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Thermal stratification in a rocket liquid-oxygen tank with a natural circulation precooling loop is numerically

analyzed under different return inlet locations and influx angles. It is found that the heat convection is dominant in

the bulk above the return inlet location and that the heat conduction becomes primary below the location. The axial

thermal stratification exists in thewhole range of the tank, and the radial stratification appearsmainly in the bottom.

The stratifications are influenced by the selection of the return inlet location and influx angle, and the optimal values

of the return inlet location at hi=L� 0:3 and the influx angle of 30 deg are determined.

Nomenclature

C0 = blackbody radiation coefficient,W �m�2 � K�4
cp = specific heat, kJ � kg�1 � K�1
d = outer diameter of tank, m
F = area, m2

g = acceleration due to gravity, m � s�2
H = tank height, m
h = enthalpy, kJ � kg�1
hA, hB = convection heat transfer coefficient of exterior,

W �m�2 � K�1
hi = return inlet height, m
h�z� = height, m
k = turbulent kinetic energy, m2 � s�2
L = liquid oxygen height, m
_m = rate of mass transfer, kg � s�1
Nu = Nusselt number
Pr = Prandtl number
p = pressure, Pa
q = heat flux,W �m�2
R = tank radius, m
Rc = coupled thermal resistance of convection radiation,

m2 � K �W�1
Re = Reynolds number
Riso = thermal resistance of insulation layer, m2 � K �W�1
Rmet = thermal resistance of tank wall, m2 � K �W�1
T = absolute temperature, K
Tin = the inner wall temperature of tank, K
Tm = characteristic temperature of atmosphere, K
Tmax = saturation temperature corresponding to the bottom

outlet pressure, K
Tmid = the exterior surface temperature of insulation

material, K
Tmin = saturation temperature corresponding to initial ullage

pressure, K

Tout = temperature of atmosphere, K
Tsat = saturation temperature, K
t = time, s
u = x component of velocity, m � s�1, Eqs. (9–15);

uniform velocity, m � s�1, Eqs. (A1–A3)
uf = wind velocity, m � s�1
v = y component of velocity, m � s�1
vf = kinematic viscosity, m2 � s�1
x, y = coordinate variables
� = return influx angle; void fraction, Eq. (18)
� = thermal expansion coefficient, K�1

" = rate of dissipation of turbulent kinetic energy, m2 � s�3
� = dimensionless excess temperature,

�T � Tmin�=�Tmax � Tmin�; the slope angle of pipeline,
Eq. (A2)

� = heat conduction coefficient, W �m�1 � K�1
� = dynamic viscosity, Pa � s
� = density, kg �m�3
� = heat transfer rate, W
’, � = any dependent variable

I. Introduction

C RYOGENIC liquid oxygen is adopted as the propellant of the
new-style launch vehicle, and the propellant tank with natural

circulation precooling loop is considered as the fuel storage and
supply equipment during the ground parking and flight. Because of
the natural convection and aerodynamic heating, there is a large
temperature difference between fluid inside the tank and the sur-
roundings. The liquid oxygen can be heated and flows along the
sidewall of the tank toward the upper regions to the liquid–gas
interface. This process generally results in the thermal stratification
along the height of the tank [1–3]. The thermal stratification pheno-
menon in the cryogenic propellant tank of a launch vehicle is an
important design consideration because of its direct influence on
pump cavitation, vaporization, tank pressure rise and the selection of
venting devices, insulations and tank structure, etc. Thermal stratifi-
cation is affected by many factors, such as the initial liquid aspect
ratio, variable liquid properties, operating pressure, thermal perfor-
mance, and tank structure. In a new-style launch vehicle, the pro-
pellant pump and engine are precooled using subcooled liquid
oxygen through a natural circulation loop before launch. Conse-
quently, the effects of the return inlet location and influx angle on
thermal stratification should be taken in account in the design of the
precooling system.

Several experimental and numerical studies on thermal stratifica-
tion in a cryogenic vessel have been reported in the literature.
Khurana et al. [4] investigated the thermal stratification in ribbed
liquid hydrogen storage tanks and a significant decrease in the degree
of thermal stratification was demonstrated by improvising transverse

Received 14 November 2008; revision received 5 June 2009; accepted for
publication 31 August 2009. Copyright © 2009 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code 0887-8722/10 and $10.00 in
correspondence with the CCC.

∗State Key Laboratory of Multiphase Flow in Power Engineering, School
of Energy and Power Engineering; xjtucxh@yahoo.com.cn.

†State Key Laboratory of Multiphase Flow in Power Engineering, School
of Energy and Power Engineering; yzli-epe@mail.xjtu.edu.cn (Correspond-
ing Author).

‡State Key Laboratory of Multiphase Flow in Power Engineering, School
of Energy and Power Engineering.

§State Key Laboratory of Multiphase Flow in Power Engineering, School
of Energy and Power Engineering.

JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 24, No. 1, January–March 2010

112

http://dx.doi.org/10.2514/1.42201


wall ribs on the inner cylindrical surfaces of large liquid hydrogen
storage tanks. Navickas and Douglas [5] predicted the thermal
stratification in a liquid tank by a finite difference computing method
and it was shown that baffles are very effective in destratifying the
fluid temperature. Zhang and Li [6] described the vorticity-stream
function method as the numerical simulation for the thermal strati-
fication of LH2; the results of interface temperature were correlated
with the heat flux, liquid level, and time. A scaled-downmodel study
of convective heat transfer in a rectangular glass tank was inves-
tigated using water as the medium fluid by Das et al. [7], and a
numerical study was completed in a cylindrical column filled with
liquid hydrogen and heated from the sides. Tatom et al. [8] found that
bottom and side heating of the tank produced noticeably different
stratification patterns using schlieren photographs. Manalo [9]
studied the onset and growth of the natural circulation and thermal
stratification inside a cryogenic propellant storage tank due to heat
transfer from surroundings and the effect of variable fluid properties,
initial subcooling, operating pressure, and initial liquid aspect ratio
on thermal stratification were numerically investigated. In addition,
there have been several studies on thermal stratification in solar
domestic hot-water systems [10–14] in which the effects of water
inlet location and velocity on thermal stratification and temperature
distribution in the tank were studied.

The previous studies basically focused on the thermal stratification
in the closed cryogenic tank without drainage and influx fluid.
However, in practice, the liquid oxygen tank of a new-style launch
vehicle is always connected with a natural circulation loop; the
distributions of temperature and velocity field in the tank are more
complex than that in a simplified closed tank, especially when
considering the effects of return inlet location and influx angle on
thermal stratification. Because it is extremely difficult to perform
flow visualization in an actual liquid-oxygen tank, in the present
work the physical field of the liquid-oxygen tank with natural
circulation precooling loop is numerically studied using computa-
tional fluid dynamics (CFD) techniques. The distributions of the
temperature and velocity fields are depicted and the development of
thermal stratification is investigated. The heat transfermechanisms in
different regions and the effects of return inlet location and influx
angle on thermal stratification are analyzed. The conclusions offer
the academic foundation for the propellant system design of new-
style launch vehicles.

II. Tank with Natural Circulation Precooling Loop

A. Principle of Natural Circulation Precooling

The cryogenic liquid oxygen is adopted as the propellant for the
new-style launch vehicle, and so the rocket engine and pipelinesmust
be precooled before launch due to the peculiar performance of
cryogenic liquid oxygen. The cryogenic propellant tank with the
natural circulation precooling loop is sketched in Fig. 1. The pre-
cooling loop includes the feeding fall pipeline from the tank bottom
down to the engine and pump body and the return pipeline from the
pump body back up to the liquid-oxygen tank, and other accessorial
devices attached to the loop.

There is a large temperature difference between the cryogenic
liquid and pipeline because the engine and pipelines are initially at
ambient temperature; hence, the cryogenic liquid is vaporized
immediately after entering the loop and the possible flow patterns
including the liquid, gas, and gas–liquid two phase flows occur in the
loop along the flow direction. With the cooling effect of cryogenic
liquid, the wall temperatures of the rocket engine body and pipe
decrease and the temperature gradient appears between the pipe wall
and external environment, which results in a heat transfer into the
pipes and engine body. During the pipe wall temperature decreasing
and the occurrence of two-phase flow, the density difference of the
two-phase fluid in the feeding fall pipeline and return flow pipeline is
regarded as the driving force of natural circulation and maintains the
continuous precooling operation. This is also said to be “thermo-
syphon effect.” Finally the gas–liquid two-phase fluid returns to the
tank with a higher temperature and velocity.

B. Tank and Boundary Conditions

The tank is composed of a vertical circular cylinder with two
spherical caps in both ends; the correlative parameters for the studied
tank are given in Table 1. The four different return inlet locations are
selected at hi=L� 0:1, 0.2, 0.3, and 0.4, respectively, for the
investigation of the location. The aspect ratio of the tank is
approximately 5, and the tank diameter is about 10 and 70 times that
of the feed fall and return pipes, respectively. For the purpose of heat
leakage reduction, the sidewall and bottomof the tank are enwrapped
with insulation material of 0.02 m thickness and the top cap is
assumed to be perfectly insulated.

The ullage pressure is supposed to be at a constant of 0.12MPa, the
temperature of the initial liquid oxygen in the tank is 91.837 K, and
the ambient temperature is 288.15 K. In general, there are three
propellant tank boundary conditions: inlet, outlet, and wall. The top
vent releases the gas to the environment, which acts to maintain
uniform pressure in the ullage space, is regarded as a pressure outlet.
The bottomoutlet supplies the liquid oxygen for the precooling of the
rocket engine during the ground prelaunch. Because the loop
precooling operation is an unsteady process, the mass flux of the
bottom outlet is calculated iteratively using the one-dimensional

Fig. 1 Propellant tank with natural circulation precooling loop.

Table 1 Data for the modeling tank

Circular cylinder height, m 11.887
Tank diameter, m 2.25
Liquid height, m 8.02
Spherical cap height, m 0.8
Feeding fall pipe diameter, m 0.22
Return flow pipe diameter, m 0.032
Tank wall thickness, m 0.005
Insulation material Foaming
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homogeneous unbalanced fluid dynamic model [15]; a detailed
discussion of the iterative calculation is presented in the Appendix.
During the numerical calculation, the two-dimensional value ofmass
flux transformed from the real calculation is introduced as the
condition of the bottom outlet.

The cryogenic fluid returns to the liquid-oxygen tank through the
return flow pipeline, and so the return inlet of precooling loop is also
treated as an inlet boundary relative to the tank. The whole mass flux
of liquid oxygen through the return flow pipeline and the feeding fall
pipeline are equal to the negligible loss of liquid oxygen in loop. To
investigate the effect of return fluid on the tank field specifically, the
inlet conditions of the return fluid are supplied, including the two-
phase flow velocity and the void fraction of feeding fluid, which are
determined by the calculation of the precooling loop based on one-
dimensional unsteady homogeneous models.

The propellant tank is plotted for four calculation regions, inclu-
ding thewall, the ullage space, the bulk, and the liquid–gas interface,
for which the heat transfer through the wall is very complicated
because of the coupling of different heat transfer mechanisms. The
convection and radiation heat transfer of the outside surface, the heat
conduction of the insulation material and wall, and the inner con-
vection heat transfer must also be considered. Compared with the
external forced convection, the effect of liquid–solid convection heat
transfer between the inner wall and liquid oxygen is tremendous. The
convection heat transfer coefficient inside is regarded as infinity and
the temperatures of the liquid oxygen and inner wall are assumed to
be equal. The exterior surface temperature of the tank is unknown and
the tentative method is applied to obtain the heat transfer coefficient.
The sketch of overall thermal resistance is given in Fig. 2.

The thermal resistances are obtained using a heat conduction
formula of the cylinder wall and the value of Tmid is required to
account iteratively [16]. By assuming a certain value of Tmid, the
conduction heat transfer rate through the sidewall, �, is computed
from the relation

�� Tout � Tin
Riso � Rmet � Rc

(1)

According to equivalency principle of thermal transfer quality
passing every layer, the convection heat transfer coefficient outside,
hA, is obtained as follows:

hA �
�

F�Tout � Tmid�
(2)

where F is exterior surface area of tank.
The characteristic temperature of the atmosphere, Tm, is

Tm �
Tmin � Tout

2
(3)

Using the Churchill–Bernstein rule of externalflow across a single
tube, the Nusselt number and the exterior convection heat transfer
coefficient, hB, are given as follows:

Re� ufd=�f (4)

Nu� 0:3� 0:62Re1=2Pr1=3

�1� �0:4=Pr�2=3�1=4
�
1�

�
Re

282; 000

�
5=8
�
4=5

(5)

hB � �Nu=d (6)

where the wind velocity uf is 2 m=s and the atmosphere kinematic
viscosity �f is gained from the diagram of thermophysical property

corresponding to the characteristic temperature of atmosphere
Tm [16].

The exterior convection heat transfer coefficient and heat
leakage are calculated iteratively until the following relationship is
satisfied:

�� jhA � hBj
hA

	 0:05 (7)

The radiation heat transfer between the tank and atmosphere is
expressed as

q� C0�"w�Tw=100�4 � "g�Tg=100�4� (8)

where the blackbody radiation coefficient C0 is 5:67 W=�m2 � K4�.
The total wall heat transfer coefficient is obtained with this

calculation of convection and radiation heat transfer, and so the
uniform heat flux is treated as a wall condition. In addition, Table 2
gives the parameters of return inlet and feeding pipe outlet under
different return inlet locations,which are used as the input parameters
for the simulation of the liquid-oxygen tank.

III. Mathematical Model

A. Governing Equations

An energy analysis is used to determine the energy entering into
and exiting from the tank in energy conversion systems. The temp-
erature inside the tank varies according to the energy balance. The
energy analysis is conducted by solving the continuity, momentum,
and energy equations numerically for tankwith boundary conditions.

The governing equations in the rectangular coordinate system
used for describing flow and heat transfer in the tank and the k–"
turbulence model are given as follows [17]:

Continuity equation:

@�

@t
� @��u�

@x
� @����

@y
� 0 (9)

x-momentum equation:

@��u�
@t
� u @��u�

@x
� � @��u�

@y
�� @p

@x
� �

�
@2u

@x2
� @

2u

@y2

�
(10)

y-momentum equation:

@��v�
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� u @��v�
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� v @��v�
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Energy equation:
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Turbulent kinetic energy:
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Fig. 2 Sketch of overall thermal resistance.

Table 2 Calculated boundary conditions

Computational parameters Value

Return inlet location, hi=L 0.1 0.2 0.3 0.4
Fluid void fraction of return inlet, % 38.9 41.2 44.1 48.2
Fluid velocity of return inlet, m � s�1 0.651 0.801 1.006 1.311
Fluid temperature of return inlet, K 97.69 97.05 96.45 95.76
Fluid mass flux of feeding pipe
outlet, kg=s

9.244 11.18 12.988 15.73
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Gk represents the production of turbulent kinetic energy and is
given by

Gk � �t
�
2

��
@u

@x

�
2

�
�
@v

@y

�
2
�
�
�
@u

@y
� @v
@x

�
2
�

(14)

Dissipation rate of turbulent kinetic energy
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(15)

The turbulent viscosity is computed as follows:

�t � �C��k2="� (16)

where the values of the constants in these equations are given as [17]

C� � 0:09; C1" � 1:44; C2" � 1:92

	k � 1:0; 	" � 1:3

B. Computational Fluid Dynamics Model and Its Simplification

The flow structure and heat transfer in the tank are investigated by
means of CFD. The divided blockmeshes are required because of the
large dimensional difference between the tank bulk and partial
regions; hence, the appropriate mesh generation strategy is adopted
that includes the unstructured mesh in the spherical cap and return
flow inlet regions, the structured mesh in the core region, and the
denser mesh near the wall. A three-dimensional tank mesh that
exceeds 300,000 not only results in slow computational speed but is
also difficult to be implemented because the relevant physical
process of 5.0 s is only simulated for the continuous computation of
24 h. This mean that 10 years is required for the entire simulation of
the precooling operation of 5.5 h from ground filling to rocket
launching, which makes the three-dimensional model impractical
and model simplification necessary. In this study, the simplified two-
dimensional model is adopted to simulate the physical field, and the
amount of computational cells that distinctly improve the compu-
tational speed is only 25,388. Because the tank curvature is small
relative to the large bulk, it is reasonable to regard it as a plate. The

three-dimensional values for the velocity of the return inlet and the
exterior convection heat transfer of the tank are introduced into the
two-dimensional model to simulate the temperature and velocity
fields; the legitimacy of temperature and velocity distributions in the
tank is assured. The primary difference between the two- and three-
dimensional models is only that the mass flux is different, but the
effect of the mass flux on the temperature distribution is very faint.
The key simplified benchmark is that the liquid height and its falling
speed must be uniform with three-dimensional conditions for the
consideration of legitimacy. In this paper the primary investigation is
focused on the temperature and velocity fields, and so the results of
the simplified two-dimensional model are true and dependable.

The volume of fluid model in FLUENT is introduced to perform a
free interface condition in the tank and the Courant number is used
for 0.85. The standard k–" turbulence model is applied in numerical
calculations and the buoyancy is modeled with the Boussinesq
approximation. Underrelaxation parameter coupling is treated using
the pressure-implicit with splitting of operators algorithm and the
corresponding underrelaxation factor is selected to be 0.3 for pres-
sure, 0.7 for momentum, 1.0 for energy equations, and 1 for body
force and density. The solution to the problem is obtained using the
implicit method in a segregated solver and the discretization of
governing equations is achieved by using the standard method for
pressure and second-order upwind method.

The solutions are assumed to converge when the following
convergence criterion is satisfied by every dependent variable at
every grid point in the computational domain:

����’
new � ’old
’new

����	 
 (17)

Hence, ’ in general could be any dependant variable. In this study,

� 1e � 3 for continuity and momentum equations and 
� 1e � 6
for energy equations.

C. User-Defined Program

The cryogenic phase transformation phenomena that include the
boiling and condensation transition exist in the tank, but FLUENT
software is defective in solving the cryogenic phase transformation.
To numerically simulate flowfield in a liquid-oxygen tank and
account for phase transformation, the appropriate phase change

Fig. 3 Sketch of velocity vectors in the tank with different return inlet locations.
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model must be considered. In this study the user-defined program is
compiled to perform the mass and energy transfers.

Themass transfermodel is used to solve phase change between the
liquid oxygen and vapor oxygen. Evaporation takes place due to the
heat absorption from the boiling transition process when the
temperature of the liquid oxygen exceeds the saturated value,
whereas condensation occurs due to heat releasing for the con-
densing transition when the temperature of the vapor oxygen is lower
than the saturated value. The mass transfer of phase change in the
tank includes the evaporation and condensation at the interface, the
subcooling boiling of liquid oxygen induced by thewall heat leakage
and the return liquid. According to the thermodynamics, the uniform
mass transfer of phase change _m is given by

_m�
�V�cp�T � Tsat�

hfg��
(18)

where � is the liquid density, V is the cell volume, � is the void
fraction,hfg is the latent heat of vaporization, and�� is timevariable.

IV. Results and Discussion

A. Influence of Return Inlet Location on Thermal Stratification

More complicated operations inside the liquid-oxygen tank during
the ground parking are experienced repeatedly, for example, ground
self-pressurization, subcooling supply, vapor release, natural circul-
ation precooling, and so on; therefore, the velocity and temperature
fields inside the tank go through the intricate changes. The natural
circulation precooling operation is dominant during thewhole period
of ground parking; therefore, this process is focused on the
investigation of thermal stratification. Figure 3 describes the velocity
vectors in the tank with different return inlet locations after 2 h of
natural circulation precooling operation. The return fluid entering
into the tank from the precooling loop flows upward under the action
of buoyancy force with heated liquid adjacent to the sidewall of the
tank. The velocity increases gradually as a result of the same
direction of movement and buoyancy force. After reaching the top
interface, the gas phase overflows and liquid phase turns toward the
opposite wall along the free interface. The fluid again bends down-
ward after approaching the sidewall and it starts losing momentum
gently due to viscous and buoyancy effects; hence, the clockwise
velocity vortex is presented in the area of the main liquid region.
Compared with the velocity vectors in the tank with different return

inlet locations, the differences are obvious in the bulk below the
return inlet locations where the velocity values descend with the
advance of return inlet locations.

It is known from the thermal stratification principle that the heat
entering into tank through the sidewall initially assembles in the
thermal boundary layer and tends towarm up the liquid oxygen close
to thewall. Then the heat in thewarm liquid oxygen diffuses with the
upward flow of heat fluid, so that the thickness of the thermal
boundary layer increases along the tank height and this warm liquid
oxygen rises to the surface. Figure 4 gives the isotherms of liquid
oxygen in the tank under different return inlet locations after 2 h of
natural circulation precooling operation. The top layer of the liquid
oxygen is distinctly at a temperature higher than the core of the liquid.
When the heat from the ullage space and thermal boundary layer
diffuses gradually in the precooling operation, the axial thermal
stratification is produced in the main liquid region whereas the radial
stratification is distinct below the return inlet location. The
convection heat transfer plays an important part in the bulk above the
return inlet location because of the intense disturbance, and the heat
conduction becomes a more prominent heat transfer mechanism in
the bottom region due to the lack of direct effect of return flow; in
addition, the velocity value is very low, and so the axial temperature
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Fig. 4 Isotherms of liquid oxygen in the tank with different return inlet locations.
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difference between the bottom and upper region is caused as a result
of themodality of heat transfer. It is known from the calculation of the
precooling loop that the fluid velocity of the return inlet increases
gradually with the elevation of the return locations, and so the
disturbance above the return location is enhanced and the convec-
tion heat transfer is strengthened. It is clear that the return inlet
location at hi=L� 0:3 is optimal, at which the volume and the depth
of subcooled liquid oxygen in the tank become the largest,
correspondingly.

The distribution of the temperature field in the tank is asymmetric
because of the return fluid, and so the quantificational investigation
of subcooled liquid-oxygen volume is necessary. The average
dimensionless excess temperature of different regions along the
height with different return inlet locations is shown in Fig. 5. The
definition of the dimensionless excess temperature � and the value
selection of Tmax and Tmin can be seen in the Nomenclature.
Obviously the dimensionless excess temperature of liquid oxygen
with the return inlet location at hi=L� 0:3 is the lowest in the

different regions along the height; the subcooling maintained is
the most relative to the other cases. From the figure, the effect of the
return inlet location on thermal distribution is very distinct and the
return inlet location located athi=L� 0:3 above the bottomheader is
optimal.

B. Influence of Influx Angle on Thermal Stratification

The influence of return inlet location on thermal stratification is
very distinct from the above investigation. Moreover, the effect of
influx angle on thermal stratification is also sensitive to the field
distribution. The tank with the return inlet location at hi=L� 0:3 is
chosen as the comparative base to study the effect of influx angle on
thermal stratification. The influx angle � of the return inlet is defined
in Fig. 6 and the angle selected consists of�15, 0, 15, 30, 45, and 60,
where the influx angle of �15 deg means declining downward.
Figure 7 shows the isotherms of the liquid-oxygen region with
different influx angles before the subcooled liquid oxygen supply of
ground parking. The distributions of thermal stratification above the
return inlet location are similar among the tanks with different influx
angles because the return inlet location is settled and so the return
inlet velocity is considered to be fixed, whereas distinct differences
appear in the regions below the return inlet location. The temperature
below the return location with the influx angle of�15 deg is higher
comparatively because the return fluid reaches the tank bottom
directly and causes the incremental increase in temperature. The axial
thermal stratification is dominant in the whole tank with the 30 deg
influx angle and the bottom temperature is lower. Comparingwith the
temperature fields above the return inlet location, the influence of
influx angle on the thermal stratification in the bottom is distinct and
the influx angle of 30 deg is the perfect selection because of the
appearance of maximal subcooling in the tank.

Figure 8 gives the variation of the region average dimensionless
excess temperature with different influx angles before the subcooled
liquid oxygen supply of ground parking. The liquid-oxygen temp-
eratures in the tank with influx angles of �15 and 15 deg are clearly
higher. Although the whole temperature gradient in the tank with the
60 deg influx angle is correspondingly minimal and the upper bulk is
at a lower temperature, the quality of liquid oxygen in the tank is low
grade because of the decrease in the total subcooling of liquid oxygen

Fig. 6 Schematic diagram of return influx angle.
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inside the tank. For the comprehensive consideration, the ascending
influx angle of 30 deg is the optimal design for which the average
temperature and the subcooling of liquid regions have preferable
values.

C. Tank with the Optimal Return Inlet Location and Influx Angle

Figure 9 presents the isotherms of the liquid-oxygen region inside
the tank with the return location of hi=L� 0:3 and an influx angle of
30 deg with time during the natural circulation precooling. After
about 20 min of natural circulation precooling, the downward fluid
adhering to the right sidewall encounters the returnfluid coming from
the return loop at the return location; more fluid is pulled toward the
upper region and the residual fluid changes to form an anticlockwise
velocity vortex in the bottom. Hence, the heat transfers gradually to
the return inlet location, the rate of temperature change and temp-
erature gradient improves at the location, and the thermal stratifi-
cation begins to appear more and more distinctly. The distribution of
thermal stratification in the tank bottom begins to change gradually
after about 60 min and transforms the axial into the radial after about
100min. The lowest temperature region appears in the bottomheader

and moves from one side near the return flow toward the other side
with time under the action of anticlockwise velocity vortex; finally,
the axial thermal stratification shifts to the radial in the bottom.

The variation of centerline temperature inside the tank with time
during the natural circulation precooling process is shown in Fig. 10.
The centerline temperature above the return location increases
gradually with time and tends to be uniform, but the obvious tem-
perature variation exists in the bottom. The axial temperature
gradient below the return inlet location increases graduallywith time.
This temperature change in the bottom is distinct relative to the upper
bulk because of the appearance of an anticlockwise velocity vortex.
With the development of anticlockwise velocity vortex, the
fluctuation of centerline temperature finally appears along the height
direction in the bottom.

The difference in the cross-sectional average dimensionless excess
temperature distribution at different heights after 2 h of precooling is
shown in Fig. 11.Obviously the temperature profiles above the return
inlet location are approximately similar to each other. Moreover, the
higher the selected plane, the slower the temperature increment,
which is also caused by the different heat transfer mechanisms in the
different regions. From Fig. 11, it is known that a uniform whole
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temperaturefield exists in the region above the return location and the
subcooling below the location is larger relative to the upper region.
Therefore, the effects of the return inlet location and influx angle on
thermal stratification are very distinct.

V. Conclusions

1) The bulk temperature above the return inlet location increases
with the rise of the return inlet location and the axial temperature
difference enlarges along the height of tank. The optimal value for the
return inlet location athi=L� 0:3 and an influx angle of�� 30 deg
upward are determined, underwhich themaximal subcooling and the
volume of subcooled liquid oxygen are maintained.

2) It is found that the modality of heat transfer in different regions
are distinct and the convection heat transfer plays an important part in
the bulk above the return flow cross section, whereas heat conduction
becomes the dominant heat transfer mechanism in the bottom region
due to the shortage of direct effect of return fluid and the velocity
value is very small.

3) The anticlockwise velocity vortex is formed in the ullage space
while a clockwise vortex is presented in the zone of the liquid phase.
The velocity vortex in the bottom region changes from clockwise to
anticlockwise, so the lowest temperature region moves from the left
side toward the right side of the bottom spherical cap gradually with
the heightening of the return flow location.

Appendix: Description of One-Dimensional
Homogeneous Unbalance Fluid Dynamic Model

I. Heat Transfer Models Between Pipeline Wall and Cryogenic

Liquid

Precooling a pipeline with cryogenic liquid is a typical high-
velocity reflooding heat transfer process. Figure A1 presents the
typical flow regimes and the corresponding heat transfer regions of
the high-velocity reflooding process in a vertical pipeline [18]. As
shown in Fig. A1, the flow regimes may undergo the transition from
fully liquid flow, bubble flow, slug flow, inverted annular flow,
dispersed flow to fully gas flow, and the corresponding heat transfer
regions are fully liquid convective heat transfer, subcooled boiling,
saturated nucleate boiling, inverted annular film boiling, dispersed
film boiling and fully gas flow. The transition from inverted annular
flow to dispersed flow is an especially important flow phenomenon.
At the beginning of the heated section, where the vapor fraction
occupies a small proportion, the flow is annular with the liquid in the
center and the vapor in the annulus. Because of the large velocity
increase caused by the generation of low-density vapor, the drag
force on the liquid core increases at greater tube lengths to the point
that the core is torn apart into filaments and droplets of liquid. As the
breakup continues, the flow goes through a somewhat gradual

transition to a dispersed flow regime in which small droplets and
filaments of liquid are carried along in a vapor matrix.

Figure A2 shows the boiling curve of the high-velocity reflooding
process, which belongs to a temperature-controlled boiling process
[18]. It includes seven heat transfer stages: fully liquid convective
heat transfer, subcooled boiling, saturated nucleate boiling, inverted
annular transition boiling, inverted annular film boiling, dispersed
film boiling and fully gas convective heat transfer. Point B is the first
critical point and the maximum heat flux point of nucleate boiling.
Point C is the second critical point and theminimumheatflux point to
maintain film boiling. Compared with Fig. A1, an instantaneous
inverted annular transition boiling stage (C–B) is added to depict the
transition from the inverted annular film boiling to the saturated
nucleate boiling, which means that the vapor film vanishes and
cryogenic liquid first contacts with the pipelinewall as the vapor film
cannot sustain the weight of liquid layer. It is an unstable and
transient heat transfer process and usually ignored by previous
researchers, which makes the physical meaning of precooling
process discontinuous. A linear interpolation method between the
maximum heat flux of nucleate boiling and the minimum heat flux of
film boiling is adopted to simulate the inverted annular transition
boiling process. Considering the high heat flux at point B, the
predicted transition time is very short and accords with the actual
transition process. Based on the aforementioned flow and heat
transfer analysis of the high-velocity reflooding process, one set of
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heat transfer models between the pipeline wall and cryogenic liquid
was established [19].

II. One-Dimensional Unsteady Homogeneous Models of Natural
Circulation Precooling

The unsteady flow and heat transfer characteristics of the natural
circulation precooling loop of cryogenic liquid rocket engine were
analyzed with a one-dimensional homogeneous model. To simplify
the computations, some assumptions were developed as follows:

1) The flow in the natural circulation loop is a one-dimensional
channel flow, and the loop is in quasi-steady state at any precooling
time. The pressure fluctuation in the precooling process is not
considered and deems that the pressures at the inlet position and at the
backward position of the loop are the local static pressure.

2) Only one-dimensional radial heat transfer of metal walls and
insulation layers are considered, whereas the axial heat transfer of the
pipelines is ignored.

3) The liquid and gas phases are well mixed and in heat balance.
For one-dimensional channel flow, the time-dependent mass,

momentum, and energy conservation equations and the equation of
state can be expressed as follows:

Continuity:

@�

@t
� @��u�

@z
� 0 (A1)

Momentum conservation:

@��u�
@t
� @��u

2�
@z
�� @p

@z
�
@pf
@z
� �g cos � (A2)

Energy conservation:

@��h�
@t
� @��uh�

@z
��p@u

@z
� Pi
A
hw�Tw � Tf� (A3)

State:

�l � �l�p; T�; �g � �g�p; T� (A4)

where �, p, T, u, and h indicate the average density, pressure,
temperature, uniform velocity, and average enthalpy of the cryogenic
fluid, respectively. In addition,g is the acceleration due to gravity, � is
the angle of the flow direction from the horizontal plane, Tw is the
inner wall temperature, hw is the heat transfer coefficient between the
pipeline wall and cryogenic liquid, and Pi and A represent the inside
perimeter and cross-sectional area of the pipeline, respectively.
Frictional pressure loss pf in the momentum conservation equation
is computed by the Lockhart–Martinelli correlation formula.

Considering the obvious radial temperature gradient between the
metal wall and insulation layer, the one-dimensional transient radial
heat release equation of the circulation loop is formulated by

@Tr
@t
� �w
�wcpw

�
@2Tr
@r2
� 1

r

@Tr
@r

�
� Pi
�wcpwA

hw�Tw � Tf� (A5)

where Tr, r, �w, �w, and cpw are the grid temperature along the radial
direction, radial coordinate, heat conduction coefficient, density, and
specific heat capacity at constant pressure of the pipeline material,
respectively. The radial heat release equation of the circulation loop
and the flow and heat transfer equations of the cryogenic liquid are
coupled by the heat transfer coefficient hw between the pipeline wall
and cryogenic liquid.

The solution of the unsteady circulation flow rate is a focus in the
unsteady natural circulation precooling process. Based on the earlier
assumption in Eq. (1), the pressures at the bottom outlet and the
return inlet of the loop are the local static pressure; furthermore, it
makes the calculation of unsteady circulation flow rate feasible by
bisectionmethod. At everymoment t, the iterative interval [v0 ��v,
v0 ��v] of the inlet velocity of the feed pipeline is first determined
according to the inlet velocity v0 at the previous moment (t ��t).
Next, by judging the heat transfer region of each cell along the flow
direction, the heat flux from the pipeline to the cryogenic liquid,
frictional pressure loss, gravity pressure loss, acceleration pressure
loss, pressure, temperature, and mass fraction of gas phase in every
flow cell are computed. When the calculated pressure at the return
inlet location is close to approaching the actual local static pressure in
the LO2 tank (�p < 10�6 bar), the inlet velocity v0 will be con-
sidered as the actual inlet velocity of the feed pipeline at moment t;
otherwise, the iterative process will be continued.

III. Grid Arrangement of Natural Circulation Loop

An equally spaced grid arrangement is adopted along the flow
direction. The changing time step of the initial precooling process is
determined by the grid step and the mass flux of the circulation loop,
and until the flow arrives at the return inlet location, the time stepwill
be a fixed value of 0.1 s. Because of the high radial temperature
gradient between the metal wall and insulation layer, the radial
direction of the pipeline is divided into many cells as well. In the
pump pipeline, for example, the schematic diagram of grid arrange-
ment is shown in Fig. A3. According to the computation require-
ments, the gird step along theflowdirection is 0.002m, the axial node
number is 9666, and the radial node number is 23.
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IV. Flow Characteristics of Natural Circulation Precooling Loop

The driving force of the natural circulation loop can be directly
expressed by the circulation flow rate during precooling. Figure A4
shows the predicted circulationflow rate and the heat release quantity
of the circulation loop in the precooling process. Overall, the
predicted circulation flow rate increases at first and then decreases to
the steady value, and there are several peak values of circulation flow
rate during precooling. These can be interpreted by the heat release
quantity transferred to the cryogenic liquid from the circulation loop.

The precooling phenomenon of a pipeline is a temperature-
controlled boiling process. Figure A5 shows the boiling curves of the
two-phase oxygen at a different mass fraction of the gas phase.
Herein, the horizontal axis indicates the wall superheat, whereas the
vertical axis indicates the heat flux between the pipeline node and the
cryogenic liquid.With the decreasing ofwall superheat, each node of
the circulation loop will undergo the transition process from film
boiling, transition boiling, and nucleate boiling to the single-phase
convective flow. In Fig. A5, point B is the first critical point and the
maximum heat flux point of nucleate boiling. Point C is the second
critical point and the minimum heat flux point to maintain film
boiling. According to the boiling curves, the heat flux between the
pipeline node and cryogenic liquid will decrease first before point C,
and then increase between points C and B, eventually continuing to
decrease to the lower single-phase convective heat flux after point B.
Considering the instantaneous transition boiling, the heat release
quantity transferred to the cryogenic liquid from the circulation loop
is decreasing at most times. Only when the transition from film to
nucleate boiling occurs at a particular pipeline, can the peak value of
the heat release quantity be developed. As shown in Fig. A4, three
peak values of the heat release quantity during precooling are

presented after 250 s, which indicates the transition of heat transfer
mechanisms at the pipeline between the engine entrance and main
pump entrance, the pipeline between the pump exit and blowdown
valve, and the pump pipeline, respectively. The unsteady charac-
teristics of the heat release quantity during the precooling eventually
bring on the peak features of the circulation flow rate. On the other
hand, because the heat release quantity of the loop circulation is high
and gas oxygen appears in the supply pipeline at the initial precooling
stage, the liquid density contrast between the feed pipeline and the
return pipelinewill be small and the circulationflow ratewill increase
as the heat release quantity of the loop decreases. In succession,when
the vapor oxygen disappears in the feed pipeline, the circulation flow
rate will diminish with a decrease in the heat release quantity of the
circulation loop. Eventually, the natural circulation precooling
process will become stable after about 40 min. Above all, the
circulation flow rate in the precooling process, that is, the driving
force of the natural circulation loop, will show a trend of first
increasing and then decreasing, and there are several peak values of
circulation flow ratewhen the transition from film to nucleate boiling
occurs at particular pipelines.
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