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This paper examines self-pressurization of cryogenic storage tanks due to heat leakage through the thermal
protection system and the performance of various pressure control technologies intended for application in mi-
crogravity environments. Methods of pressure control such as fluid mixing, passive thermodynamic venting, and
active thermodynamic venting are analyzed using the homogeneous thermodynamic model. The homogeneous
model assumes that the liquid and vapor phases are at a uniform temperature equal to the saturation temperature
of the cryogenic fluid at the total tank pressure. Simplified equations suggested in the paper may be used to char-
acterize the performance of various pressure-control systems and to design space experiments for the development
of low-gravity cryogenic fluid management technologies.

Nomenclature

C = coefficient defined in Eq. (9)

E = total system energy

h = specific fluid enthalpy

m = mass flow rate

P = tank pressure

0 = tank heating rate

I8 = parameter defined in Eq. (15)

2 = parameter defined in Eq. (17)

t = time

u = specific internal energy of tank fluid

\% = tank fluid (liquid and vapor) volume, not including
volume occupied by internal tank hardware

v = average fluid (liquid and vapor) specific volume defined
in Eq. (AS)

W = power, rate of work done on control volume fluid

X = quality

B = tank fill fraction, percentage fill/100

0 = average tank fluid (liquid and vapor) density defined in
Eq. (A4)

p* = density ratio, p, /(0 — pg)

¢ energy derivative defined in Eq. (5)

Subscripts

f saturated liquid

fg = liquid-to-vapor phase change

g = saturated vapor

hsp = homogeneous self-pressurization

i = inlet

max = maximum

mix = mixer, mixing

o = outlet
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Introduction

HE thermal environment of space produces inevitable heat

transfer through the thermal protection system of a cryo-
genic storage tank, which results in continuous tank pressure rise.
Tank pressurization that is due solely to heating is known as self-
pressurization. The pressure rise rate is governed by the com-
plex interaction of external heat leak, fluid temperature stratifica-
tion, and interfacial heat and mass transfer. If the required stor-
age duration of a space mission is longer than the period in which
the tank pressure reaches its allowable maximum, an appropriate
pressure-control method must be applied. Therefore, predictions of
the self-pressurization rate and the performance of pressure-control
techniques in cryogenic tanks are required for development of long-
duration cryogenic fluid storage technology and planning of future
space exploration missions.

In this paper, pressure-control analyses are presented for cryo-
genic storage systems in low gravity, where it is impractical to pref-
erentially vent vapor as a means of controlling tank pressure. Ideally,
if a tank is well mixed so that the fluid temperature is isothermal, the
homogeneous thermodynamic model may be used for the prediction
of pressure change rate. The analyses are based on thermodynamic
principles only; therefore factors such as surface heating unifor-
mity, tank shape, wetted tank wall area, and liquid position within
the tank are not considered. The tank contains a pure fluid and no
noncondensable gas species is present. The total tank heating rate
is known. The liquid and vapor phases are considered to be at the
same temperature, although separation of the phases is allowable.
All fluid properties are averaged based on liquid fill fraction. If the
fluid is isothermal, there will be no thermal stratification in either
fluid phase. Since the analyses are intended for low-gravity appli-
cations, the fluid may not be settled. It is assumed that the tank
pressure is not affected by systems (such as gas pressurization sys-
tems) other than those discussed herein. It is further assumed that
vapor-free liquid can be supplied to the various pressure-control
systems by liquid-acquisition devices regardless of tank fill level,
liquid—vapor interface location, and liquid distribution.

Pressure control technologies being developed at NASA include
high-performance thermal insulation, fluid mixing, and both passive
and active thermodynamic vent systems (TVS).'~ Schematic rep-
resentations of self-pressurization and pressure control technologies
for application in microgravity environments are illustrated in Fig. 1.
Advanced multilayer thermal insulation systems can greatly reduce
the heat leak to a cryogenic storage tank. Vapor-cooled shields are
sometimes utilized to further intercept incoming thermal energy. For
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Fig. 1 Schematic representation of self-pressurization and pressure control technologies (mixer shown outside of tank for clarity).

a given cryogenic storage tank, the heat leak creates thermal strat-
ification in the fluid, which generally results in a pressure rise rate
in the tank higher than that for a well-mixed condition (Fig. 1a).
Fluid mixing (Fig. 1b) can be used to circulate and mix the tank
fluid, destroying fluid temperature stratification. Spacecraft maneu-
vers, such as attitude and thermal control, may also promote fluid
motion and mixing in storage tanks. Mixing induces condensation
at the liquid—vapor interface, resulting in reduction of tank pressure.
Therefore, interface condensation plays a key role in controlling the
rate of change of tank pressure.

Since mixer power is required to circulate the tank fluid, a certain
amount of energy is added to the system. This additional energy
imparted to the fluid eventually becomes heat and increases the net
fluid energy. Thus, fluid mixing can only temporarily reduce tank
pressure and is of interest for short-term storage. The design of the
mixer influences the efficiency and performance of a fluid-mixing
pressure control system.

In the passive TVS concept (Fig. 1¢) a small amount of tank liquid
is withdrawn using a liquid-acquisition device (continuously or in-
termittently) and passed through a Joule-Thomson device, resulting
in a lower pressure and temperature two-phase fluid. This two-phase
mixture then flows through a TVS heat exchanger to cool the tank
fluid via passive energy exchange, primarily by thermal conduction
or free convection, as shown in Fig. 1c. The fluid mixture is evap-
orated in the heat exchanger and the resulting vapor is then either
vented overboard directly or passed through vapor-cooled shields
(not shown in Fig. 1c) to intercept heat leak into the tank and then
vented overboard. With this method, energy is removed from the
system by sacrificing a small amount of liquid. Venting of vapor is
always ensured regardless of liquid position in microgravity. Thus,
the passive TVS may be used in a long-term storage system. How-
ever, an undesirable weight penalty may occur, because a large heat
exchanger surface area is required to vaporize the vented fluid. Also,
the relatively slow passive heat transfer processes on the tank side of
the heat exchanger may lead to unacceptably long lag times during
attempted pressure control.

The TVS and fluid-mixing techniques may be combined to pro-
duce an efficient and fast-response pressure-control system. This ap-
proach is called the active TVS. In the specific configuration shown
in Fig. 1d, the TVS heat exchanger is designed to remove energy
from the mixer flow; the resulting subcooled liquid is then circulated
back to the tank through a nozzle to mix the tank fluid and induce
condensation. Optimal design of the heat exchanger and mixer is
quite important for proper active TVS performance.

This report presents analyses of tank self-pressurization and
the aforementioned pressure-control methods. Simplified equations
based on the homogeneous model are derived to provide a design
tool for space-based cryogenic fluid storage systems and for the
design of relevant space experiments. Some examples with rep-
resentative values of the pertinent parameters to characterize the
performance of pressure-control systems are also included.

Homogeneous Model

A general form of the model for a cryogenic storage tank can be
obtained by applying the first law of thermodynamics and the law

of conservation of mass to a control volume that contains the tank
liquid and vapor contents, assumed to be in a homogeneous state.
Internal tank hardware is not included in the control volume. The
control surface corresponds to the inside surface of the tank wall.
The first law for a variable volume with one inlet and one outlet
(neglecting kinetic and potential energy terms) is

dE w4V dp
a P TP dr
av
=Q+W+m,h,—moh0—P$ (1)

Equation (1) applies to the entire fluid volume, including both liquid
and vapor phases. All thermodynamic properties are mass-averaged
based on liquid fill fraction. Power input to the control volume (e.g.,
mixing) is accommodated using a positive value for W.
Conservation of mass for a compression or expansion process is

expressed as

dm dp n dv

= e —m =V i

dt e a
If specific internal energy is considered as a function of density and
pressure, u =u(p, P), then

du ou\ dp ou '\ dP
=) 37+(55) 5 3)
dr ap ) , dt d ) dr

The general-purpose homogeneous equation for pressure change

rate is obtained by combining the preceding equations and using the
relationship h=u + P /p:
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where the energy derivative ¢ is defined as

=1 u 5
¢ = papp ()

Since p, and therefore ¢, are mass-averaged properties for the total
tank fluid mass, their values vary with tank fill fraction. A procedure
for numerical approximation of the energy derivative is given in the
Appendix. The total pressure change is obtained by integrating an
appropriate form of Eq. (4) using a known initial condition.

Figure 2 shows the parameter ¢ as a function of average fluid
density and tank pressure for hydrogen at saturated, two-phase con-
ditions. It is seen that ¢ decreases with increasing average fluid
density p and increases with increasing tank pressure P. The en-
ergy derivative is discontinuous at both the saturated liquid and
saturated vapor points. The curves shown are for a liquid and vapor
mixture of pure hydrogen. Because the fluid is a single species, the
total tank pressure equals the saturation pressure. The curves should
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Fig. 2 Functional dependence of energy derivative on density and tank
pressure for hydrogen.

not be used for a system containing additional species, such as an
inert pressurant gas. Energy derivatives for other cryogens such as
nitrogen and oxygen exhibit similar behavior.

The homogeneous model is applicable when isothermal condi-
tions exist in the tank. Both liquid and vapor in the tank can be
conditioned to a uniform temperature (the saturation temperature,
since the tank contains a pure fluid) by sufficient circulation of the
tank contents through the use of a mechanical mixer or possibly
as a result of fluid motion resulting from spacecraft maneuvering
operations. Equation (4) is valid over the entire range of tank fill
fractions, but the numerical calculation of ¢ (outlined in the Ap-
pendix) becomes impractical as the limiting conditions 8 — 0 and
B — 1 are approached. This is not a significant difficulty, because
cryogenic storage tanks are not hard-filled and liquid-acquisition
devices cannot completely remove all liquid from a tank.

Self-Pressurization

For self-pressurization of a closed constant-volume cryogenic
tank experiencing heat leak only, there is no work done on the
fluid by pumping and no mass flow into or out of the tank
(dV/dt =W =m; =m, =0), and so Eq. (4) reduces to

dP\ 0.
(E>hsp B 4 (6)

Given a fixed volumetric heating rate, Q,,/V, the homogeneous
model shows that the self-pressurization rate is increasing with time
because the energy derivative ¢ increases with increasing tank pres-
sure. Usually, the homogeneous model, which assumes a uniform
temperature in the tank, will give the lowest pressure rise rate for a
tank. Ground tests with cryogenic hydrogen have shown that the ac-
tual pressure rise rate spans a range from approximately 1 (Refs. 4,
5) to more than 10 (Ref. 6) times faster than the homogeneous model
prediction for well-insulated tanks. In low-gravity experiments,’ the
pressure rise rate has been found to be lower than that in normal
gravity at the same total heat input due to reduced buoyancy and an
increase in the liquid-wetted wall area. The homogeneous rate is a
convenient baseline, as it represents the slowest pressure rise rate in
most normal-gravity situations.

Equation (6) indicates that the pressure rise rate increases linearly
with the tank volumetric heating rate Q,,/V and the parameter ¢.
For the purpose of illustration, a self-pressurization rate of two times
the homogeneous prediction is assumed as a characteristic rate for
the examples provided herein. Figure 3 shows the pressure rise of
a spherical 52-m? liquid hydrogen tank (a typical size for future
spacecraft), initially at 101 kPa, at various fill levels (by volume)
and heating rates. The range of heating rates corresponds to the
expected heat flux range® in full-scale applications. It is seen that
lower liquid fill level (yielding smaller p and larger ¢) and higher
heating rate (yielding greater Q,,/ V') result in higher tank pressure

140 1 1 1 1 1
J 7
' /
/ ,
130 - ; , L
[ .
/7
S v
2 120 , L
8 .
Ay '/
E - =295 %, 20 W
110 —--30%,20W |
——95%, 100 W
----- 30 %, 100 W
100 ] 1 T T T

0 2 4 6 8 10 12
Time, days

Fig. 3 Pressure rise dependence on fill level and heat leak (two times
homogeneous pressure rise rate, V = 52 m?).

rise rate. For 95% fill level, if the wall heating rate is reduced from
100 to 20 W, the mission duration can be increased from 2.1 to
10.7 days, assuming that the maximum allowable tank pressure is
138 kPa. This implies that a well-designed thermal protection system
can reduce the heat leak and provide a significant extension of the
storage duration. This benefit occurs at all fill levels and is enhanced
if the allowable maximum tank pressure rise is larger.

Fluid Mixing

Mixing, such as that induced by an axial jet, may be used to extend
the storage duration. As the tank fluid is mixed, thermal stratification
is reduced and interfacial condensation is promoted. It is assumed
that the entire tank can be completely mixed so that a homogeneous
state can be achieved. When the fluid temperature becomes uniform,
condensation ceases and continued operation of the mixer will not
produce a further decrease in tank pressure.

Continuous and intermittent mixing are two possible modes of
operation for fluid mixing. In the continuous mixing mode, a well-
mixed homogeneous state is maintained. Intermittent mixing is a
cyclic process in which fluid stratification occurs until a specified
operating pressure is reached, followed by a mixing period that lasts
until a homogeneous state is achieved. The cycle repeats until the
pressure in the homogenous state approaches the maximum allow-
able pressure. In either mode, operation of the mixer results in heat
input from dissipation of the mixer power, which augments the pres-
sure rise rate (as compared to the homogeneous self-pressurization
rate). Thus, the mixer power W« (corresponding to the required
jet flow rate) and the mixing time #,;; are two key variables gov-
erning mixing performance. For intermittent mixing, mixing time is
defined as the period from when the mixer is turned on to when the
tank pressure reaches the value corresponding to a homogeneous
state. For an efficient mixing system, the total energy input by the
mixer, Wiixfmix, should be kept as low as possible.

Equation (4), when applied to a mixing operation within a fixed-
volume tank, reduces to

dp — f Y — ¢)Qw Wmix
?_V(Quf+wm1x)— v (1+Qw)

dpP Wnix
= — 14+ —— 7
< dr )hsp( " Qw ) ( )

It predicts that dP/df > (dP/df)ng. Therefore, if the tank is al-
ready in a homogeneous state, fluid mixing will result in an increase
in pressure because of the additional heat input from the mixer.
If the mixer power-to-heating-rate ratio is large, the pressure rise
rate with continuous mixing could be higher than that with strati-
fied self-pressurization. A large mixer power-to-heating rate ratio
could occur due to poor mixer design and/or very high-performance
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Fig. 4 Self-pressurization and the effect of continuous mixing (95%
fill, Q,, =20 W, V = 52 m?).

thermal protection systems. Equation (7) assumes that the recir-
culating fluid does not exit and re-enter the control volume. For
an external pump, W,;x would be replaced by myix Ahyix, Where
Ahpix = hmix.; — hmix.» I the equation. It is possible to analyze var-
ious mixing processes combined with self-pressurization periods by
the combined use of Egs. (6) and (7), as is discussed in the following
example.

Several possible mixing situations are considered. In each situ-
ation the tank is initially 95% full and saturated at 101 kPa. Ho-
mogenous self-pressurization from 101 kPa to a specified operating
pressure of 138 kPa would require 21.4 days, as shown in Fig. 4, and
is considered the maximum possible duration for storage without
venting.

1) If the mixer is off, Wix = 0, tank pressure rises at an assumed
rate of two times (dP /dt)y, and will reach the operating pressure
of 138 kPa in 10.7 days, as shown in Fig. 4.

2) If the mixer runs continuously at Wy, = 15 W, tank pressure
will reach 138 kPa in 12.3 days, as shown in Fig. 4. This is only
1.6 days longer than in case 1.

3) If the mixer runs continuously at a lower power, such as
Whix =3 W, 18.7 days will elapse before the pressure reaches
138 kPa as shown in Fig. 4. This is 8.0 days longer than in case 1.
It has been assumed that homogenous conditions can be attained at
this lower mixer power.

4) Based on available ground-based mixing time correlations,
the mixing time for the system under consideration is less than 2 h for
a wide range of jet flow rates. Because the mixing time is quite short,
the total energy input by the mixer, Wyixtmix, is negligibly small
compared with the tank internal energy. Thus, the tank pressure is
reduced to about 119 kPa (homogeneous condition) after the first
mixing cycle, as shown in Fig. 5. If the mixer is run intermittently,
only two mixing cycles are required to achieve a storage duration
similar to that for case 3.

The choice of intermittent vs continuous mixing is determined by
comparing the energy inputs for each method. Considering that the
power required to achieve a well-mixed state from a thermally strat-
ified state is not likely to be substantially higher than that needed
to maintain homogeneous conditions, the intermittent mode is ex-
pected to be more efficient.

In reality, when the mixer is turned on, interface condensation
begins and tank pressure starts to decrease. As the fluid is mixed
to a certain degree, the pressure reaches a minimum value that
is higher than the corresponding value for the homogeneous self-
pressurization process. At this moment, the competing effects of
wall heat flux (increasing tank pressure) and induced interface con-
densation (decreasing tank pressure) on the pressure change become
balanced. As the mixer continues to operate, the rate of tank pressure
change becomes positive, due to diminishing interfacial condensa-
tion. Also, the mixer power input generates heat, inducing liquid
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Fig. 5 Comparison of intermittent and continuous mixing (95 % fill,
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evaporation instead of condensation as homogeneous conditions are
neared. Therefore, mixing time should be established as the time pe-
riod from when the mixer is turned on to when the tank pressure
reaches a minimum. Over- or under prediction of the mixing time
and/or mixer power will affect mixing performance efficiency.

Passive Thermodynamic Vent System

A constant-volume tank of homogeneous fluid subject to either
direct venting or passive TVS operation is governed by the following
form of Eq. (4):

dP_¢ n " oh
E_V O —mylh,—h—p % )

_9
v

where x is the quality of the fluid entering the Joule-Thompson
(J-T) device, p* = p,/(pf — p,), and Qs is the heat removal rate
of the TVS heat exchanger. A work term is not included since the
vent flow is passively driven by the tank-to-vent pressure drop. If
vapor-cooled shields are utilized, the vent flow will alter the heat
leak rate, Q. If Qs =0, then Eq. (8) represents the homogeneous
state of direct venting with x = 1 for saturated vapor only and x =0
for saturated liquid only.

For normal TVS operation, liquid is withdrawn from the tank
through a liquid-acquisition device so that the fluid entering the
J-T device has the quality x =0. The rate of heat removal by the
lower pressure two-phase flow as the fluid passes through the heat
exchanger can be expressed as

Ows = MysAhy = Cmtvshfg )

[Qu — Qus — mush o (x + p")] ®)

In Eq. (9), C is set equal to Ahy/ hys,, Where Ahy, is the change
in enthalpy in the TVS heat exchanger and /4, is the latent heat of
vaporization corresponding to the tank pressure. The coefficient C is
a system parameter and its value depends on the performance of the
TVS heat exchanger, the J-T device, and the tank and vent pressures.
For a properly designed space-based system, typical values of C may
vary from 0.8 to 1.1. Thus, Eq. (8) becomes

dP _ f _ mwsl’lfg «
(92 |- el ey (10)
T\ dr by 0w p

These equations may be used to compare the performance of a pas-
sive TVS to that of an ideal TVS for a isothermal fluid system. In



484 LIN, VAN DRESAR, AND HASAN

1.0 1 1 1
0.5 - RN i
g 00+ -
& s
< RN
3 | .‘ .. |
S .05 el
2 RN
——cC=08 R
104 0 ----- 0.9 RS
--------- 1.0
“1.5 T T T
0.0 0.5 1.0 1.5 2.0
mtvshfg/Qw

Fig. 6 Passive TVS performance for hydrogen at 138 kPa.

an ideal TVS, the vapor leaves the heat exchanger at a temperature
equal to the tank fluid temperature; that is, A/ i at a maximum.
For a cryogenic hydrogen system the maximum value of C (an ideal
system) can be approximated by

Coax & 1 +4.3 x 1074AP (for P < 400kPa)  (11)

where AP (in kilopascals) is the difference between the tank and
TVS pressures.

Equation (10) is useful for specifying the range of vent flow rates
required to maintain constant pressure. Figure 6 shows that for a
given pressure change rate, the required TVS flow rate decreases
with an increasing value of the coefficient C.

In passive TVS operation, the conduction- and/or natural
convection-dominated heat transfer process usually leads to a slow
tank pressure response to the system operation. In reality, a signifi-
cant amount of TVS flow will be vented before a reduction in tank
pressure occurs. In addition, the tank fluid will be thermally strat-
ified. Thus, the TVS flow rate and the total vented mass obtained
from Eq. (10) are expected to be lower than the actual requirements.

Active Thermodynamic Vent System
Assuming that a constant-volume propellant tank is in a homoge-
neous state when the active TVS pressure-control method is applied,
the homogeneous equation can be simplified and used to predict the
rate of change in tank pressure:

P ¢
d Vv
where it has been assumed that saturated liquid (x =0) is removed
via a liquid acquisition device. It is noted that W,y — mys Ahys may
be replaced by —Mmix (hmix,o - hmix,i)-
To maintain constant tank pressure, the required energy removal
rate by the TVS heat exchanger is

(mlvsAhlvs)dP/dt:O = Qw + Whix — ""ltvslflf‘gwo;k (13)
Thus, Eq. (12) can be expressed as

[Qw + Wmix - mlvsAhlvs - mlvshfgp*] (12)

dpP ¢ Wmix mlvshfep*
— ==—0,|1l+— - ——|0-r 14
ar VQM[ + 0. 0. T=ry) (14)
where the parameter r; is defined as
mtvsAhtvs

15)

r=————
1 (Muys Ahiys)aprar =0
The parameter | represents the ratio of total heat actually removed
from the mixer fluid to total heat required to be removed in order
to have dP/dr =0. Several observations can be made regarding
Eq. (14):

1) If mys =00 =0) and Wy, >0, then only fluid mixing is
performed and Eq. (14) will yield Eq. (7).
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Fig. 7 Effect of the parameter r; on pressure change rate.

2) If mys > 0(r; > 0) and Wy, =0, then passive TVS only is
performed yielding Eq. (10).

3) If both ms > 0(r; > 0) and Wy, > 0, then active TVS is per-
formed.

Equation (14) is functionally equivalent to

dpjdi _ _dPjdr f[rl, Woni mwshfgp*} (16)
d)Qw/V (dP/dt)hsp Qw Qw

Based on Eq. (16), the performance of an active TVS can be eval-
uated as a function of relevant parameters. Figure 7 shows the ef-
fect of r; on the pressure change rate for Wy,x/Qmix =0.05 and
0.5 and myysh s 0*/ Q. equal to 0.05 and 0.1, which are represen-
tative values for spacecraft tanks. If the actual heat removed by
the TVS heat exchanger has a 50% variation from the required
value for dP/dr =0 (i.e., r; =0.5 or 1.5), then dP /dt =+£50 and
+75% for Whix/ Omix = 0.05 and 0.5, respectively. The sensitivity of
(dP/dt)/(dP /dt)pnsp to 1y increases as Wiix/ Omix increases. Thus,
lower jet flow rate and/or improvement of mixer efficiency, resulting
in lower required mixer power, gives improved mixing performance.

The required energy removal rate specified by Eq. (13) to maintain
dP/dt =0 includes that required to offset heat addition from the
mixer. A parameter r, representing the fraction of the total TVS
mass flow rate used to remove this mixer-generated heat can be

defined as
ry = [ Wmix ] (17)
Qu + Whix — Mush 1e0* {4000

Figure 8 shows the effect of the mixer-power-to-volumetric-heating
ratio Wpix/Q, on the parameter r,. It is observed that the ef-
fect of the ratio mysh re0*/ QW on 1, is quite small for a wide
range of mixer power inputs. However, for a given TVS flow rate,
r, increases significantly with increasing Wy, /Q,,. For example,
Winix/ Qw = 0.05 has a value of r, equal to 0.04, whereas the value
of 1, for Wyix/ Q. =0.5 is about 0.3. The design of an active TVS
should have a value of Wy /Q,, as low as possible.
Combining Egs. (9) and (12) gives

dp (b Q w Wmix mtvsh fg
- = 1 — N (C 4 p*
5 v [ + 0. 0. (C+p"
dpP Wmix m‘vsh fg
== ) |14 Iy pr 18
( dt )hsp[ + QU’ QU) ( + p ) ( )

Comparison of Egs. (10) and (18) reveals that more TVS mass
flow is vented by an active TVS than by a passive TVS because
of the additional heat input by mixer power if C is equal for both
systems. However, in the active TVS operation, the heat transfer
process is a result of forced convection, which has a much faster
response than the conduction/natural convection processes in the
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Fig. 8 Effect of mixer power on the parameter r;.

passive TVS. Also, tank thermal stratification is largely destroyed
in active TVS but not in passive TVS. Therefore, in reality, the ho-
mogeneous model is more appropriate for an active TVS than for
a passive TVS. If the mixer power is not exceptionally large, the
active TVS should be more efficient than a passive TVS. It is noted
that in the design of an active TVS pressure-control experiment, one
can evaluate the order of magnitude for each term on the right-hand
side of Eq. (18).

Conclusions

An analysis of the self-pressurization of a cryogenic storage sys-
tem and the performance of pressure-control devices such as fluid
mixing, passive TVS, and active TVS has been presented. Simpli-
fied equations based on homogeneous models are given to predict
the pressure-change rate of a self-pressurizing tank that has a known
total heating rate with or without a mixer or TVS. It is assumed that
the tank fluid is isothermal and at the saturation temperature corre-
sponding to the tank pressure. The equations do not apply to cases
where a noncondensable gas is present or if methods other than mix-
ing or TVS are used to control tank pressure. Since the equations
are developed from thermodynamic analysis only, factors such as
surface heating uniformity, tank shape, wetted tank wall area, and
liquid position are not considered, although they may have relevance
to various practical applications. The various pressure control tech-
nologies are intended for use in low gravity, where the liquid is
not settled and preferential venting of vapor will not be practical.
Several conclusions are drawn from the analysis:

1) The pressure change rate of a tank increases with tank volu-
metric heating rate Q,,/ V.

2) Fluid mixing reduces pressure rise rate by destroying thermal
stratification. This is an appropriate method for moderate extension
of short-term storage duration. An optimal design of the mixer de-
vice is one that has the lowest value of the product of mixer power
and mixing time, Wy,ixfmix, fOr a given tank pressure reduction rate.
Intermittent mixing is preferred over continuous mixing. The mix-
ing time and mixing power of a given system should be accurately
predicted to obtain an efficient pressure control procedure (i.e., to
minimize Woixfmix-)

3) For a given pressure change rate in a passive or active TVS, the
required flow rate decreases with increasing C (= Ahys/hysg). An
active TVS design should have a value of W,/ Q,, as low as possi-
ble so that the fraction of total TVS flow rate required to remove the
heat generated by the mixer is minimized. The determination of ac-
tual TVS heat exchanger and mixing device effectiveness is needed
to predict the values of msAhys and muyix Al Tespectively, re-
quired for either maintaining constant tank pressure (dP /dt = 0) or
reducing the tank pressure at a desired rate.

Appendix: Numerical Approximation of the Energy
Derivative

The energy derivative ¢ can be expressed in terms of average
density p or specific volume v:

_1 ou _ ou Al
¢)_ pﬁp—v ﬁv ( )

The tank fill fraction B, fluid quality x, and density or specific vol-
ume ratio are related as follows:

(I =x)/x = (ps/pIB/ (1 — B)] = (vg/vp)B/(1 — B)] (A2)
where 8 = percent fill/100. Rearranging gives an expression for x:

x = {14 (ps/p)IB/ (1 = BN = {1+ (v /v)IB/(1 = B}

(A3)

The quality is used to calculate p or v, used in Eq. (A1):
o=I[x/p, +(1— x)/pf]’l = constant (A4)
v = xv, + (1 — x)v; = constant (AS)

The partial derivative in Eq. (1) is numerically approximated as

ou ou Uy — Uy
— | == &= —- (A6)
P ), apP) P—-P

States 1 and 2 must have the same density (or specific volume).

Therefore the qualities at these states must be calculated in order to
calculate the respective internal energies u:

u=xug+ (1 —=x)uy (A7)

v_v _ 1p— 1y
Vg — Uy 1/pg —1/py

X =

(A3)

where p or v have been calculated using Eq. (A4) or (AS).

References

!Bullard, B. R., “Liquid Propellant Thermal Conditioning System Test
Program,” Lockheed Missiles and Space Co., LMSC-DI159262 (NASA CR-
72971), Sunnyvale, CA, July 1972.

2Adyelott, J. C., Carney, M. J., and Hochstein, J. 1., “NASA Lewis
Research Center Low-Gravity Fluid Management Technology Program,”
AIAA/GNOS Paper 85-002 (NASA TM-87145), Nov. 1985.

3Merino, F., Blatt, M. K., and Thies, N. C., “Filling of Orbital Fluid
Management Systems,” General Dynamics/Convair, CASD-NAS-78-010
(NASA CR-159404), San Diego, CA, July 1978.

4Hasan, M. M., Lin, C. S., and Van Dresar, N. T., “Self-Pressurization of
a Flightweight Liquid Hydrogen Storage Tank Subjected to Low Heat Flux,”
Cryogenic Heat Transfer, edited by A. Adorjan and A. Bejan, HTD-Vol. 167,
American Society of Mechanical Engineers, New York, 1991, pp. 37-42.

5Van Dresar, N. T., Lin, C. S., and Hasan, M. M., “Self-Pressurization
of a Flightweight Liquid Hydrogen Tank: Effects of Fill Level at Low Wall
Heat Flux,” AIAA Paper 92-0818, Jan. 1992.

6Lif;:benberg, D. H., and Edeskuty, F. J., “Pressurization Analysis of a
Large-Scale Liquid-Hydrogen Dewar,” International Advances in Cryogenic
Engineering, edited by K. D. Timmerhaus, Vol. 10 (Sec. M-U), Plenum, New
York, 1965, pp. 284-289.

7 Aydelott, J. C., “Effect of Gravity on Self-Pressurization of Spherical
Liquid-Hydrogen Tankage,” NASA TN D-4286, Dec. 1967.

8Schuster, J. R., Russ, E. J., and Wachter, J. P, “Cryogenic On-Orbit
Liquid Depot Storage, Acquisition, and Transfer Satellite (COLD-SAT)”
NASA CR-185249, July 1990 pp. 3-5-3-10.

90kita, N., and Oyama, Y., “Mixing Characteristics in Jet Mixing,” Chem-
ical Engineering Japan, Vol. 1, No. 1, 1963, pp. 94-101.

1OMeserole, J. S., Jones, O. S., Brennan, S. M., and Fortini, A., “Mixing-
Induced Ullage Condensation and Fluid Destratification,” AIAA Paper 87-
2018, June—July 1987.

HLin, C. S., Hasan, M. M., and Nyland, T. W., “Mixing and Transient
Interface Condensation of a Liquid Hydrogen Tank,” AIAA Paper 93-1968,
June 1993.



