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Abstract: Due to the paramagnetic property of liquid oxygen， the Kelvin force can be induced in liquid oxygen under 
non-uniform magnetic field. Based on the volume of fluid （VOF） model， the positioning effect of the force in liquid 
oxygen tanks is analyzed under various Bond numbers （Bo） and magnetic Bond numbers （Bom）. The results show 
that the magnetic field has the effect of repositioning the liquid oxygen in the tank when the gravity field is not enough 
or absent. Additionally， the gas-liquid interface has a periodic fluctuation during the process due to the inhomogeneous 
Kelvin force distribution， and more effective suppression of fluctuation can be achieved under the condition of a larger 
Bom. The new method of controlling gas-liquid interface of liquid oxygen tank under micro gravity condition is hoped 
to be developed in the future.
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0 Introduction 

The step of outer space exploration has never 
been stopped or even slowed down. Nowadays sci‑
entists and society pay great attention to the re‑
search and development of interplanetary explora‑
tion and travel. Previous lunar missions were fueled 
by propellants including cryogenic liquid hydrogen 
（LH2） and cryogenic liquid oxygen （LOX）. If the 
spacecraft carries these cryogenic fuels in the fu‑
ture， fundamental issues associated with storage 
and transfer of cryogenic propellants must be ad‑
dressed first before any of these missions become 
fully realizable［1］.

The spacecraft has to experience a changed 
gravity environment on any mission between earth 
ground and outer space. Gravity affects many pro‑
cesses， such as the controlling of vapor-liquid inter‑
face within a propellant tank. In general， the loca‑
tion of interface of liquid and vapor is governed by 
the lowest achievable potential energy state within 

the tank. In the earth’s gravity field， density differ‑
ence determines heavy phase sinking and light one 
floating. However， the surface tension becomes con‑
trolling mechanism for the separation of two phases 
with different density because liquid tends to wet 
walls in the microgravity conditions［2］. If the vapor-

liquid mixture covers the tank outlet and is sent to 
the engine， it may cause combustion instabilities， or 
even engine failure.

Up to now， various methods such as analyti‑
cal， experimental， and computational studies have 
been performed in order to seek reliable and efficient 
technologies for the management of cryogenic pro‑
pellants in reduced gravity environment［3-5］. Liquid 
acquisition devices （LAD）［6‑7］， which aim to in‑
crease the total surface tension force by setting spe‑
cific geometries inside the tank， are used extensive‑
ly. However， the method may result in the increas‑
ing of the system in weight and complexity. Others 
try to control liquid location by settling external 
thrusters out of the tank may also reduce system reli‑
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ability due to the additional thrusters ［4， 8］. More effi‑
cient method is hoped to be developed if magnetic 
field is considered to be used as liquid positioning.

As LOX is a typical paramagnetic material， 
the Kelvin force ［9］ can be involved if the liquid is lo‑
cated in the gradient magnetic field. Bashtovoi et 
al.［10］ found that the external magnetic field has a sta‑
bilizing effect on the jet of magnetically susceptible 
fluid. And Bashtovoi et al.［11］ demonstrated that the 
free surface of paramagnetic fluid is subjected to 
magnetic field intensity and gradient if both gravita‑
tional and capillary forces are neglected. Rakoczy 
et al.［12］ has successfully used the rotating magnetic 
field to reinforce the oxygen mass transfer. Bao’s 
work［13］ showed that free interface of liquid oxygen 
can be efficiently controlled by employing external 
inhomogeneous magnetic field， and this non-con‑
tacting method may provide great potential for en‑
hancing the operating efficiency of cryogenic air sep‑
aration. Song et al.［14］ analyzed the effects of magnet 
position and strength on the thermomagnetic convec‑
tion of gaseous oxygen in a square enclosure under 
combined magnetic and gravity field. As the devel‑
opment of numerical calculation， the simulation re‑
search on high-intensity magnetic field may not be 
as expensive as experimental research. Marchetta 
et al.［15］ gave a computational simulation of magnet‑
ic positive positioning effect on cryogenic propellant 
reorientation in reduced gravity environment. And 
Marchetta et al.［16］ incorporated incompressible flow 
model and electromagnetic field model to predict flu‑
id reorientation in realistic magnetic field.

Based on the volume of fluid （VOF） method， 
the 2-D numerical simulation of LOX free interface 
evolution under magnetic field was achieved. It eval‑
uated the ability of magnetic positioning LOX under 
microgravity condition， and this work should be 
meaningful for the development of controlling free 
interface of LOX in the propellant tank.

1 Numerical Model Setup 

The 2-D numerical calculation domain is shown 
in Fig.1， where the tank partially filled with LOX is 
placed above the permanent magnet， W  is the width 

of magnetic field calculation domain， H is the height 
of magnetic field calculation domain， Wm is the 
width of magnet， Hm is the height of magnet， Hg is 
the height of tank， and D is the diameter of tank. 
The VOF model［17-19］ is adopted to simulate the gas-

liquid interface evolution with and without magnetic 
field influence. Two phases share the same mass 
conservation and momentum equations， each phase 
is identified by the volume fraction （αi） as shown be‑
low

∂
∂t (αi ρi)+ ∇ ⋅ (αi ρiu i)= 0 (1)

∂
∂t ( ρu)+ ∇ ⋅ ( ρuu)=

-∇p + ∇ ⋅[ μ f( ∇u+ ∇uT ) ]+ ρg+ F σ + F k

(2)
where ρ is the mixture density； p the pressure； μf 
the dynamic viscosity； g the acceleration of gravity； 

Fσ and Fk are the surface tension force and the Kel‑
vin force， respectively.

The surface tension force （Fσ） at gas-liquid in‑
terface is expressed as the form of volume force fol‑
lowing the continuum surface force （CSF） model 
proposed by Brackbill et al.［20］， shown as

F σ = σ
α l ρ l κg ∇αg + αg ρg κ l ∇α l

( ρ l + ρg ) /2
(3)

where σ is the surface tension； αl the liquid fraction； 
αg the void fraction； ρl and ρg are the liquid density 
and gas density， respectively； and κ l and κg the liq‑
uid phase curvature and gas phase curvature， respec‑
tively. κ is the curvature computed from the diver‑
gence of unit surface normal vector n0， shown as

Fig.1　Geometric model and grid strategy used in this work
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κ = ∇ ⋅ n 0 = ∇ ⋅ n
|| n

(4)

The surface normal vector n is defined as the 
gradient of αi， where αi is the volume fraction of ith 
phase.

n= ∇αi (5)
The Kelvin force is defined as

F k = χ
2μ0

∇B2 (6)

where μ0 is the permeability of vacuum （4π ×10-7 
N/A2）， magnetic susceptibility χ = μ r - 1， μ r is the 
relative magnetic permeability. The induced magnet‑
ic field generated by liquid oxygen is small enough 
to be ignored. Therefore， only the magnetic field 
around a permanent magnet is involved. The mag‑
netic flux density B can be calculated according to 
Maxwell equation， shown as

ì
í
î

∇ ⋅(-μ∇ϕ )= 0
-μ∇ϕ = B

(7)

where μ = μ0 μ r and the relevant parameters are 
shown in Table 1［21-22］.

The Reynolds number Re is defined by

Re = um d a

ν
(8)

where um is the characteristic velocity； da the charac‑
teristic length； ν the kinematic viscosity. It is esti‑
mated that the Reynolds number is between 0 and 
1 050 in this work， so the laminar flow model is se‑
lected for the calculation. The geometric reconstruc‑
tion scheme is used to track the dynamics of gas-liq‑
uid interface in Fluent®. The equations above are 
solved implicitly， and the standard finite difference 
interpolation method is used to calculate the volume 
integral value in current time step. In addition， un‑
der the convergent condition， the second-order up‑

wind scheme is used for momentum equation in or‑
der to improve calculation accuracy. The PRESTO 
method is used for discrete pressure， and the flow 
field is solved by mean of the SIMPLC method 
which is pressure-velocity coupled. The residual er‑
rors are controlled below 10-5 in each iteration calcu‑
lation of the controlled equations.

2 Results and Discussion 

As shown in Fig.2， the grid independence test 
is given based on the cases with cells number of 
9 629， 17 411， 27 070 and 39 839， respectively. In 
the test， LOX is used as working fluid in micrograv‑
ity environment， the initial LOX is 0.085 m in the 
tank， the surface tension force between liquid and 
gas phase is set to 0.013 2 N/m， and the contact an‑
gle is 10°. Considering grid-independent solution 
and calculation capability， the case with 27 070 cells 
is better to be adopted in this simulation.

Table 1　Physical parameters of oxygen[21‑22]

Material

Oxygen
(l, 90 K)
Oxygen
(g, gas)

σ/
(N·m-1)

0.013 2

μf/
(Pa·s)

1.96×10-4

1.90×10-5

μ/
(N·A-2)

1.260×10-6

1.256×10-6

χ

3.45×10-3

1.97×10-5

Fig.2　Grid test of the LOX free surface shape
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If the gravity is absent， the contact angle， i.e.， 
the wall wettability， determines the behavior of the 
liquid oxygen and the evolution process of the free 
interface. In the case of hydrophilic wall， the liquid 
has the trend of expanding along the surface. The 
surface tension force in Y-axis direction drags fluid 
nearby the wall along the surface upwards. Due to 
fluid continuity， the force transmission in liquid 
phase results in the changing of free interface. If no 
other means is timely adopted to control the trend， 
the liquid phase may cover all the wall and gas oxy‑
gen is squeezed into the central zone， as shown in 
Fig.3. The numerical simulation of interface evolu‑
tion is consistent with the result in Ref.［23］. Fur‑
thermore， the simulation prediction of FC-72 free 
surface evolution has been compared with the same 
microgravity experiment results［24］ ， as shown in 
Fig. 4， where the height of free interface edge H i is 
defined as the distance from free interface top to the 
bottom of tank.

If there is an external force field， such as the 
gravity or the Kelvin force， it may completely 
change the interface evolution process and the final 
distribution of two phases in the tank. In this work， 
the magnet magnetized along the Y-axis direction is 
placed below the propellant tank. As shown in 
Fig.5， the magnetic potential and magnetic flux den‑
sity in space are calculated respectively when mag‑
netic flux density is set to 0.6 T at the top and bot‑
tom surfaces. At the same time， the square of mag‑
netic flux density within the tank can be obtained as 
shown in Fig.6. It is assumed that no magnetic flux 
passes through the calculation boundary. The mag‑
netic field within the tank is symmetrically distribut‑
ed along the center line， and it is greater at the bot‑
tom than the upper space. The Kelvin force is in‑
volved where the magnetic field is non homoge‑
neous， but the magnitude in the two phases varies 
greatly due to the obvious difference of magnetic 
susceptibility in gas and liquid oxygen. As shown in 
Figs.7（a， b）， the force below the liquid is signifi‑

Fig.5　Magnetic potential (ϕ, contour) and magnetic flux 
density (B, arrow lines) around permanent magnet

Fig.6　Square of magnetic flux density in the tank (|B |2, con‑
tours), and magnetic flux orientation (B, arrow lines)

Fig.3　Free interface evolution of liquid oxygen without 
magnetic field and gravity

Fig.4　Model validation with experimental results[24]
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cantly greater than that above the interface. The 
force reaches to maximum nearby the bottom where 
gradient of magnetic field is the largest. Here the 
magnetic Bond number （Bom） is defined as

Bom = D 2 χ
2μ0 σ

∇B2 (9)

The calculated Bom along the interface is 
shown in Fig.7（c）.

Initially， the tank is partially filled with liquid 
oxygen， hLOX=0.085 m （y=0.02 m）， and the inter‑
face is motionless. If the magnetic field gradient 
（∇B2） is homogeneous， in other words， the Kelvin 
force within the liquid oxygen phase is uniform， the 
interface evolution is the same with the case of gravi‑
ty. As shown in Fig.8， the interface has not been 
found any form of fluctuation and stays motionless 
all the way. Obviously， the repositioning of magnet‑
ic field for liquid oxygen is effective， and the liquid 
is held at the lower half of the tank. Although the 
surface tension works at the wall all the time， it will 
never drag the liquid along the wall far away.

If the magnet is placed below the tank， the gra‑
dient magnet field is introduced within the domain， 
and the Kelvin force is involved. The force distribu‑

tion is non-equilibrium within the tank as shown in 
Fig.7. The free interface is not motionless any 
more， and it shows periodic fluctuation as shown in 
Fig. 9. The velocity of the points at the position of 
x=0 m and y=0.02 m is recorded as the time flow.

The change of liquid contact angle at the wall 
determines the magnitude of the surface tension 
force in Y-axis direction. If the liquid contact angle 
is below 90° ， the surface tension force at the wall 
plays the role of stretching the liquid creep along the 
wall upwards. Although the surface tension along 
the wall is changed in various contact angles， its 
magnitude is much smaller than the Kelvin force， 
and the mean Bom is about 1 851 at the gas-liquid in‑
terface. The change of angle by no means alters the 

Fig.7　Magnitude of Kelvin force in tank and the magnetic Bond number at the interface

Fig.9　Periodic fluctuation of the gas-liquid interface under 
gradient magnetic field

Fig.8　Form of the interface evolution at last under the case 
of ∇B2 = 10 T2/m
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fluctuation of interface in the case of 1.2 T field， as 
shown in Figs.10 and 11. The fluctuation period and 
maximum amplitude have not been changed obvi‑
ously.

From the results shown in Fig.12， it is found 
that a larger magnetic Bond number leads to smaller 
period of velocity fluctuation at the monitored site. 
The obvious change of the maximum velocity is not 

found， so it can be concluded that the corresponding 
amplitude has been decreased. As shown in Fig.13， 
as the magnetic field increases， the wave has been 
put down slightly.

As shown in Fig.14， as Bond number increas‑
es， the fluctuation period becomes shorter， and the 
maximum velocity is about 0.02 m/s which has not 
been obvious changed. The periodic fluctuation is 
the result of the non-homogeneous force distribu‑
tion， and the force refers to the Kelvin force， gravi‑
ty force and the surface tension force. As Bo increas‑
es， the gravity force is dominated， the unevenness 
of the force filed involved by the Kelvin force within 
the tank is weaken， and the positioning effect of the 
force fields become more obvious. Therefore， the 
fluctuation decreases as Bo increases， as shown in 
Fig.15， the relationship can be expressed as

Bom, max - Bom,min

Bo + Bom,mean
< Bom, max - Bom,min

Bom,mean
(10)

where Bom，max is the maximum Bom at a certain time 
in the tank； Bom，min the minimum Bom at a certain 

Fig.10　Transient form of the interface with various contact 
angles from 10° to 90° at the time point of 1.88 s

Fig.11　Velocity fluctuation of the monitored point (x=0 m, y=0.02 m) with various contact angles
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time in the tank； and Bom，mean the mean Bom at a cer‑
tain time in the tank. The mechanism of magnetic 
field affecting the free interface fluctuation is inter‑
esting. As shown in Fig.16， the Kelvin force in X-

axis direction is left-right opposite， which leads to 
the interface bend towards the upside， it seems like 
the bow is bent. But the bulge will not keep going 
up， as the interface is curved， a larger amount of liq‑
uid within the domain of bulge， which subjects to a 
greater Kelvin force in Y-axis direction， gives rise 
to the increasing potential energy. The fluctuation 
will fall back after it reaches to the highest point. It 
is obvious that larger magnetic field induces greater 
Kelvin force in both X and Y directions at the same 
time. The greater force causes the liquid to swell at 
a faster speed until it reaches the highest point， and 
the force in Y-axis direction makes the potential en‑
ergy accumulated more rapidly at the same time. So 
as the magnetic Bond number increases， the fluctua‑
tion period becomes smaller and the maximum am ‑
plitude turns to be decreased. Likewise， under the 
same magnetic field， as the Bond number increas‑
es， the force in Y-axis direction becomes greater all 
the time， i.e. sum of the Kelvin and gravity forces， 
but the force in X-axis direction is not changed， so 
the amplitude turns to be smaller as well.

If the velocity is monitored over a longer time 
span， it is found that the fluctuation is gradually 
weakening， the velocity at the monitored point 
tends to be zero in the end， and the upwelling inter‑
face is formed at last， as shown in Figs.17 and 18.

Fig.15　Maximum amplitudes of interface fluctuation under 
various Bond numbers

Fig.14　Period of the velocity fluctuation at the monitored 
point (x=0 m, y=0.02 m) vs. Bo under 1.2 T mag‑
netic field

Fig.16　Mechanism of Kelvin force influence on free inter‑
face fluctuation

Fig.12　Period of velocity fluctuation at the monitored point 
(x=0 m, y=0.02 m) vs. Bom,mean (g=0, contact an‑
gle is set to be 10°)

Fig.13　Maximum amplitudes of interface fluctuation with 
various Bom,mean
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3 Conclusions 

Based on the above simulation and analysis， it 
is shown that the magnetic field has the effect of re‑
positioning and controlling the LOX under micro‑
gravity conditions. The liquid interface undergoes a 
process of periodic fluctuation， but the fluctuation 
will gradually attenuate and finally form a convex 
liquid surface. The fluctuation is subject to the mag‑
netic Bond number Bom and the Bond number Bo. 
Larger Bom and Bo are more effective in reposition‑
ing liquid oxygen and restraining interface fluctua‑
tion.

References
［1］ MAZINAN A H. On spacecraft maneuvers control 

subject to propellant engine modes［J］. ISA Transac‑
tions， 2015， 58： 222-236.

［2］ HARTWIG J W. Liquid acquisition devices for ad‑
vanced in-space cryogenic propulsion systems［M］. 
［S.l.］： Case Western Reserve University， 2016.

［3］ SUMNER I E. Liquid propellant reorientation in a 
low-gravity environment： NASA-TM-78969［R］. 
［S.l.］： NASA， 1978.

［4］ HOCHSTEIN J I， KORAKIANITIS T P， PATAG 
A E， et al. Modeling of impulsive propellant reorienta‑
tion［J］. Journal of Propulsion and Power， 1989，7
（6）： 938-945.

［5］ PANZARELLA C， PLACHTA D， KASSEMI M. 
Pressure control of large cryogenic tanks in microgravi‑
ty［J］. Cryogenics， 2004， 44（6）： 475-483.

［6］ BALLINGER I A， LAY W D， TAM W H. Review 
and history of PSI elastomeric diaphragm tanks［J］. 
AIAA Journal， 1995. DOI： 10.2514/6.1995-2534.

［7］ PAN J， JAIN R， BISWAS P， et al. Design and oper‑
ational performance of the Insat-Ⅰ propellant tank as‑
sembly［J］. Hoppe-Seyler’s Zeitschrift Für Physiolo‑
gische Chemie， 2006，81（355）： 341-352.

［8］ HOCHSTEIN J I， PATAG A E， KORAKIANITIS 
T P， et al. Pulsed thrust propellant reorientation - 
Concept and modeling［J］. Journal of Propulsion and 
Power， 1992， 8（4）： 770-777.

［9］ MONZON L M A， COEY J. Magnetic fields in elec‑
trochemistry： The lorentz force a mini-review［J］. 
Electrochemistry Communications， 2014， 42（5）： 38-

41.  
［10］ BASHTOVOI V G， KRAKOV M S. Stability of an 

axisymmetric jet of magnetizable fluid［J］. Journal of 
Applied Mechanics and Technical Physics，1978， 19
（4）： 541-545.

［11］ BASHTOVOI V G， BERKOVSKII B M， VISLOV‑
ICH A N. Introduction to thermomechanics of magnet‑
ic fluids［M］. London： Hemisphere Publishing Corp， 
1988.

［12］ RAKOCZY R， LECHOWSKA J， KORDAS M， et 
al. Effects of a rotating magnetic field on gas-liquid 
mass transfer coefficient［J］. Chemical Engineering 
Journal， 2017，327： 608-617.

［13］ BAO S R， ZHANG R P， WANG K， et al. Free-sur‑
face flow of liquid oxygen under non-uniform magnetic 
field［J］. Cryogenics， 2017， 81： 76-82.

［14］ SONG K， WU S， TAGAWA T， et al. Thermomag‑
netic convection of oxygen in a square enclosure un‑
der［J］. International Journal of Thermal Sciences， 
2018， 125： 52-65.

［15］ MARCHETTA J G， ROOS K M. Simulating mag‑
netic positive positioning of cryogenic propellants in a 
transient acceleration field［J］. Computers & Fluids， 
2009， 38（4）： 843-850.

［16］ MARCHETTA J G， WINTER A P. Simulation of 
magnetic positive positioning for space based fluid 
management systems［J］. Mathematical & Computer 
Modelling， 2010， 51（9/10）： 1202-1212.

［17］ WEI L， PAN L M， ZHAO Y M， et al. Numerical 
study of adiabatic two-phase flow patterns in vertical 
rectangular narrow channels［J］. Applied Thermal En‑
gineering， 2017， 110： 1101-1110.

Fig.18　Final motionless interface under magnetic field

Fig.17　Velocity fluctuation of the monitored point (x=0 m, 
y=0.02 m) over a time span of 65 s

757



Vol. 39 Transactions of Nanjing University of Aeronautics and Astronautics

［18］ LIU H， PAN L M， WEN J. Numerical simulation of 
hydrogen bubble growth at an electrode surface［J］. 
The Canadian Journal of Chemical Engineering， 
2016， 94（1）： 192-199.

［19］ WANG H R， WANG X B， WODING R H， et al. 
Numerical simulation of hemisphere-cylinder body 
crossing the gas-liquid interface［J］. Journal of Engi‑
neering Thermophysics， 2013， 34（10）： 1856-1859.

［20］ BRACKBILL J U， KOTHE D B. Dynamical model‑
ing of surface tension［C］//Proceedings of Microgravi‑
ty Fluid Physics Conference. New Mexico， USA： 
Los Alamos National Laboratory， 1996： 693-698.

［21］ BAO S R， ZHANG R P， ZHANG Y F， et al. En‑
hancing the convective heat transfer in liquid oxygen 
using alternating magnetic fields［J］. Applied Thermal 
Engineering， 2016， 100： 125-132.

［22］ LIDE D R， Handbook of chemistry and physics［M］. 
［S.l.］： CRC Press， 2000.

［23］ LI Zhangguo， LIU Qiusheng， JI Yan， et al. Numeri‑
cal simulation of liquid-vapor interface tracking in tank 
of spacecraft［J］. Chinese Journal of Space Science， 
2008，28（1）： 69-73. （in Chinese）

［24］ LI Z， ZHU Z， LIU Q， et al. Simulating propellant re‑
orientation of vehicle upper stage in microgravity envi‑

ronment［J］. Microgravity Science & Technology， 
2013， 25（4）： 237-241.

Acknowledgements This work was supported by the Natu‑
ral Science Foundation of China （No.51706190）and the 
State Scholarship Fund of China Scholarship Council.

Authors Mr. ZHONG Dinghan received the M. S. degree 
in building and civil engineering from Southwest Petroleum 
University in 2021. His main research interest is magnetic ‑
field‑controlled flow and mass transfer.
Dr. LIU Hongbo received the Ph. D. degree in power engi‑
neering and engineering thermophysics from Chongqing Uni‑
versity in 2016. His research is focused on magneto-electro‑
chemistry， energy storage and low-carbon energy.

Author contributions Mr. ZHONG Dinghan contributed 
to data and model components for the propellant tank model， 
and achieved the initial draft. Dr. LIU Hongbo designed the 
study， complied the models， conducted the analysis， 
interpreted the results， and revised the manuscript. Dr. LU 

Xiang contributed to the revision suggestions and 
grammatical corrigendum. All authors commented on the 
manuscript draft and approved the submission.

Competing interests The authors declare no competing 
interests.

（Production Editor：ZHANG Huangqun）

微重力条件下磁场对液氧的定位作用分析

钟定菡 1， 刘宏波 1， 卢 翔 2

（1.西南石油大学土木工程与测绘学院，成都  610500，中国； 
2.马格德堡大学热过程工程系，马格德堡  4120,39106，德国）

摘要：由于液氧的顺磁特性，当置于非均匀磁场中会在液氧中引起开尔文力。基于流体体积（Volume of fluid， 
VOF）模型，分析了不同邦德数 Bo 和磁邦德数 Bom 工况下开尔文力对液氧贮箱内流体的定位作用。结果表明：

在无重力或微重力条件下，磁场对液氧有明确的定位控制作用。此外，在磁场作用下，由于不均匀开尔文力分

布，液氧气液界面存在周期波动现象。气液界面的波动受到邦德数和磁邦德数的影响，较大的 Bo 和 Bom 能更快

控制气液界面波动。基于研究结果，可发展在微重力环境下磁控液氧储罐液面波动的方法。

关键词：磁场；微重力环境；液氧；气液界面
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