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Four different tank pressure control strategies based on various combinations of active cooling and/or forced

mixing are investigated numerically. The first, and most effective, strategy uses a subcooled liquid jet to

simultaneouslymix and cool the bulk liquid. The second strategy is based on separatemixing and cooling via a forced

uncooled liquid jet and an independent cold finger. The third strategy uses a cold finger alone with no forcedmixing.

Finally, the fourth strategy examines the effect of mixing alone without any active cooling. Detailed numerical

solutions are obtained for each case by solving theNavier–Stokes and energy equations in the liquid region coupled to

a lumped heat and mass treatment of the vapor region. It is shown that the most rapid and effective means of

countering self-pressurization is achieved with a subcooled liquid jet. In the case of separate mixing and cooling, the

pressure can still be reduced, but over amuch longer period of time. Finally, coolingwithout any forcedmixing is able

to limit the pressure rise, but not very effectively, although for long-duration storage in which rapid pressure control

is not required, thismay still constitute a viable approach.While presenting the results of the various simulation case

studies, an in-depth comparative analysis of transport phenomena associated with each case is also performed from

which salient engineering recommendations are derived for optimization of the zero-boil-off design.

Nomenclature

A = surface area, cm=s2

a = tank acceleration, cm=s2

Bi = diffusive Biot number, qvRv=kvTs
Bi� = convective Biot number, qv�=kvTs
c = specific heat, erg=K � g
Gr = Grashof number, a�2l �lqwR

4
t =kl�

2
l

h = height of jet fluid reservoir, cm
k = thermal conductivity, erg=cm � s � K
L = latent heat of vaporization, erg=g
m = molar mass, g=mol
p = pressure, atm
Q = net heat flow, W
q = heat flux, W=cm2

R = spherical radius, cm
Rg = ideal-gas constant, erg=K �mol
r = radial cylindrical coordinate, cm
T = temperature, K
t = time, s
V = volume, cm3

u = flow speed, cm=s
z = axial cylindrical coordinate, cm
� = thermal diffusivity, cm2=s
� = thermal expansion coefficient, 1=K

� = thermal boundary-layer thickness,
������������������
�v=ujRv

p
� = dynamic viscosity, g=cm � s
� = density, g=cm3

� = surface tension, dyne=cm

Subscripts

b = normal boiling point
c = convective
d = diffusive
h = heater
j = jet
l = liquid
min = minimum
max = maximum
n = nozzle
o = outer
s = saturation
t = total/tank
v = vapor
w = wall

I. Introduction

T HE extension of human space exploration from low Earth orbit
into the further reaches of the solar system is one of NASA’s

biggest challenges for the next millennium. The projected
exploration programs include a series of human and robotic
expeditions to low and high Earth orbits, the moon, Mars, and
possibly the asteroids and other planetary moons.

With the exception of extremely-short-duration missions,
significant cost savings can be achieved if the launch mass is
reduced by improving the cryogenic storage and transfer
technologies [1]. Cryogen vaporization is one of the main causes
of self-pressurization of the storage tanks and leads to undesirable
mass loss due to the inevitable need for venting to reduce the storage
tank pressure. Vaporization can occur during the filling process or
may be caused by heat leaks into the tank from the surrounding
environment. For on-surface applications, such as those on the
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surface of the Earth, moon, or Mars, the spatial configuration of
liquid and vapor is dictated by gravity and is well known. In this
situation, continuous venting can be easily accomplished, but it
results in considerable cryogen mass loss over time. For in-space
applications, the spatial configuration of liquid and vapor is generally
unknown, and direct venting without prepositioning of the two
phases is precluded due to the possibility of expelling liquid along
with the vapor. Moreover, venting in space is also undesirable
because it prohibits or endangers manned flight operations around
the storage tanks.

In short, from both safety and mass loss perspectives, a ventless
pressure control strategy is highly desirable for both on-surface and
in-space applications. The zero-boil-off (ZBO) pressure control
strategy has been proposed as a possible means of achieving ventless
storage through the synergetic application of active cooling and
forced mixing [2]. The ZBO goals can be accomplished by using
cryocoolers alongwith impellers, liquid jets, or spray bars. However,
optimization of the ZBO design can be extremely complex and
requires hand-in-hand experimental and theoretical elucidation of
the associated transport phenomena.

The self-pressurization of cryogen storage tanks has been the
subject of considerable previous experimental investigations (see
Panzarella and Kassemi [3] for a comprehensive review), but few
have directly focused on the effects of the reduced-gravity
environment. One important study is due to Aydelott [4], who shows
that the initial rate of pressurization is lower under reduced-gravity
conditions than on the ground. This was primarily attributed to an
increase in the tank-wall surface area covered by the liquid. Other
aspects of cryogen storage have also been considered, such as the
effect of a liquid jet on the bulk mixing behavior [5,6] and its ability
to control the tank pressure [7] and reduce thermal stratification [8].

Previous numerical studies of tank pressurization have been
primarily limited to purely thermodynamic treatments [9–11], fluid
flow, and thermal stratification in the liquid, without any consid-
eration of the resultant pressure rise in the vapor [12–17] or the
evolution of the phase distribution without any thermal consider-
ations [18–25].

Panzarella and Kassemi [3] developed a more comprehensive
numerical model by coupling a lumped-energy and lumped-mass
approximation of the vapor regionwith a direct numerical solution of
the Navier–Stokes, energy, and continuity equations in the liquid
region. This approach has already been used to investigate the
pressurization of a small ground-based tank as well as large spherical
tanks in both zero-gravity and microgravity environments [26]. The
results of these studies indicate that the initial rate of pressurization
depends on the characteristics of the heat, mass, and momentum
transport in the bulk liquid as influenced by the particular heat-flux
distribution on the tank wall even though the final rate of
pressurization agrees with predictions provided by a purely
thermodynamic description.

Panzarella et al. [27] have also used this model to demonstrate the
effectiveness of a laminar subcooled liquid jet in controlling the tank
pressure. Despite the apparent effectiveness of the subcooled liquid
jet, it may not always be possible or efficient to provide or sustain this
mode of rapid cooling for long periods of time due to engineering
limitations, power-consumption requirements, and the possibility of
mechanical failure. Consequently, this paper will investigate several
alternative strategies for pressure control and compare their
effectiveness to the performance of the subcooled-jet mixing case.

The strategies that are considered here primarily involve a
separation of the cooling and mixing mechanisms in different
fashions. First, an uncooled liquid jet will be used along with a
separate cold finger placed at various locations against the tank wall.
Next, the effectiveness of cooling without any forced mixing will be
examined. Finally, the performance of forced mixing via a liquid jet
but without any cooling will be assessed to demonstrate the effect of
disrupting the thermal stratification of the bulk liquid. The results
will show that none of these strategies are able to reduce the tank
pressure as rapidly as the subcooled liquid jet, which can be regarded
as a standard for comparison of the different pressure control
schemes. However, for long-duration storage inwhich rapid pressure

control is not required, these alternative approaches may find
favorable application due to their lower power-consumption
requirements.

II. Cryogenic Tank Model

Consider a large spherical tank in microgravity mostly filled with
liquid hydrogen (95%by volume) and its vapor, as shown in Fig. 1.A
cylindrical coordinate system is used to describe the model with the
origin at the center of the tank and with the z axis parallel to the
direction of the average residual acceleration vector. The solution is
assumed to be axisymmetric about this axis. It was shown previously
in [26] that even in microgravity the ullage rises in a direction
opposite to the direction of the residual tank acceleration vector and
reaches one side of the tank quite rapidly in comparison with the
other relevant timescales of this problem. Thus, in the present model
that is concerned with long-duration storage, the vapor region is
assumed to remain spherical with a fixed volume (volume changes
due to evaporation are quite small and can be neglected) and is
stationary at one side of the tank, with a 1-mm-thick layer of liquid
between the vapor and the tank wall at its closest point. Even though
the vapor region is fixed, fluid is still allowed to flow over its
boundary by imposing a zero tangential-stress boundary condition.

This particular thickness of the liquid film (1 mm) was chosen
somewhat arbitrarily, but small enough to simulate the vapor being in
direct contact with the wall without having to deal with any contact-
line issues. The heat flux at any point through a sufficiently thin layer
will be nearly constant (because the temperature profile is almost
linear) and equal to the heat flux imposed on the tank wall. Thus, the
wall heat flux is imparted directly to the liquid–vapor interface just as
if the vapor were in direct contact with the wall. The particular
thickness does not matter as long as it is small enough to maintain a
linear temperature profile.

The prescribed heat leak into the tank is the same for all of the cases
presented here and equal to Qt � 2:83 W. This is accomplished by
prescribing a uniform heat flux of 0:01 mW=cm2 over the entire
tank-wall surface.

Certain sections of the wall are designated as cold fingers and
identified by the thick solid lines in Fig. 1. These are areas upon
which different boundary conditions are applied in certain cases to
achieve a cooling effect. This is done by either fixing their
temperature or prescribing a negative outward-pointing heat-flux
vector. Note that not all of the cold fingers are used at the same time.
If a cold finger is being used, then its surface area is subtracted from
the total tank-wall surface area when computing the heat flux so that
the total heat input Qt is always the same.

In certain cases, a liquid jet is used to mix and possibly cool the
bulk liquid. The jet enters from the bottom of the tank and is directed
toward the vapor region by prescribing an upward parabolic velocity
profile at the jet inlet to the tank (with an average velocity of
uj � 0:5 cm=s), as indicated in Fig. 1a. The liquid exits the tank
through an outlet opening surrounding the jet inlet. Thus, it is
inherently implied that the liquid jet recirculates through a short
cylindrical reservoir at the bottomof the tank. In thisway, the volume

Fig. 1 Illustrations of a) the geometry of the cryogenic tank model (not

to scale) andb) a typical numericalmesh that is to scale. The vapor region

is assumed to be spherical and stationary at one end of the tank.
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of liquid cryogen in the tank is kept constant. If the jet is subcooled,
then the desired subcooled temperature is prescribed at the jet inlet.
Otherwise, the temperature at the inlet is left unspecified and the jet is
used solely for mixing the bulk liquid. The standard no-slip velocity
boundary condition is applied on all of the solid surfaces. The tank is
completely closed and there is no flow into or out of the tank except
for the jet flow.

The fluid flow and temperature distributions in the liquid region
are determined by using an in-house customized version of the
commercial finite element code FIDAP, as described by Panzarella
et al. [27]. A typical mesh consisting of about 3451 9-node quadratic
elements is shown in Fig. 1b. The mesh is modified for each case by
locally refining it in regions with steep solution gradients, which
usually arise near the walls, next to the cold finger, and at the liquid–
vapor interface. At each time step, an iterative solution strategy is
employed to solve the resulting matrix equations with a relative
convergence tolerance of 10�6. Time steps are chosen adaptively
[28] to keep an estimate of the time truncation error less than 10�5.
Detailed numerical convergence studies for a similar model were
conducted previously [3].

A lumped thermodynamic treatment of the vapor region is used to
derive an approximate relationship for predicting the evolution of the
tank pressure by invoking integral energy andmass balances over the
vapor region. The details of this approach can be found elsewhere
[3], but the primary assumptions that make such an analysis possible
are that the vapor behaves as an ideal gas (for convenience, not a
requirement) and that its pressure and temperature are nearly
uniform. The temperature of the vapor at the liquid–vapor interface is
assumed to be equal to the equilibrium saturation temperature
corresponding to the total pressure. In addition, the kinetic energy,
gravitational potential energy, and viscous dissipation contributions
are all neglected with respect to the internal energy. If these
assumptions hold, then to a good approximation, the integral
balances of energy and mass simplify considerably and can be
combined into a single nonlinear evolution equation for the average
(denoted by an overbar) vapor pressure as follows:

d �pv
dt
� F� �pv�Ql (1)

whereQl is the net heat entering the vapor region through the liquid–
vapor interface and F is a nonlinear function of vapor pressure
given by

F� �pv� �
L

Vv

�
cvTs �

�
Lm

RgTs
� 1

�
�l

�l � �s

�
�
L � �pv

�
1

�s
� 1

�l

����1
(2)

The saturation temperature is related to the pressure through the
Clausius–Clapeyron equation,

Ts� �pv� �
�
1

Tb
�
Rg
Lm

ln
�pv
pb

��1
(3)

and the saturated vapor density is determined from the ideal-gas
equation of state:

�s �
�pvm

RgTs
(4)

Equation (2) is coupled to the governing equations in the liquid
region through the heat flow term Ql that is obtained by integrating
the liquid-side heat flux over the entire liquid–vapor interface.
Moreover, the liquid energy equation is coupled to Eq. (2) via the
Clausius–Clapeyron equation through the imposition of the
saturation temperature as the temperature boundary condition at
the liquid–vapor interface. Thus, as the vapor pressure changes, so
does the interfacial temperature, which directly affects the
temperature field in the liquid and indirectly affects the flowfield

through the temperature-dependent buoyancy term. This results in a
modified interfacial heat flux that drives the pressure rise.

The most questionable assumption of the lumped-vapor
approximation is that the temperature distribution in the vapor
region remains nearly uniform. This assumption can be justified
quantitatively for situations in which diffusive effects dominate by
ensuring that jBij � 1, where Bi� qvRv=kvTs is the generalized
Biot number,Rv is the radius of the spherical vapor region, andqv is a
representative heat flux on the vapor side of the interface. The value
of qv can be estimated by assuming that it is equal to the total amount
of heat required to raise the temperature of the vapor region (with
total mass �v4�R

3
v=3) at the rate dTs=dt, distributed uniformly across

its surface area 4�R2
v:

qv �
1

3
Rv�vcv

dTs
dt

(5)

This condition can then be checked once dTs=dt is computed for each
case to ensure a consistent solution.

The previous condition assumes a quasi-steady balance between
diffusion and the heat input through the vapor boundary. For this
assumption to hold, the timescale associated with the changing
saturation temperature must be much larger than the diffusive
timescale td � R2

v=�v: ���� 1Ts
dTs
dt

R2
v

�v

����� 1 (6)

In other words, the saturation temperature must vary slowly enough
so that diffusion has sufficient time to equalize the temperatures
within the vapor region.

When the liquid mixing jet is used, convective effects dominate
over diffusive effects and the vapor temperature will be mostly
uniform, except possibly near the interface, where thin thermal
boundary layers may develop in cases of rapid cooling. This can be
seen by comparing the convective timescale defined by tc � Rv=uj
with the diffusive timescale td � R2

v=�v. By using the parameter
values listed in Table 1, tc � 110 s, which is much less than the
diffusive timescale td � 1:2 	 105 s. Consequently, the vapor
temperature away from the boundary will be nearly uniform. By
equating the dominant diffusive and convective terms in the vapor

Table 1 Material properties of hydrogen and other

parameters at the normal boiling-point temperature

(20.39 K).

Parameter Value

�v, cm
2=s 0.0256

cv, erg=K � g 1:012 	 108

kv, erg=cm � s � K 4885
�v, g=cm

3 0.00133
�v, g=cm � s 3:207 	 10�5

L, erg=g 4:456 	 109

m, g=mol 2.0
h, cm 5
rj, cm 15
ro, cm 33
Rv, cm 55.26
Tb, K 20.27
Tj, K 20
�l, 1=K 0.017
cl, erg=K � g 9:7 	 107

kl, erg=cm � s � K 12,440
�l, g=cm

3 0.07047
�l, g=cm � s 1:327 	 10�4

�, dyn=cm 1.93
a, cm=s2 981 	 10�6

Qt, W 2.83
rn, cm 21
Rt, cm 150
Rg, erg=K �mol 8:31 	 107

pb, atm 1.0
uj, cm=s 0.5
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energy equation, the boundary-layer thickness is found to be on the
order of

�

����
tc
td

r
�

����������
�v
Rvuj

r
� 0:03 cm

for the present case. To estimate the extent of the temperature jump
across this boundary layer, we can assume that � is the more
appropriate characteristic length scale to use in the definition of the
Biot number (i.e., Bi� � qv�=kvTs). Then, for the temperature jump
across the boundary layer to be small, jBi�j � 1 as before. Again,
this condition will be checked later for each case once dTs=dt has
been computed so that qv can be estimated.

As before, for this quasi-steady balance to hold, the saturation
temperature must vary slowly when compared with the convective
timescale:

���� 1Ts
dTs
dt

Rv
uj

����� 1 (7)

This is another condition that will be checked once dTs=dt has been
computed for those liquid-jet cases in which convective effects
dominate.

The computation time for the results presented in the next section
ranged from about 14 to 67 h (depending on the specific case) on a
1.6 GHz Intel Xeon-based Linux server with 16 GB of memory.
Additional details on this approach and studies investigating the
spatial and temporal convergence criteria have been previously
reported in [3,27].

III. Results and Discussion

The cases presented here are for a 3-m-diam spherical tank, 95%
full of liquid hydrogen, with the spatial configuration shown in
Fig. 1. The tank is assumed to be in microgravity, and so the residual
tank acceleration is assumed to be a� 981 	 10�6 cm=s2, aligned
with the symmetry axis for convenience. The thermophysical
properties of hydrogen and other important geometric parameters are
listed in Table 1.

Each case is started from an initial state of self-pressurization
lasting 75 days, during which the tank is subject to a total constant
heat input ofQ� 2:83 Wwith all coolingmechanisms turned off. At
the beginning of the pressurization stage, the tank is at an initial
uniform temperature of 20 K, with a corresponding saturation
pressure of 0.9032 atm. After the 75 days of self-pressurization the
vapor pressure has risen to 1.513 atmwith a corresponding saturation
temperature of 22.13 K, as shown in Fig. 2a. Naturally, the liquid is
thermally stratified in the pressurized state, and the maximum
subcooling and superheat in the liquid due to this stratification are
0.28 and 0.14 K, respectively. The corresponding isotherm and
streamline contours in the pressurized liquid at this time are shown in
Fig. 2c. These contours have been combined into a single imagewith
isotherms on the left half and streamlines on the right half of the tank
to save space by exploiting symmetry. This is also done for the
remaining temperature and streamline contour plots shown in this
paper. There are always 10 isotherms and streamlines shown for each
case, and they are evenly spaced between the minimum and
maximum values.

The thermal stratification is influenced to some degree by mixing
due to natural convection that is brought on by the residual
acceleration. Itmight seem surprising to have such significant natural
convection in microgravity unless you consider that the modified
Grashof number (defined here in terms of the wall heat flux qw as
Gr� a�2l �lqwR4

t =kl�
2
l ) scales to the fourth power of the tank radius.

Thus, a large tank in microgravity can stratify like a small tank on the
ground, although, of course, it would take much longer to reach the
stratified state in microgravity. Also, the shape and position of the
ullage in the two cases would be considerably different. For the case
considered here, Gr� 1:9 	 107, which is in the regime of laminar
natural convection, and the maximum flow speed due to natural
convection is 0:00313 cm=s, which is still very small. Asmentioned,

this final stationary state at 75 days is used as the initial condition for
all of the subsequent cases presented here. A more detailed
discussion of these numerical solutions can be found in our previous
work [27].

Because

dTs
dt
� 3:3 	 10�7 K=s

for this case, qv � 0:82 erg=cm2 � s according to Eq. (5) and
Bi� 4:6 	 10�4 � 1. In addition, the condition given by Eq. (6) is
also satisfied because

dTs
dt

R2
v

�vTs
� 2 	 10�3 � 1

Thus, this solution is consistent with the assumption of a nearly
uniform temperature distribution in the vapor.
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Fig. 2 The self-pressurization of a spherical cryogenic storage tank and
subsequent cooling by a subcooled liquid jet turned on after 75 days.

Effect on saturation temperature a) over the entire duration of the

simulation and b) right after the jet is turned on, and 10 equally spaced

isotherms/streamlines c) at 75 days (Tmin � 21:85 K, Tmax � 22:27 K,
and umax � 0:00313 cm=s) and d) at 150 days (Tmin � 20 K,

Tmax � 20:13 K, and umax � 1:0 cm=s). The contours are evenly spaced
between the minimum and maximum values.
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A. Subcooled-Liquid-Jet Mixing

Starting from the spatially stationary state resulting from 75 days
of self-pressurization, as depicted in Fig. 2c, the subcooled liquid jet
is turned on to quickly bring the ullage pressure and tank temperature
back down to their initial unpressurized values, as also shown in
Fig. 2. The prescribed temperature is 20 K at the jet inlet, the same as
the initial tank temperature before pressurization. The jet is assumed
to have a parabolic velocity profile with an average speed of
0:5 cm=s. As indicated by the rapidly dropping pressure and temper-
ature curves in Fig. 2, this jet is capable of restoring the system to its
initial state in about 2.5 h. The jet is kept on for a total of 75 days, but
notmuch changes after thefirst fewhours. Thus, in about 2.5 h, the jet
effectively removesmost of the heat that had accumulated during the
prior self-pressurization interval of 75 days. Consequently, the
average rate of cooling by the jet during this 2.5 h period is much
larger than the rate of the constant heat leak into the tank.

Because the bottom of the ullage is about 190 cm away from the jet
inlet, an overly simplistic calculation based on the amount of time it
would take the jet, moving at an average jet speed of 0:5 cm=s, to
cross this distance would predict the jet reaching the interface after
only 380 s. It actually takes slightly longer, around 430 s, because
buoyancy effects still play a role. Because the jet fluid is much colder
than the surrounding liquid, it must overcome an additional
buoyancy force that resists its upward motion. After about 15 min,
the flow of jet fluid completely encapsulates the vapor region.
Despite this, it still takes another 2 h before the ullage pressure
returns to its initial value, because as the jet fluid moves around the
vapor region it still absorbs a significant amount of heat from the
surrounding warmer liquid. As a result, the jet must remove most of
the heat from the surrounding liquid before significant ullage
pressure reduction can be achieved.

Another way of looking at this is to compare the jet-cooling time
to theamountof timerequired torecirculate theentirevolumeof liquid
in the tank through the jet.Because thevolumetricflowrateof the jet is
21:2 liter=min and the entire volume of the liquid in the tank is
13,430 liters, it will take the jet about 10.6 h to recirculate this entire
volume.Although thisvalue iscomparablewith the timeit takes the jet
to reduce the pressure to its initial value, it is still about 4 times longer,
indicating that by directing the jet toward the vapor region, a more
rapid pressure control can be achieved.

The final saturation temperature at 150 days is Ts � 20:00017 K.
The final maximum subcooling and superheat in the liquid are
1:7 	 10�4 and 0.13K, respectively. The subcooling is small because
the cold jet fluid effectively encapsulates the entire vapor region. The
superheat is still comparatively large because the cooler jet fluid
moves around a stagnation region near the bottom tank wall. This
shows that even with a jet, some parts of the tank are cooled better
than others, depending on the particular flow pattern. Therefore, it is
very important to direct the jet at the vapor region to achieve themost
effective pressure drop. These considerations can become quite
important and more complex if flow-management baffles are
implemented in the tank.

It seems somewhat inefficient and unnecessary to run the
subcooled jet continuously, because most of the cooling was
achieved within a very short period of time. Thus, an intermittent jet
flow strategy can be adopted. For example, it was just shown that by
keeping a 0:5 cm=s subcooled jet on for 2.5 h, it is possible to remove
all of the internal energy that has accumulated over the initial 75 days
of self-pressurization, thus returning the tank quite rapidly to its
initial state. At this point, the jet could be turned off for another
75 days of self-pressurization, followed by another 2.5 h jet-cooling
period. This cycle of self-pressurization and intermittent subcooled-
jet cooling could be repeated over and over again, as many times as
required. The saturation temperature would cycle back and forth
between the values 20 and 22.13 K, and the pressure would cycle
between 0.9032 and 1.513 atm. Of course, for each specific
application, the intermittency cycle and jet parameters must be
optimized so that the temperature and pressure will not rise beyond
their intended design specifications and margin of safety. Further-
more, the jet speed can easily be increased to achieve pressure-
reduction times that are 10–20 times shorter.

The saturation temperature decreases very rapidly in this case
because the subcooled liquid jet is very effective. Specifically, the
largest value of jdTs=dtj is����dTsdt

�����8 	 10�4 K=s

from which it follows that qv � 2 	 103 erg=cm2 � s according to
Eq. (5). Despite the rapid cooling rate, Bi� � 6 	 10�4 � 1 for this
case. In addition, the condition given by Eq. (7) is also satisfied
because

dTs
dt

Rv
ujTs
� 4:4 	 10�3 � 1

Thus, this solution is also consistent with the assumption of a nearly
uniform temperature distribution in the vapor, even though the
saturation temperature is rapidly decreasing. Because this case
exhibits the most rapid cooling rate, these conditions will not be
explicitly checked for the remaining cases because they will
undoubtedly hold.

B. Cold-Finger Cooling with Separate Jet Mixing

Although the subcooled jet is perhaps the most rapid and effective
method of reducing the pressure, it may not be efficient to keep the
pump-driven jet working continuously. It may prove worthwhile to
separate the cooling and mixing operations so that, for example, the
cooling can be done continuouslywhile the pump is turned on and off
to provide intermittent mixing. This can be accomplished through a
cold finger and an uncooled mixing jet that operate independently of
each other.

In this context, the next series of case studies use an uncooled
mixing jet along with a separate cold finger that is placed at different
locations along the tank wall. The effect of the cold finger is
simulated by fixing the temperature of a specific section of the tank
wall to the initial subcooled temperature of 20 K. To make a fair
comparison, the net heat input is kept the same as before by
increasing the prescribed heat flux on the remaining “uncooled”
surface area. The initial condition for all of these cases is the same as
before, and the stationary state is achieved after 75 days of initial self-
pressurization. The characteristics of the jet are also the same as
before, except that its temperature is no longer controlled. Hence, it
provides mixing without any active cooling.

In the first case, the cold finger is placed on a section of the tank
sidewall between �30 cm < z < 0. As shown in Fig. 3a, this
approach results in a significantly less effective pressure control than
with the subcooled jet, because it now takes over a month to get a
comparable reduction in pressure and temperature. Even then, the
final saturation temperature (20.0813 K) is much further from its
initial value than before. However, it must be noted that once the
temperature reaches this level, the cold finger is capable of
maintaining this temperature level for a long period of time. Thus, for
long-duration storage, if rapid pressure control is not required, this
strategy may be acceptable for limiting the pressure rise.

It must also be kept in mind that this case is less effective because
the rate of cooling is limited by how fast heat can be removed from
the liquid as the jet fluid passes over the cold finger, and a flat plate
with no fins is a rather inefficient heat exchanger. Thus, the
performance of this approach can be improved through several
engineering design considerations such as adding fins to increase the
surface area of the cold finger, lowering the temperature of the cold
finger, or increasing the jet speed, all of which are outside the scope
of the present paper.

It is also interesting to note the very early behavior of the saturation
temperature, as shown in Fig. 3b. For the first couple of hours, the
temperature drops rapidly as the jet destratifies the liquid by mixing
the cooler fluid from the bottom of the tank with the slightly warmer
liquid closer to the vapor region. Of course, this cooling effect is not
the result of any active cooling by the cold finger but is merely due to
the disruption of thermal stratification that had already been
established by natural convection. However, once the jet passes
around the vapor region, it heats back up as it is deflected from the
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warmer tank wall, then it turns around and carries that warmer liquid
back toward the vapor region in a recirculating motion. This leads to
subsequent temperature and pressure rise for the next couple of
hours.

Our simulations indicate that the thermal state of the tank is
unaffected by the presence of the cold finger for the first 5 h (further
verified later) and is primarily influenced by the disruption of the
thermal stratification brought about by the jet. Eventually, after about
0.5 days, the slowly expanding path of the recirculating jet fluid
finally reaches the cold finger at the side wall, and as a result, colder

fluid is carried on to the area closer to the vapor region. This initiates a
slow but steady drop in temperature and pressure that continues from
that point on.

Note from thefinal isotherms and streamlines shown in Fig. 3c that
the temperature distribution in the liquid is nearly uniform almost
everywhere except for near the cold finger and directly beneath it,
where there is a hot spot on the tankwall. This hot spot is again due to
a stagnant region near the tank wall in which the cooler jet fluid is
unable to penetrate, as indicated by the associated streamline plot.
The finalmaximum subcooling and superheat in the tank for this case
are 0.081 and 0.10 K, respectively.

The subcooling is larger here than in the subcooled-jet case
because the cooling is separated from the mixing. The jet fluid has to
pass over the cooler section of the tank wall and travel through the
bottom of the tank and upward along the centerline before reaching
the ullage. It heats up along this path so that it is much warmer by the
time it reaches the vapor. The superheat is slightly lower than before
because the cold finger is closer to the stagnation region in which the
hot spot is located.

In the next case, the cold finger is moved to the bottom of the tank
by prescribing a temperature of 20 K on the walls enclosing the
cylindrical reservoir beneath the jet inlet. From the resulting
saturation temperature curve shown in Fig. 3a (cold-bottom case), it
is immediately clear that this approach is even worse than the
previous case because the saturation temperature is decreasing at a
much slower rate. It does not even reach a steady statewithin 75 days.
This is primarily due to a reduction in the cold-finger surface area,
which is now only about 16% of what it was in the previous case.
Basically, this reduction in surface area leads to a slower cooling rate
for the same jet speed. Again, this just shows that the cold finger in
this case is acting like an inefficient heat exchanger because it is
essentially a smooth,flat surface. There is no doubt that addingfins to
increase the heat exchange surface area would noticeably increase
the efficiency of this process. In the limit of an ideal heat exchanger,
this case should have a performance identical to the subcooled-jet
case. However, it would be quite difficult to approach the ideal heat
exchanger merely through the placement of fins on the cold finger.

Given enough time, even this case will eventually approach a
steady state in which the net cooling rate exactly balances the rate of
heat input, but to achieve this with a lower cold-finger surface area
and a jet speed of 0:5 cm=s, the temperature of the cold finger must
be significantly reduced.

The final isotherms and streamlines for this case are shown in
Fig. 3d. The final maximum subcooling and superheat are 0.45 and
0.14 K, respectively. The subcooling is much larger for the reason
just mentioned (to maintain the same steady-state cooling rate with a
low cold-finger surface area), but the superheat is still about the same
because the stagnation region is mostly unaffected by this change.

Note from Fig. 3b that the oscillation of the saturation temperature
over the first 5 h or so is similar to the previous case, except that the
curve is shifted down by some fixed amount. As before, this is still
characteristic of the disruption of thermal stratification, but with an
additional modest cooling effect due to the cold finger.

The final case of this series consists of a cold finger that is a 40-cm-
long cylindrical tube surrounding the jet inlet, as illustrated in Fig. 1.
The tube is at a prescribed temperature of 20K along its entire length.
The surface area of this tube is about the same as the surface area of
the cold finger in the previous case, and so, as expected, the overall
cooling rate is about the same as before, as shown in Fig. 3a. This
reinforces the notion that the average long-term cooling rate is
roughly proportional to the surface area of the cold finger if the
temperature and flow speed are the same. Undoubtedly, the heat
transfer in this case could be greatly enhanced by adding a series of
radial fins to the interior of the tube, but this would also come at the
expense of disrupting the jet flow. Again, in the limit of an ideal heat
exchanger, this case should perform almost equally as well as in the
subcooled-jet case.

The final isotherms and streamlines for this case are shown in
Fig. 3e. The final maximum subcooling and superheat are 0.51 and
0.11 K, respectively. Note that the subcooling is about the same as in
the previous case. Again, the larger subcooling is an indication of a
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less efficient cold finger, because a larger temperature drop is
required to achieve the same steady-state cooling rate. Finally, the
results of these cases seem to indicate that the efficiency of the cold
finger depends very much on its surface area, but not as much on its
particular geometry or location within the tank.

C. Cold-Finger Cooling Without Forced Mixing

The previous cases have shown that even with forced mixing, the
overall pressure-reduction capability is greatly reduced when the
mixing and cooling elements are separated. In this section, we will
examine the case in which there is active cooling without any forced
mixing, although there can still be some mixing due to natural
convection brought about by the residual acceleration. This strategy
is advantageous because it is simpler, requires less power, and is less
susceptible to mechanical failure associated with the operation of the
pump. Also, if the pump used for forced mixing were to fail, then the
tank is subject precisely to such a situation in which cooling by the
cold finger is not accompanied by any active mixing. As a result, this
scenario also needs to be understood and studied from a risk-
mitigation point of view.

In the first case examined here, the cold-finger configuration is the
same as in the first case of the previous section (along the middle
section of the tank wall). Again, the temperature of the cold finger is
immediately dropped to 20K after 75 days of self-pressurization, but
now there is no jet, and the only mixing in the liquid is due to natural
convection.

For the first 5 days or so, the saturation temperature continues to
rise, but at a slowly decreasing rate, as shown in Fig. 4a. During this
time, the temperature field exhibits numerous small-scale
oscillations, as shown in Fig. 4b, due to the complex flow patterns
arising from natural convection. Beyond the first week, the
temperature levels finally start to slowly decrease. By the 75th day,
the ullage temperature appears to plateau, but to a level that is still
much greater than its initial value of 20 K. This is not surprising,
because without any forced mixing, heat is transferred primarily by
conduction alone. The final maximum flow speed due to natural
convection is only 0:00585 cm=s. This provides much less mixing
than the forced jet at an average speed of 0:5 cm=s.

The final isotherms and streamlines for this case are shown in
Fig. 4c. It is clear that the fluid above the cold finger is relatively
stagnant, even though it exhibits some signs of thermal stratification
due to natural convection, whereas the fluid below the cold finger
appears to be well mixed and nearly isothermal. This is because the
coolerfluid near the coldfinger tends to sink to the bottomof the tank,
leading to vigorous mixing and resulting in a nearly constant
temperature region. The warmer liquid above the cold finger is in a
more thermally stable configuration with respect to the colder fluid
beneath it, which explains why the region above the cold finger is
relatively stagnant. The final maximum subcooling and superheat in
this case are 1.28 and 0.20 K, respectively.

When steady state is achieved, the net cooling rate will still
balance the rate of heat input, but because the heat is now primarily
transported by conduction, this is accomplished by a larger
temperature difference between the cold finger and bulk liquid. This
is why the final subcooling is so large.

Finally, it is again noted that even though this approach is not
capable of bringing the tank temperature back down to its initial
value, it is still quite capable of preventing any further pressure rise,
which may be an acceptable situation for long-duration storage in
which rapid pressure control is not required.

Because the fluid beneath the cold finger is well mixed in the case
just examined, it was thought that perhaps by raising the height of the
cold finger, enhanced mixing of the entire liquid region could be
achieved. This requires the coldfinger to be placed closer to the vapor
region, so that a more rapid response can be expected. The case is
examined next in which the cold finger is positioned closer to the
vapor region at the top of the tank, specifically covering the section of
the upper tank wall lying between rn < r < ro, as shown in Fig. 1.
Unfortunately, its surface area is only about 7.3% of that in the
previous case, and so it is expected that its cooling effectiveness will

be reduced. As before, cooling is achieved by specifying the
temperature of this cold finger to be 20 K after the 75 days of initial
self-pressurization.

Figure 4b indicates that these changes do have the desired effect
when implemented, but only for a while. The saturation temperature
drops more rapidly for the first 5 h than in any other case without
forced mixing, because the cold finger is much closer to the vapor
region. Unfortunately, this is short-lived because the rate of decrease
slows down significantly after a while, and after about 4 days, the
saturation temperature starts rising again and continues to rise for the
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next 75 days, as shown in Fig. 4a. The final saturation temperature
after 150 days is actually slightly greater than the temperature before
the cold finger was activated. A transition in slope occurring at
around 5 h is due to a shift in the flow pattern from the three
recirculation zones shown inFig. 2c to just twoprimary zones. This is
a consequence of the colder fluid falling down around the vapor
region. The maximum flow speed after 5 h also increases to
0:00986 cm=s. This shift in the flow pattern brings in warmer fluid
from the tank wall and slows down the cooling rate.

After about 4 days, the flow pattern makes another shift to one
primary recirculation zone moving upward around the entire
perimeter of the tank wall, engulfing the vapor region and then
sinking straight down the centerline to the bottom of the tank, as
shown in Fig. 4d. This flow is driven by the cooler fluid from the cold
finger, which is heavier and therefore sinking due to reverse
buoyancy. The reversal in the slope of the saturation temperature
curve at this time is due to enhanced heat transfer from the warmer
side walls due to this recirculation zone, which consequently leads to
an increasing saturation temperature.

Overall, the liquid is well mixed in this case, as indicated by the
isotherm plot shown in Fig. 4d except for liquid immediately
adjacent to the cold finger that is relatively stagnant due to its close
proximity to the obstructing vapor region. This, combined with the
significant reduction in cold-finger surface area, results in a net
cooling rate that is insufficient to counter the rate of heat leakage into
the tank. As a result, the saturation temperature continues to rise.

The final maximum subcooling of 2.19 K occurs right at the
location of the cold finger. It is rather large because the saturation
temperature is still close to its initial value, due to the ineffectiveness
of the cold finger in this case, whereas the temperature of the cold
finger remains at its specified temperature of 20 K. The final
maximum superheat is 0.32 K, which is larger than in any of the
previous cases, because the liquid moving upward along the tank
wall carries a significant amount of heat, resulting in a hot spot on the
upper tank wall.

In the next case that is considered, a constant negative heat flux is
prescribed on the surface of the cold finger, rather than a prescribed
temperature. Thus, the rate of heat removal from the tank is now
fixed, whereas before, it depended on the local temperature gradient
at the cold-finger surface, as dictated by the neighboringflowpattern.
The cold finger is again placed on the sidewall at the middle of the
tank with the same location and surface area as in the corresponding
prescribed temperature case previously discussed. The value of the
heat flux is chosen so that total heat extracted by the cold finger
exactly balances the 2.83W leaking into the tank through the remain-
ing wall surfaces. As a result, the net heat input into the tank is zero.

Even though the net heat input is zero, the saturation temperature
continues to rise for the next 75 days, as shown in Fig. 4a. It does start
leveling off near the end as it should, but only after a long period of
time has elapsed. This case is significantly different from the fixed-
temperature case, in which a much faster cooling rate was attained.
This is due to the fact that when the temperature of the cold finger is
fixed to 20 K, the initial rate of heat removal is 27.6 W, almost an
order of magnitude larger than the heat removal prescribed on the
cold finger in the present case. The final isotherms and streamlines
for this case are shown in Fig. 4e. As before, the liquid below the cold
finger is well mixed, but significant thermal stratification is observed
above the cold finger. The final maximum subcooling and superheat
are 1.33 and 0.19K, respectively. Thefinalmaximum flow speed due
to natural convection is 0:00554 cm=s.

It is interesting to compare the present case to one in which the
heating is simply turned off by setting the heat flux to zero on all
surfaces. Even though the net heat input is zero in both cases, the
final steady-state solutions are quite different, as demonstrated
through a comparison of the resulting saturation curves in Fig. 4a.
When the heating is turned off completely, the temperature and
pressure decrease slowly as thermal stratification slowly diminishes
and the liquid and vapor regions become isothermal. Even after
75 days, an isothermal state has not yet been reached, due to the long
timescales associated with conduction and natural convection. This
can be seen in Fig. 4f, in which the maximum subcooling and

superheat are still 0.018 and 0.00103 K, respectively. The maximum
flow speed due to natural convection at this time is only
2:34 	 10�4 cm=s.

Even though the previous two cases both have a net heat input of
zero, the final saturation temperatures are quite different because the
temperature distributions in the liquid are different. In the previous
case, in which the heat flux on the tankwall is set to zero everywhere,
the liquid will eventually become isothermal. However, if the heat
flux is positive on some surfaces and negative on others, temperature
gradients will develop in the liquid between these surfaces, even if
the net heat input is zero. Moreover, the saturation temperature and
corresponding tank pressure can also be quite different, depending
on the position of the ullage within this thermal gradient. These
results clearly show that the distribution of heat in the liquid and the
position of the ullage in the resulting thermal field are crucial factors
that need to be considered.

Unfortunately, these differences are indistinguishable when using
a purely thermodynamicmodel of the entire tank, because that would
be solely based on the net heat input and does not take into account
the different heat distributions caused by dynamic transport.
Therefore, computational fluid dynamics simulations are necessary
for predicting the dynamic response of tank pressure in space,
especially because, for larger tanks in microgravity, the relative
impact of these dynamic changes is much larger and persists longer
than for smaller tanks on the ground.

In general, without some formof forcedmixing, the cooling rate of
a cold finger is inherently limited because, by itself, it is not a very
effective heat exchanger. This has an important practical
consequence: it is not always possible to control the rate at which
heat is extracted by a cold finger. In other words, for any given
geometrical configuration, there is an upper bound to the maximum
possible cooling rate of a cold finger, because it can only remove heat
as fast as it can be transported to it through the surrounding liquid,
and this depends on the heat flux (temperature gradient) in the liquid
immediately adjacent to its surface. For a system without forced
mixing, heat is transported primarily by conduction, and the
maximumheatflux is dictated by the temperature difference between
the cold finger and the saturation temperature as well as the distance
between them. This is a fundamental limitation that cannot be
overcome without the use of some forced mixing. Thus, beyond a
certain point, increasing the surface area of the cold finger alone
cannot be the remedy.

For instance, because the cold finger can obviously never have a
temperature less than 0K, and the temperature of the cryogenic liquid
is always going to be around its normal boiling-point temperature,
which is nearly 20 K for liquid hydrogen, a good estimate of the
maximum possible temperature difference in the liquid is
�T � 20 K. Using this characteristic temperature difference along
with estimates of the average distance d between the cold finger and
the vapor region and the total surface area A of the cold finger, the
maximum possible cooling rate provided by an idealized cryocooler
under near-stagnant conditions in the tank is approximately
Akl�T=d. If d is one-half of the tank radius and A is 1=10 the total
tank-wall surface area, then the maximum cooling rate for the cold
finger is estimated to be atmost 10Wfor the present tank design. This
is significantly less than the cooling rate of 2 kW provided by the
subcooled jet.

Of course, this is only a rough estimate, and a better one could be
obtained through more detailed numerical simulations such as those
presented here. However, this does not alter the fact that if a large
cooling rate is required, then some form of forced mixing must be
implemented. Natural convection may increase the conduction-
limited cooling rate somewhat, but not by much under microgravity
conditions. As always, additionalmodest improvements can bemade
by increasing the surface area of the cold finger or by placing it closer
to the vapor region.

D. Mixing Without Cooling

It is also interesting to see what effect mixing without any active
cooling has on the temperature and pressure rise in the tank, and so
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this case is considered next. Because of thermal stratification due to
residual gravity, cooler liquid still sinks to the bottom of the tank and
warmer liquid floats to the top in the absence of any forced mixing.
Thus, as shown in Fig. 2c, there is a 0.42 K temperature difference
established between liquid at the top and bottom of the tank before
turning on the jet. Once the jet is turned on, this cooler fluid at the
bottom can be brought up to the warmer vapor region, leading to a
momentary cooling effect that is just due to mixing and thermal
destratification.

This mixing/destratification effect is clearly shown in Fig. 5. At
the onset of mixing, there is a momentary drop in the saturation
temperature for about 2 h as the colder fluid from the bottom of the
tank is brought into contact with the vapor region, but this is followed
by a subsequent rise in temperature as the jet is deflected by the tank
wall, starts recirculating, and eventually starts to carry warmer fluid
around with it. Gradually, the oscillations settle down, and the rate of
pressure and temperature rise return to normal, as they should
according to thermodynamics, because the net heat input is still the
same. The final isotherms and streamlines are shown in Fig. 5c. The
maximum subcooling and superheat at that time are 0.16 and
0.080 K, respectively. These are smaller than before, due to the
enhanced mixing effect provided by the jet.

Finally, it is interesting to note that for about the first 5 h, the
response of the saturation temperature in the mixing-only case is
nearly identical to that for the earlier case of an uncooled jet with a
separate cold finger on the sidewall, as shown in Fig. 5b. This further
justifies the previous assertion that the early response in that cold-
finger case is due to thermal destratification by the jet and has very
little to do with the presence of the cold finger itself.

IV. Summary

It is clear from the results presented in the previous section that the
most rapid and effective method of controlling the tank pressure is
through a subcooled jet directed toward the ullage. In this case, the
mixing and cooling mechanisms are simultaneously applied and
integrated. Our numerical simulations indicate that it is possible to
remove all of the internal energy accumulated during a self-
pressurization period of 75 days in just over 2 h with a subcooled jet.
No other approach considered here was found to be as effective at
controlling the pressure. However, it is recognized that this is an ideal
situation that may never be realized, because the vapor would likely
not stay in one place under the action of the jet, but would rather be
pushed to one side or another. A dynamic simulation taking into
account the motion of the vapor region throughout the tank would be
required to get amore accurate representation of what would actually
happen in practice. The present results are useful because they
represent a best-case scenario that can be strived for, even if never
fully realized.

Of course, to achieve such rapid cooling, the subcooled jet has to
remove heat at an average rate of about Qt�75 days=0:1 days� �
2 kW during a short period of time. This implies that the jetmust pass
through a highly effective heat exchanger that is capable of
maintaining the inlet jet temperature at 20 K. This is achieved in the
model by simply prescribing the temperature of the jet fluid at the
inlet, but in practice, a highly efficient heat exchanger would be
needed for this purpose.

It does not seem necessary to operate the subcooled jet
continuously once it has brought the tank pressure back down to its
initial level. Therefore, it is suggested here that the jet be operated
intermittently. For example, in a typical scenario such as that
considered here, the jet can be used for 2.5 h to achieve the desired
cooling effect and then turned off for an interval of up to 75 days,
during which there is a period of self-pressurization, which can be
followed by an additional cooling jet interval, and so on. Of course,
the period of time between cooling events and the jet speed can be
adjusted to provide faster or slower pressure-reduction rates to
accommodate engineering and design tradeoffs and to account for
changing environmental conditions.

In addition to the subcooled jet, three alternative pressure-
reduction strategies were considered: 1) the simultaneous use of
separate cooling and mixing mechanisms, 2) the use of cooling
elements alone without any forced mixing, and 3) mixing alone
without any active cooling. These alternatives are of interest for
several reasons. First, the additional mechanical complexity and
power requirements of a mixing jet may not be warranted or
necessary in all circumstances. Second, from a reliability point of
view, the jet or the cryocooler may not be operational due to
mechanical failure, in which case the effectiveness of cooling alone
or mixing alone must be assessed to develop proper risk-mitigation
strategies. Finally, the thermal destratification brought about by
mixing alone may prove to be sufficient for many short-duration
pressure control requirements.

When an uncooled mixing jet is used along with a separate cold
finger, the pressure can still be controlled, but much more slowly,
over a period of days or months instead of hours. The steady-state
ullage temperature will also not be as close to the cold-finger
temperature as in the subcooled-jet case. The effectiveness of this
approach depends very much on the volume of liquid transported
over the cold finger by the jet as well as the cold finger’s ability to
extract heat from that liquid. No attempt was made to optimize the
heat transfer characteristics of the cold finger in this paper, but it was
clearly established that faster cooling rates are obtained if the cold
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finger’s effective surface area is increased. Cold fingers with
different geometries and locations but with similar surface areas
yielded similar cooling rates.

Essentially, the cold finger has to be designed as an efficient heat
exchanger, but from a volume-to-surface-area perspective, it is much
more difficult to achieve high heat transfer efficiency with a
stationary cold finger inside the tank than with an external heat
exchanger used in conjunction with a forced liquid jet, as
demonstrated in this paper.

A cold finger was also used without any forced mixing. This
proved to be somewhat effective at limiting further pressure rise, but
not that effective at removing the stored internal energy that had
accumulated during the initial period of self-pressurization. Again,
the coldfingerwas found to be slightlymore effective if it had a larger
effective surface area.

Although this paper only considered steady accelerations, it is
interesting to consider what effect other types of accelerations such
as vibrations, thruster firings, and changes in orientation might have
on these results. It is unlikely that high-frequency vibrations would
have any significant effect, because the timescale of those vibrations
would normally be much less than the long diffusive and natural
convective timescales observed here, and so they would just likely
average out. Only the average acceleration over these longer
timescales would be of any significance.

Panzarella and Kassemi [26] showed that the initial pressurization
rate is quite different, depending onwhether the vapor region is in the
center of the tank or near the wall as it is here. If the vapor is near the
wall, then it experiences a more rapid pressure rise and can respond
more quickly to changes in external heat inputs because it takes less
time for the heat to reach it. If it is in the center of the tank, the heat
must diffuse through more liquid before reaching the vapor, and so it
takes longer for the effect of any external change to be observed. It
was also shown that it only takes about 10 min for a vapor region
starting at the center of tank to reach the tank wall with the steady
average acceleration considered here.

Thus, in the event of a thruster acceleration or change in
orientation of any significant duration, the vapor region would likely
drift from one location to another, and because of the lengthy
diffusive and natural convective timescales, there would be
significant oscillations in the pressurization rate, and it would take
days for the tank to settle back down into the quasi-steady state
observed here. Because the subcooled liquid jet was found to be the
most effective at rapidly controlling the pressurization rate, it could
be used during such an event, if necessary, to provide a more rapid
response rate. Because the timescale of the jet is very short and its
effect overwhelms that of natural convection, it is unlikely that the
results for that case would depend significantly on the acceleration
level.

V. Conclusions

This paper presents an in-depth comparative analysis of several
different mixing/cooling strategies for ZBO tank pressure control in
microgravity. The analysis was based on numerical simulations
generated by a novel two-phase flow model that tightly couples a
lumped thermodynamic treatment of pressure evolution in the vapor
ullage to the direct numerical solution of the Navier–Stokes and
energy equations in the liquid.

From our numerical results it can be concluded that for the most
rapid and precise pressure control of large cryogenic storage tanks, a
subcooled jet directed at the ullage is seemingly the best choice
among the different strategies examined here. For long-duration
storage in which it is more important to simply limit the pressure rise
rather than control it or bring it down, the cooling and mixing
mechanisms can be separated, and even cooling alone without any
forced mixing can be considered, because it still benefits to a degree
from limited mixing brought about by natural convection due to the
residual buoyancy force. Finally, mixing alone without cooling can
only provide limited pressure management through thermal
destratification in very short-term applications.

This paper did not consider optimizing the direction of the jet flow
for the specific cold-finger operations. It also did not present an in-
depth quantitative analysis of the effects of the cold finger and jet
temperatures or the effective surface area of the cold finger. A
comprehensive examination of these important parameters will be
presented in future work.
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