency, the author 
further studied the MNF boiling heat transfer characteristics 
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and phase interface thermodynamics under different reduced 
gravity (Guo et al. 2021), and the results showed that the char-
acteristics of MNF boiling heat transfer under reduced gravity 
were basically the same as those under the earth’s gravity by 
applying the magnetic field, and the problem of significant 
decrease of heat flux under reduced gravity was solved.

However, the MNF boiling under reduced gravity involves 
the interaction among flow, heat and mass transfer, and inter-
facial transport, which is a multiphase thermal fluid problem 
under the coupling of multiple physical fields. It is neces-
sary to further study the mechanism of the MNF boiling heat 
transfer and explore innovative methods to improve the boiling 
heat transfer efficiency under reduced gravity. The previous 
studies (Wan and Zhao 2008; Ohta and Baba 2013; Ma et al. 
2017) showed that the wall superheat had a crucial influence 
on the thermodynamic characteristic of boiling bubbles under 
reduced gravity, including bubbles growth and detachment, 
and heat transfer characteristics. With the continuous develop-
ment of space technology, the heat of space equipment is get-
ting higher and higher. Excessive wall superheat will seriously 
affect the safe operation of equipment. It is very important to 
clarify the boiling heat transfer of MNF in the reduced gravity 
under different wall superheat. There are many studies on the 
influence of wall superheat on boiling heat transfer of water, 
nanofluids, refrigerants and other media in the reduced grav-
ity, but there are few studies on MNF. Furthermore, there are 
no reports on the phase interface dynamics evolution and heat 
transfer characteristics of MNF under the dual influence of 
the magnetic field and wall superheat in the reduced gravity. It 
remains to be studied whether applying an external magnetic 
field can enhance the effect of wall superheat on boiling ther-
modynamics or not. Based on the author's previous work, the 
influence of wall superheat on the heat transfer characteristics 
of MNF boiling under reduced gravity is studied in this paper. 
Firstly, we present the numerical methods used in our study. 
Secondly, the coupling effect of wall superheat and magnetic 
field is comprehensively expounded in terms of phase inter-
face evolution and heat transfer characteristics. Finally, some 
conclusions are made.

Numerical Modelling

Governing Equations

The governing equations for viscous incompressible two-phase 
flow of MNF boiling with the magnetic field can be described 
as follows:

(1)
𝜕c

𝜕t
+ � ⋅ ∇c =

ṁ

𝜌v

(2)∇ ⋅ (�∇�) = 0

where, ρ, c, u, p, η, g, T, λ and cp represent the density, the 
volume fraction of the dispersed phase, velocity, pressure, 
viscosity, gravitational acceleration, temperature, thermal 
conductivity, and specific heat, respectively. μ is relative 
permeability. Ψ is the scalar magnetic potential. ṁ is the 
mass transfer rate. βT is the coefficient of volumetric expan-
sion. Tsat is the saturation temperature of the liquid phase. 
Fm represents the magnetic force. Detailed solving process 
of the above equations can be found in references (Guo et al. 
2019a, 2021).

Phase Change Model

Ω represents the control volume unit and Γ is the phase 
interface, satisfying the following expression:

where, hlv is the latent heat of vaporization. q̇ is the heat flux 
that causes the phase change at the phase interface, and its 
expression is:

Equation (6) establishes the relationship between the 
temperature field and the phase change rate ṁ , also known 
as the Stefan condition at the phase interface. Thus, the 
solution of the phase change rate ṁ is transformed into 
the solution of the temperature gradient at both sides of 
the phase interface. For the temperature gradient on both 
sides of the phase interface, the normal probe technique 
proposed by Udaykumar (Udaykumar et al. 1999) and the 
bilinear interpolation method are used for calculation in this 
paper. Figure 1 shows the schematic diagram of the calcula-
tion method. The temperature gradient on both sides of the 
phase interface is as follows:

(3)∇ ⋅ � = ṁ

(
1

𝜌v
−

1

𝜌l

)

(4)
�

(
��

�t
+ � ⋅ ∇�

)
= −∇p + ∇ ⋅

[
�
(
(∇�) + (∇�)T

)]

+ ��
(
1 − �T

(
T − Tsat

))
+ �� + �m

(5)
�T

�t
+ � ⋅ ∇T =

�

�cp
∇2T

(6)∫
Ω

ṁdV =
1

hlv∫
Γ

q̇dA

(7)q̇ = 𝜆v
𝜕T

𝜕n

|||
|v
− 𝜆l

𝜕T

𝜕n

|||
|l

(8)�T

�n

||||v
≈

−TA2
+ 4TA1

+ 3Tsat

2d
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In this paper, the processing method of (Ling et al. 2015) 
is adopted to solve the temperature of grid cells with phase 
interface. Figure 2 is taken as an example to introduce the 
solution process. For grid cells with phase interface, the tem-
perature is calculated by linear interpolation along the nor-
mal direction of phase interface. If the grid center is located 
in the vapor phase, the interpolation point A′ is found along 
the normal direction of the phase interface. The distance 
from point A′ to the center point A of the grid is d. And then 
according to the distance between the center point A of the 

(9)�T

�n

||||l
≈

−TA2
+ 4TA1

+ 3Tsat

2d

grid and phase interface ||�A
|
| to estimate the temperature 

TA of center point A of the grid. If the center of the phase 
interface grid is in the liquid phase, the temperature TB at 
the center of this cell can be calculated in the same way. 
The temperature of phase interface grids A and B can be 
calculated using the following formulas.

Physical Properties of the MNF

where, φ is the volume concentration of MNF. The subscript 
p stands for magnetic nanoparticles.

Table 1 displays the physical properties of the MNF.

Magnetic Force Model

In the insulated MNF, there is no current or charge. The 
magnetic force comes from the interaction between the 
magnetic field and the magnetic dipole moment proper-
ties of each magnetic nanoparticle. In the case of MNF 

(10)
TA − Tsat

TA� − Tsat
=

||�A
||

||�A
|| + d

(11)
TB − Tsat

TB� − Tsat
=

||�B
||

||�B
|| + d

(12)Density ∶ �mix = (1 − �)�l + ��p

(13)Thermal capacity ∶ cp,mix =
(1 − �)�lcp,l + ��pcp,p

�mix

(14)

Thermal conductivity ∶ �mix =

(
�p + 2�l − 2�

(
�l − �p

)

�p + 2�l − �
(
�l − �p

)

)

�l

(15)Dynamic viscosity ∶ �mix = (1 + 2.5�)�l

Fig. 1   Schematic of the normal probe technique

Fig. 2   Schematic of the solution method for the temperature at the 
center point of the cell containing the phase interface

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) 10,000.0
Magnetic susceptibility 0.2
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two-phase flow, the permeability μ at the interface of two 
phase jumps and maxwell stress Tm is generated at the 
interface. The complete expression (Rosensweig 1985) of 
the magnetic force Fm is:

It is assumed that the magnetization M (μ, H, T) is a 
function of external magnetic field and temperature, and 
the MNF is the incompressible, isothermal linear magnetic 
material. By introducing the level set function ϕ, Fm can 
be ultimately simplified as:

(16)
�m = ∇ ⋅ �m = −∇

[

�0∫
H

0

(
�M�

��

)

H,T
dH +

1

2
�0H

2

]

+ H(∇ ⋅ �) + B ⋅ ∇�

Solution Method

In this paper, the computational model of MNF two-phase 
boiling with the magnetic field is implemented in the col-
located grid system. Combined with a coupled volume-
of-fluid and level set (VOSET) method (Sun and Tao 
2010), the heat transfer characteristics and the thermody-
namic characteristics of MNF boiling can be studied. The 
VOSET method not only has the advantages of the VOF 

(17)�m = −
1

2
H2∇� = −

1

2
H2

(
�c − �d

)
�(�)∇�

Fig. 3   Implementation process 
of the computational model 
of MNF boiling based on the 
VOSET method
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method and Level Set method but also does not need to 
calculate the transport equation of the Level Set function 
and only needs to solve the VOF equation. Therefore, the 
calculation process of the VOSET method is more effi-
cient. In this paper, the governing equations of the flow 
field, temperature field and magnetic field are discretized 
using a uniform structure grid. The QUICK scheme with 
high-order accuracy is used to discretize the convection 
term and the central difference scheme with second order 
accuracy is used to discretize the diffusion term. The 
unsteady IDEAL algorithm (Sun et al. 2008) is used to 
solve the flow field. Figure 3 shows the implementation 
process of the computational model of MNF boiling based 
on the VOSET method. The main steps are as follows:

The computational model of MNF boiling developed 
by the author has been verified in previous studies (Guo 
et al. 2019a, b), and has been used to research boiling heat 
transfer characteristics and thermodynamic characteristics 
of MNF under reduced gravity (Guo et al. 2021). Based 
on this work, the influence of wall superheat on boiling 
heat transfer characteristics of MNF under reduced grav-
ity is further studied in this paper. Three gravity levels 

including earth's gravity ge, g/ge = 0.44, g/ge = 0.11, as well 
as four wall superheat including 2 K, 4 K, 6 K and 8 K, 
are considered.

Computational Domain and Boundary Conditions

In the two-dimensional case, the Taylor instability wave-
length λ0 of film boiling is �0 = 2�

√
3�∕g

(
�l − �v

)
 . To 

ensure that the fluid is in a uniform magnetic field and avoid 
the magnetic field boundary affecting the flow field, the 
computational region is divided into two regions. The mag-
netic field is solved in region I (EFGH), and the flow field is 
solved in region II (ABCD), as shown in Fig. 4. The com-
putational domain for solving the magnetic field is chosen 
to be 3λ0 × 5λ0 and the computational domain for solving the 
flow field is chosen to be 3λ0 × 3λ0. According to the gas–liq-
uid interface obtained from region II, region I is calculated 
until region I is stable, and region I and region II are simul-
taneously solved by a coupling iteration approach.

Symmetry conditions are provided at the left and right 
boundaries both regions I and II as

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

The bottom wall of region I is explicitly defined at a con-
stant magnetic field intensity. A no-slip wall condition is 
incorporated at the bottom boundary of region II. The condi-
tions are defined as follows:

Details about the computational domain can be also found 
in references (Guo et al. 2019a, 2021).

Results and Discussion

Phase Interface Evolution

(a)	 Without the magnetic field

(18)
ABCD ∶ u = 0,

�v

�x
= 0,

�T

�x
= 0

EFGH ∶
��

�x
= 0

(19)
ABCD ∶

�u

�y
=

�v

�y
=

�T

�y

EFGH ∶
��

�y
= −

�0

�g

H0

,

(20)
ABCD ∶ u = v = 0

EFGH ∶
��

�y
= −

�0

�g

H0

Fig. 4   Computational domain for the MNF film boiling simulation
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	   Figures 5, 6, 7 and 8 show the influence of wall 
superheat on the bubble detachment morphology 
under the three gravity levels (g/ge = 1.0, g/ge = 0.44 
and g/ge = 0.11), where ge represents the earth's gravity 
of 9.81 N/kg. It can be seen that the evolutionary mor-
phology of the bubble interface is very different under 
three gravity levels. Firstly, the evolution characteris-
tics of the phase interface under the earth’s gravity are 
analyzed. Under the earth’s gravity, buoyancy domi-
nates bubble detachment and the bubbles lift off easily. 
When the wall superheat is low (2 K), the growth and 
detachment of bubbles always present periodic charac-
teristics, as shown in Fig. 5a. When the wall superheat 
increases to 4 K, more heat input lead to higher bubble 
detachment frequency and stronger instability of the 
bubble phase interface. The phase interface morphol-
ogy changes and no longer has periodicity, as seen in 
Fig. 6a. At the initial stage, the growth and detachment 
process of bubbles is periodic, but after several bub-
bles break away, the flow state becomes disordered. 
Over time, bubbles begin to coalesce to form columns. 
With the heat transport on the wall, the vapor col-
umn is gradually extended. When it reaches a certain 
length and under a certain disturbance, the vapor col-

umn begins to break and form small bubbles and then 
detach. According to the above analysis, when the wall 
superheat is 4 K, the flow state is in the state of bubble 
flow and vapor column flow simultaneously. When the 
wall superheat further increased to 6 K, as shown in 
Fig. 7a, the flow state enters the simultaneous existence 
of bubble flow and column flow after the first few bub-
bles break away. When the wall superheat increased to 
8 K, as shown in Fig. 8a, the simultaneous existence of 
bubble flow and column flow no longer appear. After 
the initial several bubbles break away, the flow state 
immediately changes to column flow, and the vapor 
column length gradually increases with the continuous 
input of heat.

	   The evolution of bubble interface under reduced 
gravity is very different from that under the earth’s 
gravity. Under reduced gravity, buoyancy no longer 
dominates bubble detachment, the bubble becomes 
harder to depart. The unstable modes at the bubble 
interface require higher heat to excite. At the reduced 
gravity of g/ge = 0.44, when the wall superheat is 2 K 
and 4 K, the growth and detachment of bubbles are 
periodic, as shown in Figs. 5b and 6b. This indicates 
that the wall superheat limit corresponding to the peri-

(a) g/ge = 1.0 (b) g/ge = 0.44 (c) g/ge = 0.11

Fig. 5   Interface evolution with time for the wall superheat of 2 K
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odic growth and detachment of bubbles increases from 
2 to 4 K compared with the earth’s gravity. When the 
wall superheat increases further, the growth and detach-
ment of bubbles are still periodic in the initial period. 
When the wall superheat is 6 K and 8 K, the stabil-
ity period is 5.5 s and 4.0 s, respectively. The larger 
the wall superheat is, the shorter the initial stability 
period is, as shown in Figs. 7b and 8b. When the initial 
stability time is exceeded, the growth and detachment 
of bubbles are no longer periodic and the flow pattern 
becomes disordered. However, the flow pattern is still 
in the bubble flow, there is no vapor column flow. When 
the gravity level is further reduced to g/ge = 0.11, the 
phase interface morphology of the bubble is different 
from that of the first two gravity levels. When the wall 
superheat is in the range of 2 K ~ 8 K, the growth and 
detachment of bubbles are always periodic, as shown 
in Figs. 5c, 6c, 7c and 8c.

(b)	 With the magnetic field
	   Figures 9, 10, 11 and 12 show the evolutionary mor-

phology of the vapor bubble in the wall superheat range 
of 2 K ~ 8 K under the vertical uniform magnetic field 

with H = 20 kA/m. It is obvious from the figures that 
the evolutionary morphology of the bubble with the 
magnetic field is very different from the result without 
the magnetic field. When the magnetic field is applied, 
the departure time and the departure diameter of sepa-
rated bubbles are greatly reduced due to the exist-
ence of the magnetic field force. The magnetic field 
force causes the disturbance and deformation of the 
phase interface and then the dynamic characteristics 
of the phase interface affect the velocity field nearby. 
The larger the magnetic field intensity, the greater the 
magnetic field force acting on the bubble, leading to 
an increase in the departure time and the departure 
diameter (Guo et al. 2019b). When the magnetic field 
is applied and the wall superheat is 2 K and 4 K, the 
film boiling flow is in a disordered bubble flow under 
the earth’s gravity. When the wall superheat increases 
to 6 K and 8 K, the flow state of film boiling changes 
to the state of both bubble flow and vapor column flow. 
The results show that the main reason causing the bub-
ble to escape is that the phase interface is disturbed due 
to the presence of the magnetic field so the instability 

(a) g/ge = 1.0 (b) g/ge = 0.44 (c) g/ge = 0.11

Fig. 6   Interface evolution with time for the wall superheat of 4 K
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of the phase interface becomes more intense. Conse-
quently, the more intense the phase interface, the easier 
it is for the bubble to escape. Compared with the results 
without the magnetic field, the applied magnetic field 
retards the development of film boiling flow. Under 
reduced gravity, the evolutionary morphology of the 
vapor bubble is very different from that without the 
magnetic field. In the absence of the magnetic field, 
under reduced gravity of g/ge = 0.44, the film boiling 
flow in the wall superheat range of 2 K ~ 8 K is in the 
bubble flow with regular bubble departure. After apply-
ing a magnetic field, the film boiling flow becomes sta-
ble and regular vapor column flow. However, the sta-
bility of the vapor column flow becomes weaker with 
the increase of the wall superheat. When the gravity 
level decreases to g/ge = 0.11, the film boiling flow is 
transformed into an unstable and irregular vapor col-
umn flow, and the instability and irregularity become 
more and more intense with the increase of the wall 
superheat.

Heat Transfer Characteristics

(a)	 Without the magnetic field
	   The spatial average heat flux can be defined as:

where X is the length in the x direction of the compu-
tational domain and q′

w
 is the local heat flux, which is 

written as:

	   Figure 13 shows the variation of the spatial average 
heat flux of film boiling without the magnetic field. 
As shown in Fig. 13a, when the wall superheat is 2 K, 
the variation of the spatial average heat flux at the 
heated wall under three gravity levels all show perio-
dicity. The distribution of heat flux can also explain 

(21)qw =
1

X∫
X

0

q�
w
dx

(22)q�
2
= �v

�T

�y

|||
|v,y=0

(a) g/ge = 1.0 (b) g/ge = 0.44 (c) g/ge = 0.11

Fig. 7   Interface evolution with time for the wall superheat of 6 K
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(a) g/ge = 1.0 (b) g/ge = 0.44 (c) g/ge = 0.11
Fig. 8   Interface evolution with time for the wall superheat of 8 K

(a) g/ge = 1.0 (b) g/ge = 0.44 (c) g/ge = 0.11

Fig. 9   Interface evolution for the wall superheat of 2 K and applied magnetic field of H = 20 kA⋅m.−1

4   Page 10 of 17 Microgravity Science and Technology (2023) 35:4



1 3

(a) g/ge = 1.0 (b) g/ge = 0.44 (c) g/ge = 0.11

Fig. 10   Interface evolution for the wall superheat of 4 K and applied magnetic field of H = 20 kA/m

(a) g/ge = 1.0 (b) g/ge = 0.44 (c) g/ge = 0.11

Fig. 11   Interface evolution for the wall superheat of 6 K and applied magnetic field of H = 20 kA/m
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the growth and separation of bubbles. When the wall 
superheat increases to 4 K, the spatial average heat flux 
under the earth’s gravity no longer exhibits periodicity, 
while the spatial average heat flux still exhibits perio-
dicity under the other two gravity levels, as shown in 
Fig. 13b. When the wall superheat is further increased 
to 6 K, the spatial average heat flux under g/ge = 1.0 
and g/ge = 0.44, no longer shows periodicity, as shown 
in Fig. 13c. Under g/ge = 1.0, the curve of the spatial 
average heat flux is almost unchanged with time after 
t = 5.0 s, and it can be predicted that the vapor column 
flow has formed. Under g/ge = 0.44, the spatial aver-
age heat flux changes periodically with time before 
t = 6.0 s, but after that, the amplitude of the curve of the 
spatial average heat flux with time decreases, indicat-
ing that the bubble detachment has become disordered. 
Under g/ge = 0.11, the spatial average heat flux changes 
periodically with time. When the wall superheat contin-

ues to increase to 8 K, it can be seen from Fig. 13d that 
the formation of vapor column flow is advanced under 
g/ge = 1.0. Under g/ge = 0.44, the variation of spatial 
average heat flux with time is periodic before t = 4.0 s, 
but after that, the variation curve of spatial average heat 
flux with time becomes disordered. Under g/ge = 0.11, 
the spatial average heat flux still shows periodicity with 
time.

	   The space- and time- averaged heat flux can be 
expressed as:

where T is the total computation time.
	   The heat flux enhancement ratio e represents the ratio 

of space- and time-averaged heat flux between other 
wall superheats and 2 K, which can be calculated by 
the following expression:

(23)qw =
1

T ∫
T

0

qwdt

(a) g/ge = 1.0 (b) g/ge = 0.44 (c) g/ge = 0.11

Fig. 12   Interface evolution for the wall superheat of 8 K and applied magnetic field of H = 20 kA/m
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where qw
||
||2K

 is the space- and time- averaged heat flux 

when the wall superheat is 2 K.
	   Figure 14 shows the variation of the space- and time-

averaged heat flux and heat flux enhancement ratio with 
wall superheat under different gravity levels. e repre-
sents the enhanced heat flux ratio, which represents the 
ratio of space- and time-averaged heat flux between 
other wall superheats and 2 K. It can be clearly seen 

(24)
e =

qw

qw
||||2K

from Fig. 14a that under all three gravity levels, with 
the increase of wall superheat, the heat transported 
from the wall to the fluid increases, and the heat flux 
increases. In addition, it can be seen from Fig. 14b 
that the heat flux enhancement ratio increases with the 
wall superheat, and the heat flux enhancement ratio is 
almost equal at the same wall superheat.

(b)	 With the magnetic field
	   Figure 15 shows the variation of the spatial aver-

age heat flux of film boiling with the uniform magnetic 
field of H = 20kA/m. Compared with the results with-
out the magnetic field, the variation of spatial average 

Fig. 13   Influence of wall 
superheat on the variation of 
space-averaged heat flux of 
MNF film boiling without the 
magnetic field at different grav-
ity conditions

Fig. 14   Influence of wall super-
heat on heat transfer characteris-
tics without the magnetic field
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heat flux with time no longer shows periodicity under 
all three gravity levels after applying the magnetic field, 
and the distribution of heat flux also reflects the non-
periodicity of bubble growth and detachment.

	   Figure 16 shows the effect of the wall superheat on 
the space- and time-averaged heat flux and heat flux 
enhancement ratio of MNF film boiling under different 
gravity when the vertical magnetic field is applied. As 
can be seen from Fig. 16a, when the magnetic field is 
applied, the gap between the space- and time-averaged 
heat flux under three gravity levels is significantly 
reduced compared with the case without the mag-

netic field (see Fig. 14a). This phenomenon caused 
by the magnetic field had been explained in detail in 
the author's previous study (Karimi-Moghaddam et al. 
2014). As can be seen from Fig. 16b, when the mag-
netic field is applied, the heat flux enhancement ratios 
under the three gravity levels are almost equal, which 
is consistent with the case without the magnetic field 
(see Fig. 14b).

	   Table 2 also shows the space- and time-averaged 
heat flux and heat flux enhancement ratio correspond-
ing to different superheats at different gravity levels. 
The results show that: (1) After applying the mag-

Fig. 15   Influence of wall super-
heat on the variation of space-
averaged heat flux of MNF 
film boiling with the uniform 
magnetic field of H = 20 kA/m 
at different gravity conditions

Fig. 16   Influence of wall super-
heat on heat transfer character-
istics with the uniform magnetic 
field of H = 20 kA/m
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netic field, the heat flux increases; (2) With the wall 
superheat, the heat flux increases; (3) After applying 
the magnetic field, the heat flux enhancement ratio 
increases, indicating that the magnetic field enhances 
the influence of wall superheat on heat transfer char-
acteristics.

	   In addition, to show the coupling effect of the 
external magnetic field and wall superheat to 
enhance heat transfer more clearly, it is necessary 
to further compare and analyze the heat transfer 
characteristics in the presence and absence of the 
magnetic field. Figure 17 shows the comparison of 
heat transfer characteristics enhanced by the cou-
pling of the magnetic field and wall superheat. �q 
represents the rate of heat flux enhancement caused 
by the magnetic field, which can be expressed as 
follows:

where, the superscript MF represents the magnetic 
field and 0 represents the non-magnetic field. �e repre-
sents the ratio of heat flux enhancement ratio with and 
without the magnetic field, which can be expressed as 
follows:

	   It can be seen from Fig. 15a that the magnetic field 
has a significant enhancement on the heat transfer 
characteristics, and when the wall superheat is 6 K, 
the enhancement rate is the highest. Moreover, as the 
gravity level decreases, the dominant role of buoyancy 
gradually weakened and the role of magnetic force 
gradually strengthened so that the enhancement effect 
of the magnetic field on heat transfer characteristics 
becomes higher and higher. Under the three gravity lev-
els of g/ge = 1.0, g/ge = 0.44 and g/ge = 0.11, the heat 
flux can be enhanced up to 22.7%, 53.9% and 150.1%, 
respectively. From Fig. 17b, it can be more clearly seen 
that the magnetic field can enhance the enhancement 
effect of wall superheat on heat transfer characteristics. 
Similarly, when the wall superheat is 6 K, the enhance-
ment rate is the highest. And, among the three gravity 
levels studied in this paper, the enhancement rate under 
g/ge = 0.44 is the highest. Under the three gravity levels 
of g/ge = 1.0, g/ge = 0.44 and g/ge = 0.11, the heat flux 
enhancement rate can be enhanced up to 10%, 18.7% 
and 12.6%, respectively.

(25)�q =
qMF
w

− q0
2

q0
2

× 100%

(26)�e
eMF − e0

e0
× 100%
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Conclusions

The MNF boiling heat transfer under reduced gravity is more 
complicated than that under the earth’s gravity. In this paper, 
by using the developed computational model of MNF boil-
ing flow, the coupling effect between the magnetic field and 
wall superheat on MNF boiling thermal dynamics in the 
reduced gravity is further discussed. The main conclusions 
are as follows:

1.	 When the magnetic field is applied, the flow state is no 
longer periodic. When the superheat is 2 K and 4 K, 
the flow state is disordered bubble flow, and when the 
superheat is 6 K ~ 8 K, the flow state is changed to the 
state of bubble flow and vapor column flow simultane-
ously. Compared with the results without the magnetic 
field, the applied magnetic field retards the flow state 
development of MNF film boiling. Under g/ge = 0.44, 
the MNF film boiling flow within 2 K ~ 8 K without the 
magnetic field is in the bubble flow with regular depar-
ture. When the magnetic field is applied, the flow state 
is transformed into a stable and regular vapor column 
flow. When the gravity level decreases to g/ge = 0.11, 
the flow state becomes unstable and irregular vapor col-
umn flow.

2.	 Compared with the non-magnetic field, the heat flux 
is enhanced after applying the magnetic field and the 
results under different gravity are also discussed. Under 
the gravity of g/ge = 0.11, the heat flux of 2 K, 4 K, 6 K 
and 8 K can be enhanced by 122%, 142.5%, 150.1% and 
132.4%, respectively.

3.	 The larger the heat flux enhancement ratio is, the 
stronger the coupling effect between the magnetic field 
and wall superheat is. Among the three gravity, the heat 
flux enhancement ratio under the gravity of g/ge = 0.44 is 
the largest. Under the gravity of g/ge = 0.44, the heat flux 
enhancement ratio of 4 K, 6 K and 8 K can be enhanced 
by 12.5%, 18.7% and 14.1%, respectively.

The results obtained in this paper can provide a more 
beneficial reference for the design of an enhanced heat 
transfer scheme of space equipment under reduced gravity.
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