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ABSTRACT

A 22-in. - (56-cm-) diameter spherical tank partially filled with liquid hydrogen was
subjected to three venting tests. Two of the tests were conducted with uniform heating of
the tank and the third with top heating only. The experimentally determined venting rates
were compared with theoretically predicted venting rates equal to the energy input
divided by the heat of vaporization. Each experimental venting rate was much less than
the corresponding theoretically predicted venting rate. The difference between the theo-
retical and experimental results was concluded to be primarily caused by the super-
heating of the venting vapor, an effect that is commonly neglected in the analysis of vent-

ing cryogenic tanks.
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VENTING OF LIQUID HYDROGEN TANKAGE
by John C. Aydelott and Charles M. Spuckler

Lewis Research Center

SUMMARY

A 22-inch- (56-cm-) diameter spherical tank partially filled with liquid hydrogen
was subjected to three venting tests. Two of the tests were conducted with uniform heat-
ing of the tank and the third with top heating only. The experimentally determined vent-
ing rates were compared with theoretically predicted venting rates equal to the energy
input divided by the heat of vaporization. Each experimental venting rate was much less
than the corresponding theoretically predicted venting rate. The difference between the
theoretical and experimental results was concluded to be primarily caused by the super-
heating of the venting vapor, an effect that is commonly neglected in the analysis of
ventirn.g cryogenic tanks.

INTRODUCTION

Hydrogen is very effective for use as a rocket fuel because of the high specific im-
pulse it produces when it is either reacted with an oxidizer or used as a heated expellant
as in a nuclear rocket. However, mission planners and tank designers are confronted
with problems that result from the many properties of hydrogen that set it apart from
common fluids. Gaseous hydrogen has a low density, so it is practical for space mis-
sions to store hydrogen only as a liquid or as a liquid-solid mixture. Liquid and solid
hydrogen have a very low equilibrium temperature, which makes it difficult to insulate
a storage container sufficiently to prevent a net heat gain. Under these conditions, the
pressure will rise until venting is required, with an accompanying propellant loss.

Reference 1 analyzes various types of venting systems and compares them with a
system venting saturated vapor. The analysis includes the consideration of system
weight, propellant loss, reliability, and feasibility. It was concluded that liquid or vapor
removal followed by a throttling valve and either an internal or an external heat exchanger
is the best venting system. Reference 2 compares venting saturated vapor with liquid



extraction, expansion, and then cooling of the tank with exterior coils. The results of
these tests showed that at a low heat flux the mass flow rates for liquid venting and vapor
venting were nearly the same. At a high heat flux, the liquid vent mass flow rate was

4 percent greater than the vapor mass flow rate. A similar conclusion was reached by
the author of reference 3, who stated that the overall thermodynamic effect of extracting
liquid and passing it through a throttle valve and a heat exchanger is essentially the same
as venting saturated vapor. This conclusion is supported by data on venting under low
gravity conditions that can be found in references 4 and 5. Reference 4 presents the re-
sults of experiments conducted in a drop tower using small tanks containing either freon
or liquid hydrogen. Reference 5 presents the results of venting an orbiting Saturn SIVB
stage containing liquid hydrogen. Both of these studies also show that rapid depressuri-
zation may result in entrainment of liquid in the vapor, and it was concluded that under
reduced-gravity conditions approximately one ullage volume of vapor can be rapidly
vented without venting liquid.

When theoretically evaluating various venting systems, it is common to assume that
all systems vent saturated vapor. This assumption, however, can be misleading for real
systems if the vented vapor is superheated. Additional data presented in reference 5 in-
dicated that when a small acceleration was applied to the partially filled orbiting hydrogen
tank slow continuous venting of superheated hydrogen vapor occurred. Also, data on the
normal-gravity venting of a 50 000-gallon (189 000-liter) spherical liquid-hydrogen stor-
age tank (ref. 6) indicated that the vented vapor was highly superheated.

This report presents the data obtained from three venting tests of a spherical
22-inch- (56-cm-) diameter liquid-hydrogen tank. Two of the tests were performed with
uniform heating and one with top heating only. The effect of the variables, average heat-
transfer rate and heating configuration, was determined. An analysis is presented which
relates the rate of mass loss to the rate of energy input to a venting tank. Several sim-
plifications are used to reduce the energy balance equation that results from the analysis
to the commonly employed formula that equates the rate of energy input to the rate of
mass loss times the heat of vaporization (saturated-vapor venting). The validity of the
various simplifications is considered in light of the available data. It is concluded that,
when liquid-hydrogen tanks are vented, superheated vapor may leave the tank, and the
resulting rate of mass loss is much less than would be calculated based on saturated

vapor venting.

ENERGY BALANCE ANALYSIS

The following theoretical analysis is based on the formulation for a boiloff calorim-
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eter that is presented in reference 7. The above sketch shows the similarity between a
vacuum-jacketed liquid-hydrogen container and a typical boiloff calorimeter. (Symbols

are defined in appendix A.)

The following simplified equation is the first law of thermodynamics (energy balance)

applied to an unsteady-flow process (ref. 8):

du
q——--+wh0

dt

q=— udm+wh0

where m, the mass within the system control surface, is

m=m m m
Pty t
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du d(dm,) d(dm )
q-= —del+ uz———i+/‘ Y dm +/ —Edm
dt dt
m, m, m_

d(dm c)

(1)

@)

(3)

(4)



The second and fourth terms on the right side of equation (5) refer only to mass transfer
across the liquid-vapor interface, so the evaluation of these integrals is greatly simpli-
fied. The mass of the container is constant:

\
—%-9
dat
and
r (6)
d(dm )
u 0
C at
m, )
dul dmZ duV u, 0
q-= —dm, +u + —Ydm_+u ——+ —dm +Wh 7
dt l l,sat dat dt \' v, sat dt
mZ mv

The first simplification of the energy balance results if the internal energy of the
liquid is constant:

\
du
_L_op
dt
and
- ®)
duZ
. dmZ =0
dt
m, J

The second simplification of the energy balance results if the internal energy of the vapor
is constant (inside the system control surface):
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The third simplification of the energy balance resulis if the internal energy of the con-
tainer does not change:

~
dt
and
> (10)
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Applying these three simplifications to equation (7) yields

dm dm

~ \
a= ul, sat dt + uv, sat dt + Who (11)

The total mass of liquid and vapor is a constant, so the rate of change of total mass
is equal to zero:

i Viw=0 (12)
dt dt



By definition,

Yz, sat = hZ, sat = Yz, sat )
Uy, sat = hv, sat ~ PVy sat [ (13)
A= hv, sat = hl, sat J
Combining equations (11) to (13) yields
dmV
q= i [A - P(VV, sat ~ Vi, sat)] + W [(ho - hy sat) T A Py, sat] (14)

Assuming that the liquid and vapor are saturated and that the specific volume of the
liquid and vapor vary only slightly from their average values gives
dv

d_‘7v, sat _ "', sat 0 (15)

dt dt

The container, occupied by the saturated liquid and vapor within the system control sur-
face, has a constant volume:

mﬁl’ sat T mVVV, sat = V (16)

Differentiating equation (16) and applying equation (15) gives

dm ) dmV
—v Y =0 17
7 Lsat T T4 Vv, sat (17)

Combining equations (12) and (17) gives

dm WVZ, sat

A (18)

dt Vv, sat = Vi, sat



Combining equations (14) and (18) gives

q =W (19)

*v, sat +w(_ -h
Vv, sat ~ Vi, sat ’

The fourth simplification of the energy balance results if saturated vapor leaves the
container:

h -h

o~ v, sat = 0

7 (20)
q=wrf_ v, sat

Vy, sat = Vi, sat

This is the classical expression for boiloff calorimeter calculations. The fifth simplifi-
cation of the energy balance results if the specific volume of the liquid is much smaller
than the specific volume of the vapor:

v b

v, sat ~ 1

Vy,sat ~ Vi, sat

} (21)

and

q=wx

J

Equation (21) is the classical expression for boiler calculations, the formula that is com-
monly used by mission planners and tank designers to determine the rate of mass loss
from venting cryogenic storage tanks. It should be remembered that equation (21) is
based on five simplifications:

(1) Constant liquid internal energy

(2) Constant vapor internal energy

(3) Constant container internal energy

(4) Saturated vapor leaving the container

(5) A much smaller specific volume of the liquid than that of the vapor
The validity of these simplifications should be examined for each venting cryogenic
storage tank.



APPARATUS
Liquid-Hydrogen Container

A schematic drawing of the liquid-hydrogen experimental apparatus is presented in
figure 1. The apparatus consists of three concentric spheres: the imner sphere con-
tains the liquid hydrogen, the intermediate sphere has electric heating coils mounted on
its exterior surface, and the outer sphere serves as a vacuum jacket to reduce gaseous
conduction of heat. The outer surface of the inner sphere and the inner surface of the
heaters were painted black to increase their emissivity. The stainless-steel fill and
vent tubes supported the inner sphere.

A heater controller, which basically consisted of a bridge circuit that balanced the
resistance of a temperature sensor on each heater with a corresponding rheostat on the
control panel, was used to maintain heater temperatures of 3600, 5000, or 560° R (200,
278, or 311 K).

An orifice in the hydrogen vent line was used to determine the mass of vapor vented.
For the uniform heating test with high heater temperature, a 0.055-inch- (0. 14-cm-)
diameter orifice was put in the vent line. For the uniform heating test with low heater
temperature and the top heating test, a 0.031-inch- (0.079-cm-) diameter orifice was
put in the vent line. The orifices were chosen so that they were just large enough to
maintain the maximum allowable pressure at the maximum venting condition. Calibra-
tion of the orifices over the pressure range of the vent cycle showed that the theoretical
flow rates were within 1 percent of the actual flow rates.

Instrumentation

Temperature and pressure transducers measured the total system pressure,
vacuum-space pressure, surface temperature of the inner sphere, heaters, and vacuum
jacket and temperature at 16 locations inside the inner sphere. A thermocouple was
used to measure the temperature of the vent gas at the orifice. Figure 2 shows the loca-
tions of the surface-temperature transducers on the inner sphere and the four carbon-
resistor temperature rakes that were located within the inner sphere to measure the
temperature of the hydrogen liquid and vapor. Figure 3 is a photograph which shows two
of the carbon-resistor rakes. DPrior to a test run, the resistance of any temperature
transducer could be determined by using a digital ohmmeter mounted in the control panel.
A very small electric current is passed through a temperature transducer to determine
the resistance and thus the temperature of the transducer.

When a relatively high voltage is applied to a carbon resistor, its temperature, and



thus resistance, is quite different depending on whether or not the temperature probe is
in the liquid or vapor phase. This phenomenon is due to self-heating. Exploitation of
this fact, together with careful arrangement of the carbon resistors, made it possible to
use the carbon resistors to determine the liquid level in the sphere prior to the start of
a test.

The temperature of the vent gas was monitored on the control panel. The tempera-
ture was recorded at the start and end of each vent cycle. For the long vent cycles, the
temperature was also recorded at various times during the cycles.

An ionization gage was used to measure the pressure in the vacuum space. The lo-
cation of the gage and the attachment point of the two pressure transducers used to meas-
ure the pressure in the inner sphere can be seen in figure 1. A 28-volt direct-current
power supply was used to operate the pressure transducers. The vacuum pressure was
monitored continuously on the control panel. During a test, the 0- to 5-volt output from
one of the inner-sphere pressure transducers was recorded on magnetic tape. The other
pressure transducer was monitored with a digital voltmeter.

For the first 45 minutes of each test and for 5 to 15 minutes at intervals of at least
40 minutes, pressure and temperature data were recorded on magnetic tapes. A total of
approximately 90 minutes of data was recorded for each test run.

A detailed description of the temperature and pressure measuring and recording sys-
tems and an analysis of the error associated with them are given in reference 9.

PROCEDURE

Prior to the assembly of the experimental apparatus, thermocouples were attached
to the inner sphere, heaters, and vacuum jacket. All temperature transducers were
calibrated at 139.5° R (78 K) by filling the inner sphere with liquid nitrogen and sub-
merging it and the other two spheres in a liquid-nitrogen bath. The transducers were
also calibrated at 347°, 486°, 537°, and 601° R (193, 270, 298, and 334 K) by placing
the spheres in a controlled temperature chamber. After the experiment had been as-
sembled, the inner-sphere temperature transducers were calibrated at 36. LR (19.1 K)
by filling the sphere with liquid hydrogen. Each temperature transducer bridge was cali-
brated by using a decade box to obtain a voltage-against-resistance plot. Prior to each
test, the pressure transducers were calibrated with standard pressure gages.

Each of the calibration curves for the temperature transducers and for the bridges
was curve fitted using a digital computer. The magnetic tapes for each test were fed
into the digital computer along with the calibration curve fits. An automatic data reduc-
tion program returned printed temperature data at half-second intervals for each trans-
ducer. A plot of the output of the pressure transducers was obtained by feeding the out-



put of the magnetic data tape into a line recorder.

For each of the tests, the experiment was prepared in an identical manner; only the
actual test conditions were varied. The space between the inner and outer spheres was
evacuated first with a mechanical pump and then with a diffusion pump. Then the inner
sphere was filled with liquid hydrogen. The addition of the liquid hydrogen reduced the
pressure between the inner and outer spheres due to cryogenic pumping. The capillary
tubes (fig. 1) were used to remove liquid from the inner sphere until the approximate
desired liquid level was obtained. By recording the time when the liquid level went be-
low each resistor and extrapolating to the starting time of the test, the initial percent
filling could be determined.

Transients were eliminated by setting the heater controller to maintain the desired
heater temperature prior to determining the liquid level for the test. At minus 1 minute,
the system began to record data on magnetic tape. At zero time, the vent valve was
closed and the experiment was allowed to self-pressurize. The tank vent was opened
when the pressure reached approximately 50 psia (34.5 N/sq c¢m), and the tank was al-
lowed to vent until the pressure decreased to approximately 45 psia (31.1 N/sq cm).
This venting cycle was repeated until the end of the test. A stopwatch was used to obtain
the length of each vent cycle. ’

EXPERIMENTAL RESULTS

The experiments performed consisted of two tests with uniform heating and one with
top heating. A nominal initial filling of 65 percent was used for the tests. Heater tem-
peratures of approximately 360° and 500° R (200 and 278 K) were used for the uniform
heating tests. The top heating test was performed with a heater temperature of approxi-
mately 560° R (311 K).

Figures 4 to 6, showing pressure and temperature as a function of time, present the
data obtained from the test runs. Each of the figures consists of four plots: (a) total
pressure as a function of time, (b) upper inner-sphere temperature as a function of time,
(c) middle inner-sphere temperature as a function of time, and (d) lower inner-sphere
temperature as a function of time. The solid lines on the plots of temperature against
time result from the continuously available data for the first 45 minutes of each test.
The symbols indicate the average values obtained from the occasional bursts of recorded
data; the symbols were then connected with dashed lines. Figure 7, an expanded section
of some of the data presented in figure 6, shows in detail the typical variations in tem-
perature and pressure obtained in all the tests. The experimental data presented in fig-
ures 4 and 5 (tests 1 and 2) show the effect of two different uniform heat fluxes of 23.5
and 87.5 Btu per square foot (74.1 and 275.7 W/sq m). The experimental data presented
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in figure 6 (test 3) presents the effects of top heating at an average heat flux rate over the
whole inner sphere of 76.1 Btu per hour per square foot (239.9 W/sq m). The heating
condition for test 3 is similar to what a bare stainless-steel tank in space would experi-
ence if the top of the tank were oriented toward the sun. The total energy input rates for
tests 2 and 3 were intended to be approximately the same. The heat-transfer rate for
test 1 was intended to be approximately one-quarter of the heat-transfer rate for test 2.

DISCUSSION OF EXPERIMENTAL RESULTS
Energy Balance Analysis

The ANALYSIS section of this report provides a good introduction to the discussion
of the experimental results. Tank designers and mission planners commonly use the
highly simplified form of the venting tank energy balance which states that the heat-
transfer rate is equal to the product of the mass flow rate and the heat of vaporization
(eq. (21) of the ANALYSIS). It is realized that for a real cryogenic storage system the
most difficult problem may be accurately determining the heat transfer rate. However,
the purpose of this report is to consider the validity of applying the many simplifications
to the venting tank energy balance in light of the available experimental data.

Energy Distribution

Liquid. - The first simplification that was applied to the venting tank energy balance
was based on the existence of a constant liquid internal energy (eq. (8) of the ANALYSIS).
This is a valid simplification only if the liquid is initially at the saturation temperature
corresponding to the desired vent pressure. This point is best made by reference to fig-
ure 8 which is a plot of the average mass flow rate as a function of time for a typical
venting test. The test pressure history was intended to be similar to those for a real
cryogenic storage tank. The tank was filled and initially allowed to vent at atmospheric
pressure. At the start of the test, the tank was sealed and self-pressurization took place
until the maximum allowable pressure of 50 psia (34.5 N/sq cm) was reached. Then the
vent valve was alternately opened and closed as the tank pressure cycled between 50 and
45 psia (34.5 and 31 N/sq cm). Consequently, the saturation temperature of the liquid
was raised approximately 8° R (4.5 K). (The required properties of hydrogen were ob-
tained from ref. 10.) Corresponding to this increase in temperature is an increase in
the internal energy of the liquid so that during the early part of the test a large portion
of the incoming energy is absorbed by the liquid. The results presented in figure 8 show
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that during the self-pressurization phase the mass flow rate is zero, and then the average
mass flow rate remains quite low until the liquid is heated to the new saturation temper-
ature.

The error that will be introduced if the effect of liquid heating is not included in the
analysis will depend on both the heat-transfer rate and the storage time. A knowledge of
the initial mass of liquid together with the allowable change in pressure determines the
heat capacity of the liquid. The product of the heat-transfer rate and the storage time
yields the total energy input to the tank. I the heat capacity of the liquid is an appre-
ciable percentage of the total energy input, the effect of liquid heating should be included
in the analysis.

Of secondary interest is the rate at which the incoming energy is absorbed by the
liquid. If storage times are relatively short, there may be some advantage to mechan-
ically mixing the liquid or orienting the tank relative to the source of energy input
(ref. 9). Either of these will ensure that all of the liquid is heated to the higher satura-
tion temperature, thus minimizing the mass loss due to venting. For long storage times,
the liquid will eventually absorb the same amount of energy irrespective of the rate at
which it is absorbed.

Vapor. - The second simplification that was applied to the venting tank energy bal-
ance was based on the existence of a constant vapor internal energy (eq. (9) of the
ANALYSIS). The data presented in figures 4(b), 5(b), and 6(b) show that large changes
take place in the temperature of the vapor, especially during the self-pressurization
phase and immediately following. As venting begins, the temperature of the vapor in-
creases rapidly, absorbing energy, and then decreases rapidly, rejecting energy. For
tests 1 and 2 (figs. 4(b) and 5(b)), the temperature of the vapor returns to approximately
the initial condition before starting a gradual increase as venting continues. As a con-
sequence, from the point of view of an energy balance and resulting mass loss, the ef-
fect of the early large changes in temperature of the vapor can be neglected. However,
for test number 3, in particular, and for all the tests if the storage time is short, the
effect of vapor heating could be important.

In general, the mass of the vapor will be quite small compared with the total mass
of the system. Consequently, as the temperature of the vapor gradually increases, fol-
lowing the initial transient, it will absorb only a small amount of energy.

Container. - The third simplification that was applied to the venting tank energy bal-
ance was based on the existence of a constant container internal energy (eq. (10) of the
ANALYSIS). The data presented in figures 4(b), 5(b), and 6(b) show that the temperature
response of the container was similar to the temperature response of the vapor. For
tests 1 and 2, if storage times are long, the effect of the initial transient will be can-
celled out. However, for test number 3, in particular, and for all the tests, if the stor-
age time is short, the effect of the container heating could be important. At later times
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in the storage period, if the tank wall is thin, such as would be used for flight hardware,
the mass of the container will be small, and it will absorb an insignificant amount of en-
ergy. However, if the container tank wall is thick, such as might be used for ground-
based or high-pressure storage of cryogenics, the energy that is absorbed by the tank
should be included in the analysis.

Evaluation of energy integrals. - For long storage times, evaluation of the effect of

liquid heating will be fairly easy since all the liquid will be at a uniform temperature
both initially and finally. Evaluation of short-storage-time liquid heating will be more
difficult because the temperature will b~ - function of position. The same difficulty al-
ways exists for vapor and container heating. For real tank tests, many temperature
transducers will be required to adequately map the temperature profiles. Once the tem-
perature as a function of position has been determined, the specific internal energy and
density of the vapor, container, or liquid can be determined at any time. For the vapor,
container, or liquid, it is then necessary to determine the time rate of change of the in-
ternal energy as a function of position and evaluate the appropriate terms in the energy
balance (eq. (7) of the ANALYSIS).

Fluid Properties

Specific volume. - A further simplification that was applied to the venting tank en-
ergy balance is valid if the specific volume of the liquid is much smaller than the specific
volume of the vapor (eq. (21) of the ANALYSIS). For hydrogen at atmospheric pressure,
the specific volume of the liquid is slightly more than 1 percent of the specific volume of
the vapor, and the simplification is certainly valid. At elevated pressures, the simpli-

fication becomes less valid because the specific volume of the vapor is reduced while the
specific volume of the liquid is essentially unchanged. At 50 psia (34.5 N/sq cm), the
specific volume of liquid hydrogen is slightly more than 6§ percent of the specific volume
of hydrogen vapor, and appreciable error would be introduced by including the simplifica-
tion. Since evaluation of the term in the energy balance involving the specific volume of
the liquid and vapor is quite simple, it is recommended, at least for hydrogen storage,
that the term be included.

Superheated vapor. - The simplification of the venting tank energy balance, which

results if saturated vapor is assumed to leave the container, in most cases should not be
applied to cryogenic storage tanks. For hydrogen at 50 psia (34.5 N/sq cm), the energy
absorbed in superheating 1 pound of vapor 60° R (33 K) is approximately the same as the
heat of vaporization. The data presented in figures 4(b), 5(b), and 6(pb) show that, for

the reported tests, the vapor leaving the venting hydrogen container (temperature trans-
ducer 25) is definitely superheated, since the saturation temperature is always less than
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46° R (26 K). If the superheating of the vapor is not accounted for in any prediction of
venting mass flow rates, tremendous errors may result. Figure 8 shows how the mass
flow rate decreases as the temperature of the vented vapor increases after approximately
40 minutes of the test. Experimentally, only one temperature transducer, located at the
outlet of the tank, is required to include the effect of superheated vapor in the analysis.

Venting Characteristics

Pressure as a function of time. - The importance of the venting vapor temperature
and liquid heating can be seen by studying figures 4(a), 5(a), and 6(a) which are plots of
pressure as a function of time for the three tests. Following the self-pressurization
phase, the venting vapor temperature is high so that the vent cycles are short. As time
progresses, the venting vapor temperature decreases, because of the generation of satu-
rated vapor at the liquid-vapor interface, and the vent cycles become longer. Also, im-
mediately following the self -pressurization phase, the liquid is absorbing a large per-
centage of the incoming energy so that there is less energy that must be dissipated by
venting. For tests 1 and 2, uniform heating (figs. 4(b) and (d) and 5(b) and (d)), the lig-
uid temperature reaches a maximum at approximately the same time that the venting va-
por temperature reaches a minimum, and a much longer vent cycle results (figs. 4(a)
and 5(a)). During this continuous venting period, the venting vapor temperature slowly
increases, because of the dropping liquid-vapor interface, until intermittent venting is
again capable of keeping the tank pressure below 50 psia (34.5 N/sq cm). In the case of
test 3, top heating (figs. 6(b) and (d)), the venting vapor temperature reaches a minimum
first, and a continuous venting period begins (fig. 6(a)). The venting vapor temperature
increases until a period of intermittent venting results. Since the tank is being heated
only from the top, it takes much longer for the liquid temperature to reach a maximum.
When the liquid has absorbed all the energy it can, another continuous vent cycle follows.
Finally, the venting vapor temperature increases, as the liquid-vapor interface drops,
so that intermittent venting is again possible, and the pressure curve is similar to that
of the first two tests.

Mass loss as a function of heat input. - The experimental results obtained from the
three tests were compared by determining both the rate of heat input to the tank and the
rate at which mass left the tank. The heat input to a real tank was obtained by perform-
ing a heat-transfer analysis. Appendix B contains the details of the heat-transfer analy-
sis used for this experimental program. The results of this analysis indicated that the
main source of energy input to the experiment was radiant exchange from the heaters.
Heat transfer due to conduction along the fill tube, vent tube, and instrumentation wires
and gaseous conduction through the vacuum space was less than 1 percent of the total en-
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ergy input. An orifice was used to measure the rate at which mass left the hydrogen
container during venting. The pressure upstream of the orifice was always great enough
to cause choked-flow conditions to exist at the throat of the orifice. Consequently, the
mass flow equation for choked flow from reference 11 (different symbols have been used)
was used to determine the mass of vapor vented:

1/2

o AP, yM( 9 )(wl)/(y—l)

Both the total heat input and the total mass vented were determined as a function of
time and cross plotted in figure 9, which is a plot of the mass vented as a function of heat
input. The theoretical line that appears in this figure is based on a homogeneous pres-
sure rise from 15 to 50 psia (10.5 to 34.5 N/sqg cm) followed by a mass loss equal to the
heat input divided by the heat of vaporization (eq. (21) of the ANALYSIS section).

Reference 9 discusses the self -pressurization phase of the tests in some detail for
a similar tank. For the purposes of this report, it is of interest only to note that the
first vent cycle is necessary sooner for the real tanks than for the theoretical model and
that heating from the top causes even greater rates of pressure rise and earlier venting.
However, the results presented in figure 9 show that only for very short test times is
there an advantage to maintaining homogeneous conditions in the tank. As was discussed
in the Energy Distribution section, this result is due to the fact that under real test con-
ditions the liquid absorbs energy at a slower rate than would be predicted by the homoge-~
neous model. But soon after venting is started, the liquid becomes saturated at the vent-
ing pressure, and all the heat capacity of the liquid has been used.

Effect of heat-transfer rate. - The test results of the two uniformly heated tanks
presented in figure 9 show that the mass loss predicted by the simple theoretical model

is approximately twice as great as the actual mass loss. As the test proceeded, the rate
of mass loss decreased as compared with the constant rate predicted by the simplified
theoretical model. The large difference between theoretical and actual venting losses is
primarily the result of the superheating of the vapor. Since the venting vapor tempera-
ture continues to increase as the test proceeds (liquid level drops), the rate of mass loss
decreases.

Comparison of the two uniform heating tests shows that there was a slight decrease
in mass loss, for the same total energy input, with increasing heat transfer rate. This
decrease is a result of the higher venting vapor temperature that is caused by the heat
being supplied to the vapor faster than the internal heat and mass transfer processes can
distribute it.

Effect of heating distribution. - The effect of superheating the venting vapor is even
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more dramatically displayed by the results of the top heating test. Early in the test, the
mass loss predicted by the simplified theoretical model is approximately six times as
great as the actual mass loss, and the ratio continues to increase as the test progresses.
The top heating test has approximately the same average heat-transfer rate as uniform
heating test 2, and, yet, the venting mass loss has been reduced by a factor of 3. Once
again, this is a result of the higher venting vapor temperature that is caused by the heat
being supplied to the vapor faster than the internal heat and mass transfer processes can
distribute it.

The results of the top heating test indicate that space vehicle designers in particular
should consider the orientation of hydrogen storage tanks relative to the major source of
energy input, probably the sun. If the mission cannot be accomplished without venting
the tank, the vehicle should be oriented so that the vapor space is facing the sun. If it is
deemed desirable to so orient the vehicle, the designer should also consider the use of
shadow shields that are cooled by the venting vapor. This cooling of the shields will max-
imize the enthalpy of the vapor that is finally dumped to space and thus minimize the total
loss of the stored cryogenic fluid.

Effect of size. - It is realized that real tanks designed for the long-term storage of
ligquid hydrogen must have much lower average heat-transfer rates than those used in this
test program. The lower heat-transfer rates will be necessary for liquid to be available
at the end of the storage period. The test results presented in this report indicate that,
as the heat-transfer rate is reduced, the vented vapor temperature is reduced and that
the experimental results more nearly approximate the simplified theoretical model.
However, it is also probable that much larger tanks than the reported test tank will be
used. The fact that the vented vapor temperature increased as the liquid level in the tank
dropped indicates that the vented vapor temperature would also increase as the tank size
was increased.

Reference 6 presents data on the normal-gravity venting of a 50 000-gallon (189 000-
liter) spherical liquid-hydrogen storage tank. The average uniform heat-transfer rate
was approximately 0.6 Btu per hour per square foot (1.9 W/sq m), and yet the tempera-
ture of the vented vapor was 119° R (66 K). The rate of mass loss is still only about half
as great as the simplified theoretical model predicts. Consequently, the effects of in-
creased size and reduced heat-transfer rate may counteract each other.

Effect of gravity. - Although of limited value, the test data presented in reference 5
show that superheated vapor was vented from an orbiting Saturn SIVB stage. A precise
determination of either the average heat-transfer rate or the heating configuration from
the available data is difficult., The fact that superheated vapor at a temperature as high
as 240° R (133 K) did leave the tank is significant. This occurred during the continuous
vent cycle when the vented gas was used to provide thrust that kept the liquid settled in
the bottom of the tank.
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The authors believe that the effect of the acceleration level on the liguid configuration
in orbiting tanks or deep space probes may be more important than the effect of the accel-
eration level on the heat- and mass-transfer processes within the tank. The liquid con-
figuration will determine how far the liquid-vapor interface is from the tank vent and,
thus, the degree of superheat attained by the vapor. Consequently, vehicle designers will
have to consider the advantages of venting superheated gas, thus conserving the most pro-
pellant, against the disadvantages of including thrusters or baffles to position the liquid.

SUMMARY OF RESULTS

A 22-inch- (56-cm-) diameter spherical tank partially filled with liquid hydrogen was
subjected to three venting tests. The tank was subjected to two uniform heating tests with
different heat-transfer rates and to one test with only top heating. The tank vent was
opened when the pressure reached approximately 50 psia (34 N/sq cm), and the tank was
allowed to vent until the pressure decreased to approximately 45 psia (31 N/sq cm). The
data from the tests and the presented analysis were used to determine the mass vented
from the tank as a function of the energy input. The experimentally determined venting
rates were compared with theoretically predicted venting rates equal to the energy input
divided by the heat of vaporization (saturated-vapor venting). The following results were
obtained:

1. For all the tests, the vented vapor was superheated so that the mass vented was
much less than that if saturated vapor had left the tank.

2. The amount of vapor superheat was affected most by the heating configuration.
The mass vented during the top heating test was approximately one-sixth the mass loss
that would have resulted if saturated vapor had left the tank. _

3. The mass loss during the uniform heating tests was approximately one-half the
mass loss that would have resulted if saturated vapor had left the tank.

4. The mass vented as a function of energy input decreased slightly as the heat-
transfer rate was increased.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, February 25, 1969,
124-09-17-01-22.
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APPENDIX A

SYMBOLS
surface area, sq ft; sq m v average specific volume, cu ft/lb;
accommodation coefficient cu m/kg
absorption factor w mass flow rate, lom/hr; kg/hr
specific heat, Btu /(lb)(OR); X linear distance, ft; m
J/(kg)(K) % ratio of specific heats, Cp/ C, ‘
angle factor € emissivity :
enthalpy, Btu/lb; J/kg A heat of vaporization, Btu/lb; J/kg )
thermal conductivity, P density, lb/cu ft; kg/cu m
0 ny.
Btu/ (hr)(ft)("R); W/(m)(K) o Stefan-Boltzmann constant,
length, ft; m 0.1713x10"8 Btu/(hr)(sq 1) CRY);
-8 4
molecular weight 5.6697x10° " W/(sq m)(K")
mass, Ib; kg Subscripts:
. . absorbed
pressure, lb/sq in. abs; N/sq cm
container

heat added, Btu; J
heat transfer rate, Btu/hr; W

universal gas constant,
1. 986 Btu/(Ib-mole)(°R);
8.3143 J/(mole)(K)

reflectivity

absolute temperature, 0R; K
time, hr

total internal energy, Btu; J

specific internal energy, Btu/lb;
J/kg
volume, cu ft; cum

specific volume, cu ft/lb;
cu m/kg

gc

rr
sat
sc

st

gaseous conduction
summation variable
at x=1L

liquid

mean or average value
summation variable
vented vapor
radiant

reradiated
saturation

solid conduction

stored



total

vapor

at vacuum gage
wall

at x=0

inner sphere

D s W N

upper heater

lower heater

opening in upper heater

combined upper and lower heaters

outer sphere

19



APPENDIX B

HEAT-TRANSFER ANALYSIS

The amount of energy absorbed by the contained hydrogen is equal to the heat trans-
ferred to the sphere by radiation, solid conduction, and gaseous conduction minus the
amount of energy stored in the container itself; that is,

Q, = (@ + Age *+ g )AL - Qg (B1)

The amount of heat transferred by thermal radiation from the heated intermediate
sphere to the inner sphere is determined by the method presented in reference 12. For
the radiant exchange calculations, the outside of the inner sphere is assigned the num-
ber 1; the inside of the upper heater, number 2; the inside of the lower heater, num-
ber 3; and the opening in the upper heater, number 4. The net rate of radiant heat ab-
sorbed by the inner sphere when both heaters are installed is

4

_ 4 4

q; = z : O'Bj, 1E].A].Tj - 0e{AT (B2)
j=1

where Bj 1 the absorption factor, is defined as the fraction of the total radiant-energy
emission of surface j which is absorbed by surface 1. The absorption factors are
determined by solution of the following simultaneous equations:

(Fyq7y - 1By + FypTyByy + FygTgBgy + Fyqey =0 (B3)
Fo1T1Byq + (Fppry - 1)Byy + FygrgBay + ey = 0 (B4)
F311B1 + F3grgBgy + (Fagrg - 1)Bgy + Fgqeq =0 (B5)
Fy171Bq1 + FagrgBgy + FygrgBgy + (Fyqry - 1Byy + Fyyeq =0 (B6)

This technique treats all diffuse-radiation circumstances and requires only a know-
ledge of the geometry of the four surfaces, the average temperature of the surfaces, and
the emissivity of the surfaces. Lewis Research Center personnel experimentally ob-
tained the emissivity of the inner surface of the heaters and the outer surface of the hy-
drogen container (fig. 10) by using a sample identical to both surfaces. Because of the
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wires and tubes coming through the hole in the upper heater, the heat radiated through
the hole from the outer sphere was assumed to be emitted from a blackbody. When the
bottom hemispherical heater was removed to obtain top heating, the outer-sphere, sur-
face 6, had to be substituted for the removed heater, surface 3, in equation (B2) and in
subsequent calculations. The inside of the outer sphere and the outside of the heaters
were gold plated. The analysis was nearly insensitive to the value of emissivity for
these surfaces, so an approximate value of 0.10 was assumed.

Because of the variation in temperature of the inner sphere, the last term in equa-
tion (B2) was expressed as an integral and called the inner-sphere reradiated heat flux

4
QY pr = _é‘].O'GT dA (B7)

where A1 is the surface area of the inner sphere. This integral was approximated by
the summation

4
ql rr ~ oge. T A, (B8)

The hydrogen temperature profiles were assumed to be symmetric with respect to the
vertical axis. In other words, at any time during a test, all vertical planes passing
through the center of the inner sphere would exhibit identical temperature patterns, and
the left side of such a plane would be the mirror image of the right side. This assump-
tion is based on the fact that the inner sphere, heaters, fill and vent tubes, instrumenta-
tion wires, and liquid-vapor interface all have symmetry with respect to the vertical
axis; consequently, there is no reason to anticipate that the hydrogen temperature pro-
files would be different on opposite sides of the container. Based on this assumption,
horizontal uniform temperature sections could be used to divide the sphere into elemental
surface areas. A digital computer was used to fit the curve of the emissivity as a func-
tion of temperature and the inner sphere temperature as a function of position for each
time interval. An average temperature for each elemental area was used to determine
the local emissivity, and the summation was performed every 30 seconds by using a digi-
tal computer. _

The energy stored in the container at any time interval was also expressed as an in-

tegral
Qg = ,4 pCpT dv (B9)

1,w
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where V1 W is the volume of the container wall. This integral was approximated by the
b

summation
n
=] .T. AV.
st Z;p Cp,iTi &Vj (B10)
]:

With the same temperature distribution assumed, a digital computer was used to fit the
curve of the stainless-steel specific heat as a function of temperature (found in fig. 11,
data from ref. 13) and the curves of the innér—sphere temperature as a function of posi-
tion for each time interval. An average temperature for each elemental volume was used
to determine the specific heat, and the summation was performed every 30 seconds by

using a digital computer.
The differential equation and boundary conditions for one-dimensional heat transfer

by solid conduction are

at X=O, T=T0

42

at x =1L, T:TL

At the very low temperatures encountered with the use of liquid hydrogen, the thermal
conductivity of most materials is highly temperature dependent and can be expressed as
some function of the absolute temperature. Substituting the boundary conditions in equa-

tion (B11) and integrating (ref. 12) result in

q Ty -T
Seox 0 'L (B12)
A L
where
T
K =L / L k(TyaT (B13)
m T
TL - TO 0

Figure 12 shows the stainless-steel thermal conductivity as a function of temperature
(ref. 13) and the curve fit that was used to perform the necessary integration in equa-

tion (B13).
The amount of heat transferred through the vacuum space by gaseous conduction was
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determined by the following equation (ref. 13):

9oc _1 2125 l:y+ 1] R P (Ty - T,)
A, 2 Ally -1 Yer /=
1 a. +a(l-a) L TygM
5 1 5 A
5

The accommodation coefficients were also obtained from reference 13.

(B14)
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Figure 1. - Liquid-hydrogen experimental apparatus.
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Figure 2. - Inner-sphere temperature transducer locations. Surface-temperature transducer locations 23,

24, 25, 26, 30, 32, 33, and 34 shown in drawing.
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Figure 3. - Carbon-resistor rakes.
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