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Transient Analysis of Cryogenic Liquid-Hydrogen Storage
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This paper presents the transient analysis of fluid flow and heat transfer in a zero-boil-off cryogenic storage tank of
liquid hydrogen. The system includes a tank with a cylindrical wall and oblate spheroidal top and bottom, a heat pipe
located along the symmetric axis of the tank, and an active circulator consisting of a pump-motor assembly and a
spray nozzle. Whenever the maximum temperature inside the tank reaches the boiling point under the working
pressure in the tank, the pump is activated to create a forced flow at the nozzle to cool down the heated fluid. After a
preset interval of 1 h, the pump is shut down and goes on standby until the maximum temperature reaches its
threshold again, and then the pump starts a new cycle. The transient simulation allows the visualization of flow-field
and temperature distributions, as well as the computation of maximum and mean temperatures of the fluid in various
stages of the pump cycle. This information reveals insights into the characteristics of the stored liquid hydrogen and
can assist in optimizing the location of temperature sensors, which provide input to the control system.

Nomenclature
A-C =  geometric dimensions of liquid-hydrogen storage
system, m
Cp =  specific heat, J/kgK
D-H =  geometric dimensions of liquid-hydrogen storage
system, m
k = thermal conductivity, W/mK
k; = eddy or turbulent thermal conductivity, W/m K
L =  geometric dimension of liquid-hydrogen storage
system, m
l. = characteristic length scale, m
L, =  mixing length, m
l, = distance from the nearest wall, m
M-N =  geometric dimensions of liquid-hydrogen storage
system, m
n = coordinate in direction normal to boundary
surface, m
P =  geometric dimension of liquid-hydrogen storage
system, m
Pr, = turbulent Prandtl number
p =  pressure, Pa
qw = heat flux on tank wall, W/m?
R = geometric dimension of liquid-hydrogen storage
system, m
r = radial coordinate, m
A\ = nominal element size on boundary edges
(k=1,2,3),m
T = temperature, K
T, = temperature on the surface of the evaporator
section of the heat pipe, K
max =  maximum temperature, K

= mean temperature, K

mean
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t = time, s

u = velocity, m/s

u;, u; =  generalized velocity in tensor notation, m/s
14 = fluid speed at nozzle, m/s

X, X; = generalized coordinates in tensor notation, m
z = axial coordinate, m

Greek symbols

0 = azimuthal coordinate

K = von Karman constant

n = viscosity, Pas

Uy = eddy or turbulent viscosity, Pa s

0 = fluid density, kg/m?

o = fluid stress, Pa

Subscripts

r = in r-direction

z = in z-direction

0 = in f-direction

1. Introduction

YDROGEN has been recognized as a powerful and clean fuel

for a few decades for space applications [1], and recently for
general transportation such as automobiles [2]. Hydrogen has been
identified to play a key role as an energy source in the future.
Although hydrogen has many advantages over most conventional
fuels, efficient storage of hydrogen is difficult because of its very low
gaseous density [3]. Liquid storage has a substantial advantage over
gaseous or chemical storage because of its much lower storage
volume for the same mass of stored hydrogen. However, a conven-
tional cryogenic storage tank suffers from the loss of hydrogen due to
the boil-off of the cryogen, induced by heat leakage into the tank from
the warmer surrounding environment. Boil-off results in increasing
the amount of gaseous hydrogen thus increasing the pressure in the
closed tank. To maintain the inner pressure within the structural
limits of the tank, the stored cryogen needs to be periodically vented.
The zero-boil-off (ZBO) concept has evolved as an innovative
means of pressure control in storage tanks by a synergistic appli-
cation of passive insulation, active heat removal, and forced mixing
within the tank. The goal is to store the hydrogen fuel for a very long
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time without loss. In recent years, a number of efforts have been made
towards the development of cryogenic storage systems with the ZBO
concept. Hastings et al. [4] presented an overview of the development
of ZBO storage systems at NASA, showing that a ZBO system has
mass advantage over passive storage. Kittel [5] suggested an
alternative approach for the long-term storage of cryogenic propel-
lants using a reliquefier that uses the propellant vapor as the working
fluid. Salerno and Kittel [6] presented a proposed Mars reference
mission and concomitant cryogenic fluid-management technology
with a combination of both active and passive technologies to satisfy
a wide range of requirements. Hofmann [7] presented a theory of
boil-off gas-cooled shields for cryogenic storage vessels using an
analytical method to determine the effectiveness of intermediate
refrigeration. Haberbusch et al. [8] developed a design tool for a
thermally densified ZBO cryogen storage system for space appli-
cations. The model predicted that a ZBO densified liquid-hydrogen
storage system reduces the overall storage-system mass and volume.
Wilson et al. [9] did a study with the goal of storing liquid hydrogen
in space in a linerless composite tank for a period of 20 years with a
2% boil-oft loss. Kamiya et al. [10,11] presented the development of
a large experimental apparatus to measure the thermal conductance
of various types of insulation and used that for the testing of
insulation structures. The apparatus could test specimen with dimen-
sions up to 1.2 m diameter and 0.3 m thickness. Different insulation
structures were tested, one with vacuum multilayer insulation (MLI)
and glass-fiber reinforced plastic (GFRP), and another having
vacuum solid insulation. Venkat and Sherif [12] studied a liquid-
storage system under normal and reduced-gravity conditions.

Mukka and Rahman [13,14] used computational fluid dynamics
(CFD) simulation to study the fluid flow and heat transfer in a
cryogenic liquid-hydrogen storage tank where cool fluid enters the
tank at one end, mixes with hot fluid, and exits at the other end.
Rahman and Ho [15] studied the steady-state fluid flow and heat
transfer in a closed ZBO cryogenic storage tank with a heat pipe
surrounded by an array of many pump-nozzle units as an artificial
circulatory system. The numerical simulations were done using an
axisymmetric model because of the nearly axisymmetric nature of
the problem. Subsequently, Ho and Rahman [16] presented a
parametric analysis using a three-dimensional model for steady-state
fluid flow and heat transfer in a similar storage tank with a single
pump-nozzle unit, focusing on the effect of the normal speed at the
nozzle face. The heat-pipe mixer (pump) design concept was first
introduced by Plachta [17] as another ZBO design concept imple-
mented within a prototype developed at NASA-Glenn Research
Center. The prototype system included a spherical tank for liquid
nitrogen with a heat pipe that had many fins on the evaporator section
and a submerged mixer pump that collected and directed the fluid
toward the heat-pipe fins. The experimental results showed that the
prototype performed better than expected and that it was promising
for future missions.

This paper presents the transient analysis of fluid flow and heat
transfer in a ZBO cryogenic storage system of liquid hydrogen. The
study considers a cylindrical tank with spheroidal top and bottom as
shown in Fig. la. The tank wall is made of aluminum, and a multi-
layered blanket of cryogenic insulation (MLI) has been attached to
the external wall of the aluminum. The tank is connected to a
cryocooler via a heat pipe to dissipate the heat that leaks through the
insulation and the tank wall into the fluid within the tank. The
condenser section of the heat pipe dissipates heat to the cryocooler
while the evaporator section picks up heat from the fluid within the
tank. The hot fluid is directed to the evaporator section of the heat
pipe using a fluid-circulation system within the tank. This system
consists of a pump, a spray head for the discharge of the fluid, and a
collector tube feeding the pump. Normally, the pump does not work
until the maximum temperature inside the tank reaches a threshold,
which is the boiling temperature of liquid hydrogen under the
working pressure of the tank. When the fluid reaches the temperature
threshold, the pump starts to run and discharge the heated fluid on the
colder surface of the evaporator section of the heat pipe and thus
cools the fluid. After a specified time interval, the pump shuts off and
stands by until the fluid reaches the threshold again.

Radiator Solar array

Heat exchanger

Controller

Heat flux from
surroundings

Tank wall

Insulation

A

b) Axisymmetric model and generic dimensions

Fig. 1 Cryogenic liquid-hydrogen storage system.

Only the fluid inside the tank is modeled for computation. The
symmetry of the computational domain suggests the use of an
axisymmetric model, which consumes fewer computing resources as
compared with that required for solving the original three-
dimensional problem. An axisymmetric model of the fluid inside the
storage tank is presented in Fig. 1b. The essential dimensions are
denoted in general form by capital letters. The axis of the tank is
shown as the centerline coincident with the z-axis. The origin of the
coordinate system is located at the topmost point in the tank as shown
in Fig. 1b. The cylindrical wall and the spheroidal top and bottom are
shown as a straight line and two elliptical arcs. The heat pipe is
located along the centerline and has three sections: the tip (evaporator
section), whose surface is kept at a constant low temperature; the
handle, which is considered adiabatic; and the condenser section,
located outside the tank. It may be noted that the present investigation
focused on fluid motion within the tank and did not consider any
details on the operation of the heat pipe or the cryocooler. Related
experimental studies by Plachta [17] and Christie et al. [18]
demonstrated the operation of the heat pipe and the cyrocooler for
ZBO storage of liquid nitrogen. It is expected that a similar system
will be used for ZBO storage of liquid hydrogen.

II. Mathematical Model

To describe the fluid flow and heat transfer of liquid hydrogen
inside the tank, it is necessary to determine the distributions of
velocity and temperature in the entire domain by solving the
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equations for the conservation of mass, momentum, and energy. It is
assumed that the tank is filled with liquid cryogen. For transient
incompressible flow, the equations for the conservation of mass and
momentum can be written as [19]:
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It should be noted that no buoyancy term has been added in the
momentum equation. The primary motivation of the study is to
address the long-term storage of cryogens in space, where gravity
and hence buoyancy is negligible. Assuming that there is no heat
generation and that viscous dissipation and pressure work are negli-
gible, the equation for the conservation of energy can be written as

0T T 0T
Per\Tgr T Mg T
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For modeling turbulent flow, the effective viscosity is defined as
the sum of the dynamic viscosity (physical property) and an eddy
viscosity u, representing the effects of turbulent flow. Similar
treatment is also applied for the effective thermal conductivity with
an additional turbulent thermal conductivity k,. Details of turbulence
modeling can be found in textbooks on convective heat transfer such
as Kays et al. [19]. Turbulent or eddy viscosity can be estimated by

using the general mixing-length model given in tensor notation form
by Rodi [20] as

e = ply, ©

where
1,, = min{xl,, 0.091 } (10)
and k ~ 0.41. Turbulent thermal conductivity can be estimated as

k _ Cp/'l/l
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where Pr; ~ 0.85. To completely define the problem, appropriate
boundary conditions are required on every boundary segment of the

computational domain. For the continuity and the momentum equa-
tions, the boundary conditions on velocity can be written thus:

On the nozzle face: u, =0, u, =V (12)
. du,

On the centerline : u, =0, W =0 (13)

On all solid surfaces: u, =0, u, =0 (14)

For the energy equation, the boundary conditions on temperature
can be written thus:

aT

On the tank wall: k P G 15)

On the evaporator section: 7 =T (16)
oT

On other boundary surfaces : PP 0 17)
n

The dimensions for the axisymmetric model shown in Fig. 1b are
setas follows: A =1.50 m,B=0.65 m,C=1.30 m,D=0.10 m,
E=030m, F=005m G=020m, H=1.50 m, L=0.30 m,
M =0.10m, N=0.05 m, P=0.30 m, and R = 0.10 m. The tank
dimensions correspond to a hydrogen storage tank used by NASA for
demonstration of multilayer insulation and a cryocooler.

The fluid properties are taken as constant as follows:
p =70 kg/m?, =12 %107 Pas, ¢, =10 kIkg™' K™, and k=
0.1 Wm~'K~'. A constant heat flux, g,, = 1 W/m?, is applied on
the heated surfaces of the wall. The magnitude of heat flux was
approximated from typical heat leakage in insulated cryogenic
storage systems. A constant temperature, 7, = 20 K, is assumed on
the evaporator section of the heat pipe. It is assumed that initially the
fluid inside the tank has a uniform temperature distribution of 20 K.
The operating pressure in the tank is 2 atm (203 kPa). Therefore, to
prevent boil-off, the maximum temperature inside the tank cannot
exceed the boiling point at 2 atm (23 K). The velocity at the nozzle is
defined as

Vv

_/0.08m/s start when max(7") =23 K, run for 1 hour then stop
10 otherwise

18)

III. Numerical Solution

The governing equations, including the mixing length turbulence
model along with the boundary conditions [Egs. (1-18)], were
solved using the finite-element method. The CFD analysis software
package FIDAP [21] was used for this purpose. In each element,
velocity components, pressure, and temperature were approximated
using the Galerkin procedure [22], which led to a set of algebraic
equations that defined the discretized continuum. Four-node quadri-
lateral elements were used. Layers of regular elements of higher
density were assigned along the solid surfaces where high rates of
momentum and heat transfer exist. A mesh with approximately
10,200 elements was used. The fully coupled successive substitution
algorithm was used to solve the nonlinear system of equations. Two
convergence criteria were used: the relative errors of the solutions
and the residuals of the nonlinear equations. The relative error
criterion was reached when the relative error at an iteration was less
than a specified tolerance. The residual criterion checked whether the
ratio of the residual vector at an iteration to a reference residual vector
was less than another specified tolerance. The iterative procedure
was considered converged when both criteria were satisfied. The
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tolerances for the present simulations were 0.0001 and 0.01 for
relative error and residual, respectively.

For all simulations, meshes of four-node quadrilateral elements
were used. The mesh-generation software GAMBIT [23] was used
for this purpose. The size of the mesh was controlled by adjusting the
element size on the boundary edges of solid—fluid interfaces.
Because of the complexity of the geometry, three nominal element
sizes were used for three groups of boundary segments. The first
element size S; was used for large-size boundary segments such as
those that form the tank wall and the adiabatic section of the heat
pipe. The second element size S, was for medium-size boundary
segments, which form the evaporator section of the heat pipe. The
third element size S; was for small-size boundary segments such as
inlet and outlet openings. Each boundary segment was meshed by
using a uniform meshing scheme. The height of the element layers
adjacent to the solid—fluid interface increased inward by a factor of
1.2, starting with S5 at the interface. These layers of structured mesh
of smaller-size elements covered the regions having high rates of
momentum and heat transfer. Beyond these layers, the rest of the
computational domain was covered with an unstructured mesh of
quadrilateral elements.

The distribution of element size in the computational domain was
determined from a mesh-independence study by systematically
changing the mesh density in all spatial directions, both globally
and locally, to obtain a mesh that gave a numerical solution inde-
pendent of the number of elements with a temperature accuracy of
40.02 K. The final set of mesh sizes were S, =0.02 m, S,=
0.01 m, and S§3 =0.005 m. For the mesh independence study,
different cases of mesh size were considered. Taking the final set of
mesh sizes as the reference, steady-state simulations were
performed using 16, 8, 4, 2, 1.5, 1.25, 1 (reference), and 0.75 times
the reference mesh size, or 100, 275, 908, 2783, 4962, 6847, 10,209
(reference), and 17,408 quadrilateral elements. Figure 2 shows how
the representative fluid temperature in the tank became independent
of the mesh size as the number of elements increased (the element
size decreased). Figure 2 presents the values of maximum temper-
ature, average temperature, and temperatures at three locations as
functions of the number of elements. This demonstrates that as the
number of elements increased over 10,000, mesh independence of
the numerical solution was achieved. The mesh with 10,209 ele-
ments was found quite adequate for accurate numerical prediction.
Therefore, this reference set of mesh sizes was used for generating
the meshes for all simulations presented in this paper.

IV. Results and Discussion

The solution obtained by solving the governing equations
associated with their boundary conditions and the initial condition
gives the spatial distributions of four primary variables as functions
of time: two velocity components (axial and radial), pressure, and
temperature distributed over the entire computational domain. The
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Fig. 2 Grid independence.

transient solution can be presented in several stages. Initially, the
fluid is stationary and has a uniform temperature of 20 K. In stage 1,
the stagnant fluid is heated by conduction only, until the maximum
temperature reaches 23 K. In stage 2, the pump starts a 1-h run and
creates forced flow from the nozzle; heat transfer includes conduc-
tion and convection. In stage 3, the pump stops, but there is still fluid
flow as the result of stage 2. Heat transfer also includes conduction
and convection until the entire body of fluid becomes stationary after
a long-enough time. Stages 2 and 3 compose a cycle with a run
interval (stage 2) and rest interval (stage 3). The following cycles are
similar to the first one.

Figure 3 presents the temperature distribution at the end of stage 1
(after 83 h) when the maximum temperature reaches 23 K. It shows
the conduction pattern with temperature decreasing gradually from
the heated surface (tank wall) toward the cold surface (evaporator
section of the heat pipe) and separating into isothermal layers. It can
be observed that the inner isothermal layers tend to round off at the
corners of the tank, shared by the cylindrical shell and the spheroidal
top and bottom, with more uniform changes of curvature. Thus the
geometric shape of the tank is not thermally conformal at the corners.
The spots that have maximum temperature are located at these
corners. A sensor is needed at one of these locations to monitor the
temperature there and give a signal to turn on the pump if the
temperature exceeds a specified threshold (23 K). That finishes stage
1. Figure 4 shows the changes in maximum and mean temperatures of
the fluid in stage 1 as functions of time. The mean temperature
increases linearly while the maximum temperature increases at a
higher rate in nonlinear fashion, especially during the first several
hours.

Figures 5 and 6 present the distributions of fluid flow and
temperature at the beginning (# =5 minutes) and at the end (1=
60 minutes) of stage 2, respectively. In Fig. 5a, the fluid discharged
from the nozzle reaches the evaporator section, cools off the fluid
along the way, and flows along the length of the heat pipe up to the top
of the tank. Then, this fluid stream follows the curvature of the tank
shell, sweeping through the top and back down the cylindrical outer
shell, increasing the heat transfer at the tank wall. The lower part of
the tank is still undisturbed, making it harder for the flow to displace
the stagnant fluid there due to the lack of momentum of the flow, since
itis far away from the nozzle. The flow is forced to separate from the
wall and move toward the suction tube of the pump, making a closed
streamline. The fluid enclosed by the streamline is directly driven by
the jet from the nozzle and affected by viscous forces. That creates a
family of streamlines in the region. As a result of such a flow pattern,
the temperature distribution shown in Fig. 5b has a high-temperature
region next to the bottom and gradually decreases upwardly and
inwardly from the lower corner of the tank. The location of maximum
temperature moves from the lower corner toward the bottom. After
1 h of running the pump, the velocity field is close to steady state and

Fig. 3 Temperature distribution at the end of stage 1, T (K).
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Fig. 4 Maximum and mean temperatures vs elapsed time, stage 1.

has the distribution shown in Fig. 6a. The fluid mixing is better,
resulting in a much more uniform temperature field as shown in
Fig. 6b where the high-temperature region is pressed to the wall and
remains in a thin layer. The location of maximum temperature is now
at the center of the bottom (on the centerline) where there is a stagnant

a) Streamlines (left half) and speed, z (m/s) (right half)

spot since the fluid flow collected by the suction tube cannot reach
that spot. Stage 2 ends when the pump shuts down.

For quantitatively assessing the effect of fluid mixing by the pump
on the temperature distribution, Fig. 7 shows how the maximum and
mean temperatures decrease over time. The mean temperature
decreases gradually. The maximum temperature decreases slowly at
first, then drops at a higher rate, and then slows down at the end. The
drop in the maximum temperature for this stage is about 2 K in 1 h.

Figure 8 shows the temperature distribution at the end of stage 3.
The pattern is different than that at the end of stage 1 (Fig. 3) since
there is still slow circulation remaining, even though the pump has
been off for some time. Thus, convective heat transfer makes stage 3
different from stage 1. The location of maximum temperature in this
situation is at half of the height of the cylindrical shell on the tank
wall. This location is where the temperature must be measured by
another sensor in order to switch on the pump every time the temper-
ature there exceeds the threshold of 23 K.

Figure 9 presents the maximum and mean temperatures during
stage 3, which are similar to those of stage 1 (Fig. 4) although the
numerical values are different. The mean temperature still increases
linearly and the maximum temperature increases nonlinearly, with a
fast rate at the beginning then slowing down. However, it takes only
about 70 h for the fluid to heat up to a maximum temperature of 23 K
again (compared with 83 h in stage 1). This happens because the

b) Temperature, 7(K)

Fig. 5 Distributions of velocity and temperature, stage 2, at = 5 minutes.

a) Streamlines (left half) and speed, u (m/s) (right half)
Fig. 6 Distributions of velocity and temperature, stage 2, at f = 60 minutes.

b) Temperature, 7(K)
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Fig. 7 Maximum and mean temperatures vs elapsed time, stage 2.
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Fig. 8 Temperature distribution at the end of stage 3, T (K).

temperature at the beginning of stage 3 is higher than that of stage 1 as
seen by comparing the mean and maximum temperatures in Figs. 4
and 9. This also implies that each of the following cycles will end at
higher temperatures, and thus each cycle becomes shorter than the
previous one.

Figure 10 shows the maximum and mean temperatures over
several cycles. It can be observed that their behavior follows some
predetermined rules. In the 1-h run interval, both representative
temperatures drop but not as much as in the previous cycle. The result
is that the rest interval gets shorter as the number of cycles increases.

23
- Tmax
—— Tmean
22 -
<
'_
21 4
20 T T T T T T
0 10 20 30 40 50 60

t (hours)
Fig. 9 Maximum and mean temperatures vs elapsed time, stage 3.
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Fig. 10 Maximum and mean temperature vs elapsed time for first three
cycles.

We can estimate the time when this type of cycle (1-h run interval,
then rest interval until maximum temperature reaches 23 K) stops
working. By extrapolating the maximum temperature at the end of
each run interval, it is found that after about 337 h (14 days), the rest
interval will vanish; i.e., the pump has to run for amuch longer time in
order to reduce the maximum temperature to a reasonable level that
keeps the rest interval longer, on the order of tens of hours.

V. Conclusions

The numerical simulation presented herein provides a better
understanding of the phenomena of transient fluid flow and heat
transfer in an active-circulation cryogenic storage system for liquid
hydrogen in space. Since there are several different flow patterns
corresponding to different stages created by the intermittent opera-
tion of the pump, there are different temperature distributions that
characterize each stage. As a result, the locations of the spots of
maximum fluid temperature move from place to place. During stage
1, when the fluid is stagnant, the spots are at the corners of the tank.
During stage 2, when the pump is running and generating strong fluid
circulation, the spot is at the center of the bottom. Finally, during
stage 3, when the pump is off while residual momentum maintains a
weakening fluid circulation, the spot is located near the wall at half of
the height of the cylindrical shell. These predictions are essential for
the design of the system in terms of locating temperature sensors at
the spots of highest temperature. These sensors will provide feedback
to the control circuit for the operation of the pump. A pump cycle
which is composed of a preset constant run interval and an upper-
temperature-threshold-controlled rest interval can only work for a
relatively short time (less than two weeks for the specific system
considered in this study). For long-term applications, it is advisable
that the run interval increase from cycle to cycle in compliance with a
precomputed run interval schedule so that the pump will run long
enough to keep the rest interval from being too short after a relatively
long time. An alternative plan is that the run interval could be
controlled by a lower-temperature threshold; i.e., instead of running
for a preset interval such as 1 h as used in the simulations herein, the
pump could run until the maximum fluid temperature reaches a preset
lower-temperature threshold. The spot of this maximum temperature
is predicted to be located at the center of the bottom of the storage
tank, where another sensor will be needed for detecting the
temperature. These guidelines can be very useful for designing ZBO
cryogenic storage systems.
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