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Abstract: Pressure control while minimizing the mass loss of liquid hydrogen is one of the key
technologies required for the long-term storage of cryogenic propellants in microgravity in space,
and the use of a thermodynamic venting system (TVS) has been considered as an effective means to
solve this problem. In order to investigate the characteristics of pressure control by TVS technology,
a cryogenic test platform for liquid hydrogen that integrated active and passive TVS was set up,
a spray-bar exchanger and vapor-cooling screen were used to eliminate thermal stratification and
realize the reuse of cold energy. Ten pressure-control tests using passive TVS (PTVS), mixing and
active TVS (ATVS) strategies with heating powers of 0 W, 40 W and 80 W, were carried out. The
single cycle time under different strategies, the effect of heating power on single cycle time, and the
comparison of volume of the venting GH, in different tests were analyzed in detail, the research
showed that TVS technology could accurately control the pressure of cryogenic storage tanks within
a predetermined range. An additional evaporation test was carried out using a direct venting method
to compare with the above PTVS and ATVS tests, and the results showed that the venting volume of
GHj in unit time by the direct-venting method was close to that of the PTVS test with the heating
power of 40 W, and the venting volume in unit time by the ATVS strategy was decreased by 87.3%
compared to the direct-venting test.

Keywords: active and passive pressure control; TVS; liquid hydrogen; ullage pressure

1. Introduction

As the chemical propellant with the highest specific impulse at present, liquid hydro-
gen and oxygen will play a significant role in the future large-scale manned lunar landing,
Mars exploration, and further deep space exploration [1]. The theoretical specific impulse
of liquid hydrogen combined with liquid oxygen is up to 460 s, 35% higher than that of the
normal-temperature propellant UDMH/NTO. Therefore, a propulsion system with liquid
hydrogen and liquid oxygen can provide more flight power with less propellant [2]. In
recent years, either in deep space exploration or earth-lunar transfers, higher requirements
have been put forward for the application of cryogenic propellants. These space missions
require the cryogenic propellant to not only meet the short-launch mission of a carrier
rocket for several hours, but also meet the requirements of on-orbit missions of spacecraft
lasting several months or even several years. In February 2022, the “List of Critical and
Emerging Technologies” issued by the National Science and Technology Council of the
United States included “cryogenic fluid management” into the field of space technology
and systems for the first time [3]. The long term on-orbit storage and management technol-
ogy for cryogenic propellants is one of the important and key technologies for future space
development.

However, due to the physical characteristics of a low boiling point (20.18 K for liquid
hydrogen, 90.19 K for liquid oxygen) and the ease with which it evaporates when heated,
as well as the influence of space irradiation and heat transfer between the tank and solid
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components of the vehicle, the pressure of a cryogenic tank will gradually rise and exceed
the upper limits of safe pressure if there are no other pressure-control measures, which
indicates that the core problem of the long-term orbital storage of cryogenic propellants
lies in the internal pressure control of the tank [4]. In the 1990s. NASA proposed the
thermodynamics venting system (TVS), which consumed a small fraction of fluids to
transfer the heat into the tank, eliminating the thermal stratification of cryogenic fluids
through a spray bar to avoid entrainment of the liquid when exhausting, and ultimately
achieving the purpose of controlling the tank pressure and propellant evaporation [5].
Many NASA technicians have carried out extensive theoretical and experimental research
studies on ATVS.

Nguyen [6] developed a model using a lumped parameter method that could run
a TVS workflow application. The simulation results showed that the calculated model
was higher than the test results during the self-pressurization stage of the cryogenic tank.
When the TVS system was used to control the tank pressure, the model prediction was
in good agreement with the test results. After NASA built the Multipurpose Hydrogen
Test Bed (MHTB) research platform, Candy [7] and Hastings [8] conducted a series of
experiments using the platform, which included multiple tests under different conditions
of heat leakage and filling rates. The results showed that the ullage pressure-fluctuation
range of the liquid hydrogen tank can be effectively controlled by no more than 6.9 kPa.
A TVS test bed was established at the French Centre national d’ etudes spatiales (CNRS),
in which a spray head located in the upper gas phase zone replaced the traditional spray
bar and was separated from the fluid heat-transfer structure [9,10]. In the experiment,
NOVEC 3 (boiling point:322 K, freezing point:165 K) was used as the simulated working
medium, and a power of 0~360 W was heated outside the tank. The experimental results
showed the efficiency of the TVS system with the spray head in controlling the pressure of
the tank, which transferred heat leakage from the external environmental into a liquid and
controlled the pressure of the tank well. Passive TVS (PTVS) is another method to control
the pressure of cryogenic tanks. Compared with ATVS, PTVS has a simpler structure
and is mainly composed of a J-T valve and multiple heat-exchange tubes. In 2018, Bae, J.
conducted the first PTVS test using liquid nitrogen as a simulated working fluid, with a coil
heat exchanger placed into the ullage of a copper storage tank and a J-T orifice submerged
in the liquid [11]. The results indicated that when the PTVS is turned on, the pressure
and fluid temperature in the tank show a significant downward trend, which is because
the two-phase flow generated after throttling cools the vapor in the ullage through the
heat exchanger, reducing the tank pressure and causing a decrease in the fluid saturation
temperature corresponding to the ullage pressure. This test proves the effectiveness of
PTVS in controlling the tank pressure. In our earlier work, based on a previous theoretical
analysis [12], we carried out tests for the evaporation control and pressure management
of liquid nitrogen [13], conducted tests for multi-mode TVS operation, and verified the
working principles of TVS [14]. The results showed the effectiveness of the spray and
mixing bar in tank-pressure control under different pressure bands and heating quantities.
Xi’an Jiaotong University once conducted ATVS experiments for principle verification
using R123 [15] and carried out tests on fluid-cooling and depressurization processes
at different throttle ratios [16]; In addition, an analysis was conducted on the principle
of throttling refrigeration during the working process of TVS [17]. Shanghai Jiao Tong
University conducted TVS tests on different working cases with liquid nitrogen based on a
cryogenic propellant storage platform [18].

It can be seen from the previous research that for the control of cryogenic fluid, most
researchers pay more attention to the macro level of evaporation and pressure management
effect, and there is not much research on the details of the change characteristics in the
pressure-cycle-control process, while these changes in the control process will reflect the
differences and effects of control strategies. To further study the different strategies of
TVS and heat load on the characteristics of pressure control in cryogenic tanks, a ground
experimental apparatus integrating ATVS and PTVS was designed and built using liquid
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nitrogen as a working medium. The temperatures and ullage pressure change in the liquid
hydrogen tank under different heat load and the above control strategies were compared
and analyzed in detail.

2. Pressure-Control Strategy

The strategies for pressure control can be divided into PTVS mode, mixing mode, and
ATVS mode, and the above three strategies are proposed as follows.

The PTVS mode (shown in Figure 1) activates the J-T valve once the pressure of the
tank rises to the upper limit pmax, then the liquid flows through the J-T valve at dot 1, and
exchanges heat with the tank along the outer wall to decrease the temperature and pressure
of the internal fluid. The fluid is collected at dot 3 and vented out of the tank from dot 4.
The J-T valve is turned off when the ullage pressure drops to the lower pressure limit ppin.
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Figure 1. PTVS schematic diagram and operation process.

The mixing mode (shown in Figure 2) activates the cycle pump once the pressure of
the tank rises to the upper limit pmax, when the circulating pump is activated. The liquid at
the bottom of the tank flows through the pump, where it is driven into the spray bar, and
then ejects into the gas and liquid area through small holes to decrease the ullage pressure.
The circulating pump is turned off when the pressure drops to pmin.
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Figure 2. Mixing schematic diagram and operation process.

The ATVS mode (shown in Figure 3) activates both the circulating pump and J-T
valve once the pressure of the tank rises to the upper limit pmax, the liquid is divided
into two streams after flowing through the pump, one of which accounting for a small
proportion passes through J-T valve where it expands to a two-phase state with a lower
pressure and temperature, then flows into the outer tube of the heat exchanger in the
cryogenic tank, producing vapor with increased temperature and venting out of the tank
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at dot 4. The other stream flows directly into the inner tube of the heat exchanger and is
driven into the spray bar. The circulating pump and J-T valve are turned off when the
ullage pressure drops to the lower pressure limit ppin.
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Figure 3. ATVS schematic diagram and operation process.

3. Mathematical Theoretical Model
3.1. Thermal Model Analysis of Storage Tanks

The heat leakage to the cryogenic tank will cause changes in temperature of the liquid
and gas, as well as the ullage pressure. The heat leakage to the ullage is calculated as

Gu = [0X(Toro — Tit) + 4'1Au + Guet + Gutu (1)

where g, is the total heat leaks to the ullage, g/ is the uniform heat flux, g, is the heat
leakage from support structure to the ullage, g, is conduction heat from the connecting
pipeline in the ullage area, x is the view factor between radiation surfaces, T,y is the
ambient temperature, T, is the ullage temperature, o is the Stefan—-Boltzman constant. The
heat leakage to the liquid zone is calculated as

0 = [0xX(Too = T1) + 0] As + Qice + Qita 2)

where g; is the total heat leakage to the liquid, g; is the heat leakage of the support structure
to the liquid area, gy, is the thermal conduction of the connecting pipeline in the liquid area.

According to the energy jump boundary condition equation [19,20], the evaporation
rate at the gas-liquid interface is

: Qunit — intl
m = 3
o hg(Ti'fli/ PM) *hl(Tint/Pu) ®)

where 11¢y4) is the liquid evaporation rate, g,,; is the heat transferred from vapor to the
gas-liquid interface, g;,,y is the heat transferred from the gas-liquid area to liquid phase,
hg(Tint,Py) and hy(Tjy,Py) are gas enthalpy and liquid enthalpy corresponding to the gas-
liquid interface temperature and ullage pressure, respectively. When considering the linear
variation of the gas-liquid phase temperature with height, the heat transferred can be
obtained from the heat conduction equation as follow.

. — Aintku(TufTint)
Quint = L. (4)
Aintk) (LT‘nt*Tl)

Jintl = r

where A;,; is the surface area of the gas-liquid interface heat transfer, T;,; is the average
temperature at the interface, T, and T} are the average temperatures of the gas and liquid
phases, respectively, k;, and k; are the thermal conductivity of the gas phase and the liquid
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phase, respectively, L, and L; are the heat-transfer distances from the gas and liquid phases
to the interface, respectively.
The liquid phase temperature change is calculated as

dT; . .
7; = Q1/Micpr = (qintt + macp(Tg — T) — Mevaphiy) / Micp )

where T; is the liquid temperature, ¢, is the specific heat of liquid, 1, is the drop rate of
the droplet ejected from the spray bar, fj, is the latent heat of liquid vaporization, M, is the
total mass of the liquid.

3.2. Throttling Refrigeration Analysis

The theoretical diagram of pressure against the enthalpy of the cryogenic liquid is
shown in Figure 4; the cooling capacity of unit mass is calculated as

Qi = h7 — hy(h3) (6)

Pmax
Pmin
Po

>

0 h

Figure 4. The theoretical diagram of pressure against enthalpy [21].

In the above formula, /7 is the enthalpy of saturated vapor corresponding to the
throttling back pressure, /3 is the enthalpy of LH; at the inlet of J]—T valve which is equal to
hs. The dryness of the two—phase hydrogen formed after the J—T process is calculated as

Mg _ h4—h6
mg—l—ml h7—h6

@)

where mg and m; are the mass of gas hydrogen (GH») and liquid hydrogen (LH>), re-
spectively, hg is the enthalpy of the saturated liquid corresponding to the throttling back
pressure. If the GHj is heated to an overheating state in the coaxial exchanger, the total
cooling capacity including the sensible heat of GH, can be calculated as

Grot = hg — ha(h3) (8)
Therefore, the total cooling power, when the mass flow is considered, is calculated as
Qtot = My, x (hg — ha(h3)) )

where hg is the enthalpy of GH; with an overheating state, and My, is the mass flow rate
of GH; measured by the flowmeter.
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4. Experimental Apparatus and Measurement Uncertainties

A cryogenic test platform was built, and LH; was used as the working medium
to carry out the pressure-control tests in the tank. Figure 5 shows the diagrams of the
TVS experimental setup, the system comprises a vacuum storage tank, ATVS sub-system
which includes a concentric tube spray-bar exchanger, a throttle valve and a circulating
cryogenic pump, PTVS sub-system which includes a throttle valve and eight cooling
pipelines uniformly distributed longitudinally on the outside surface of the inner tank,
a liquid level meter, an air-bath heat exchanger, temperature sensors, pressure sensors,
vacuum gauges, vacuum pump, a mass flow meter, heaters, and a data acquisition and
automatic control system.

Pressure DV
sensor —— ¥ L — pipe

Cooling
pipes.

Cryogenic
ek —

SOFI-.
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Spra
bar’;hym
exchanger

Vacuum
chamber

Air bath heat
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tank —
support
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(b)

Figure 5. Diagrams of TVS experimental setup. (a) schematic diagram of TVS experimental setup;
and (b) image of TVS experimental setup and related facilities.

The vacuum is cylindrical with ellipse heads at the bottom and the top, the inner
diameter and the height are 2310 mm and 3300 mm, respectively. The inner tank is also
cylindrical with ellipse heads at the bottom and the top, of which the inner diameter and
height are 1500 mm and 2558 mm, respectively. The inner tank has an internal volume
of 4.06 m® and an inner surface area of 13.6 m?. Ten electrical heaters are attached to
the outside surface of the inner tank (as shown in Figure 6); the heating power of each
heater is 10 W. The total input heating power can be controlled to heat the inner tank as
required, at different positions, independently. To ensure that heat from the heaters enters
the tank completely and to reduce the heat leaks from the outer vacuum chamber, the
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outside surface of the inner tank and cooling pipes were wrapped with multilayer thermal
insulation. A small circulating pump specially developed for the hydrogen system was
installed under the bottom of the inner tank, the pump was power by a 15 W electric motor
that could drive the pump to provide a maximum flow of 40 L/min and a lift of 7.58 m.
Thirty-two platinum-resistor PT-1000 temperature sensors were placed at different heights
inside the inner tank (as shown in Figure 6), of which the measurement accuracy was
calibrated within £0.1 K. The interval distance between the T21-T31 thermometers at a
90% liquid level is 10 mm, which aims to accurately measure the thermal stratification at
the vapor-liquid interface. The interval distance between other thermometers is 100 mm.
All the temperature sensors were mounted on an internal rod to measure the temperature
profiles of liquid and vapor hydrogen along the axis of the inner tank. An Endevco 8530B-
500 piezoresistive pressure sensor with an accuracy of 0.2%FS and a full measuring range of
0.8 MPa was connected to the ullage to measure the pressure. In addition, a pressure sensor
was installed before and after the circulating pump, respectively, to obtain the pressure
profiles in the pipeline. A WG40 flowmeter with an accuracy of £1% was installed on
the vent pipe connected to the outlet of the air bath heat exchanger to measure the flow
rates of the hydrogen gas discharged from the cryogenic tank during the boil-off process in
the direct-venting and TVS tests. An HY1151/3351GP differential pressure gauge with an
accuracy of 0.1% FS was employed to measure the liquid level of LHj.

90% —1

80. 5%

32. 6% —

Figure 6. Layout of measurement sensors in the TVS experimental apparatus.

Table 1 lists the sources of experimental uncertainty from the above sensors. All the
measurements of temperature, pressure, flow rate and liquid level were recorded and
displayed by the data acquisition and automatic control system.

Table 1. Measuring accuracy of the different sensors used for the measurements.

Measuring

Parameter Units Description Sensors Uncertainty
T K Temperature platinum-resistor PT-1000 +0.1K
|4 Pa Pressure Endevco 8530B-500 piezoresistive 0.2%FS
Iy m3/h Flow rate WG40 flowmeter +1%
L m Liquid level HY1151/3351GP 0.1%FS

As the upper limit of the safe pressure of the storage tank was designed to be 0.5 MPa,
the upper limit of the pressure-control range for this cryogenic platform generally does
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not exceed 0.35 MPa. In addition, due to the fact that the heaters were pasted at certain
positions on the surface of the tank, this experimental platform was also unable to simulate
the continuous heat flow on the tank wall which occurs in real space.

5. Results and Discussion

To evaluate the characteristics of pressure control during the PTVS, mixing and ATVS
tests in the LH, storage tank, electrical heating power outputs of 0 W, 40 W and 80 W were
input into the inner tank. The pressure of the inter-space between the outer and inner tank
was maintained at 0.01 Pa—0.05 Pa by the vacuum pump in the tests. To ensure that the
initial state in each test was consistent, it was necessary to maintain a liquid level of 90% by
monitoring the temperatures of the LH; and the level gauge. The pressure-control band in
each test was limited to 230-240 kPa. In addition, an evaporation test with a direct-venting
control strategy was carried out for comparison with the PTVS and ATVS tests. The tests
mentioned above are listed in Table 2.

Table 2. Operation parameters in different test cases.

Cases Control Bank (kPa) Pressure-Control Strategy Heating Power (W)
C1 230-240 PTVS 0
c2 230-240 PTVS 40
c3 230-240 PTVS 80
C4 230-240 Mixing 0
C5 230-240 Mixing 40
Ce 230-240 Mixing 80
Cc7 230-240 ATVS 0
Cc8 230-240 ATVS 40
9 230-240 ATVS 80
C10 230-240 DV 0

The characteristics of pressure control, the duty cycle in different control strategies,
and the temperature changes in the fluids and flow rate of the vented GH; are compared
and analyzed in detail in the following section.

5.1. Effect of Different Pressure-Control Strategies on the Duty Cycle

The curves of ullage pressure by different control strategies in C1, C4 and C7 tests are
shown in Figure 7. In the PTVS test, the thermal resistance was relatively high because of
the heat exchange between the cooling pipes and mainstream hydrogen being through the
metal wall, resulting in a lower efficiency in transferring the cooling energy. Figure 7a gives
the stable stage of pressure control without the heating power input. It takes 11,057 s to run
the 6.5 pressure-control cycle, and the average single cycle time (SCT) is about 1701 s. By
comparing the pressurization and depressurization stages of each cycle, it can be concluded
that the average duty cycle (DC) of the PTVS control cycle is 10.4%. Figure 7b,c shows the
curves of pressure control in the mixing and ATVS tests, respectively. The average SCT is
433.7 s and 811.8 s, and the average DC is 25% and 6.4%, respectively.

Figure 8 shows the comparison of SCT and DC in the tests based on different control
strategies. It can be seen that the SCT is the longest during PTVS strategy, while the DC is
at a minimum in the ATVS strategy. This is because of the introduction of the throttling
cooling power in the ATVS tests, which increases the temperature difference in the heat
transfer and reduces the time of the heat transfer under the same thermal conditions.

Specifically, there is no GH, venting from the tank during the depressurization process
in the mixing test. The injection of LHj transfers the external heat from the vapor into
LHy, ultimately resulting in the uniformity state of the temperature in the LH, zone. This
can be seen in Figure 9, where the initial temperature of the vapor in the ullage exhibits
severe thermal stratification during the preliminary pressurization stage (0—1500 s), the
temperature at the top of the upper elliptical head is 30 K which then decreases to 23.5 K
because of the injection, raising the temperature to that of the upper surface of the LHj.
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Figure 7. Curves of ullage pressure by different control strategies: (a) pressure—control strategy:
PTVS (C1: 230—240 kPa, 0 W heating); (b) pressure-control strategy: Mixing (C4: 230—240 kPa, 0 W
heating); and (c) pressure—control strategy: ATVS (C7: 230—240 kPa, 0 W heating).
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Figure 9. Temperature-change curve of two-phase hydrogen in test using the mixing strategy.

The SCT is the longest of the PTVS tests because the cooling pipelines are placed
along the outer wall of the inner tank, the heat exchange of the two-phase hydrogen in
the cooling pipes must pass through the inner tank wall with a relatively high thermal
resistance, and the low heat-exchange efficiency means the sensitivity of the ullage pressure
to heat exchange is reduced, which results in the longer duration of the pressurization
and depressurization stages under the same heat input. The PTVS strategy is therefore
not suitable for space tasks that require efficient and flexible control of the tank pressure.
Subsequent improvements can be made by improving the heat-transfer efficiency, such as
by arranging the cooling pipelines inside the tank.

The ATVS procedure includes not only the mixing process to make the temperature
of the LH) more uniform and the ullage pressure drop, but also the throttling process to
provide the cooling capacity to the coaxial exchanger. The comprehensive effect occurs
when the LHj droplet with a lower temperature is injected and mixed with the mainstream
LH; and GHj in the cryogenic tank, resulting in a shortened depressurization time and a
minimum DC.
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The refrigeration in the J-T valve and the thermodynamic process of LH; in the heat
exchanger were analyzed. T37 and T38 are the temperatures of hydrogen before and after
the J-T valve, respectively, and T33 is the temperature of the hydrogen at the outlet of
the heat exchanger. As shown in Figure 10, the average values of T37 and T38 are 28 K
and 25.3 K when there is no gas vented from the tank. However, the average value of T38
decreases to 21.6 K when the J-T valve is open, and the temperature difference between T37
and T38 could reach 6.4 K. This difference remains stable in subsequent multiple cycles.
The integral throttling coefficient 7;; can be obtained from the following equation.

ATy =T~ Tu = [} uudp = fig(ps — pa) 10)

30
29 r
28 = ﬂmr.c‘qqp»,. QPH“TQIEIWITPI’I.I.TWO-J.l.rrlﬁl—
Il lI*,"‘Fﬂl EERRRERN —
27 I - T37
+— T38
T O ==
E25 3 o I' "'ﬁ'
L Wl I
e
23 F l
2 LIf 11 L
2t F
20 1 1 1 1 1 1 1 1
0 5000 10,000 15,000 20.000 25,000 30,000 35.000

time/s

Figure 10. Temperature curve of two-phase hydrogen before and after the J—T valve.

The average pressure in the depressurization stage is 235 kPa, which could be con-
sidered equal to the pressure at the pump inlet. The pressure difference provided by the
cryogenic pump is 4 kPa, therefore the pressure at the inlet of the J—T valve is 239 kPa, the
liquid content in the two-phase hydrogen after J-T process is 91.7% at that pressure, and the
theoretical unit throttling cooling capacity is Q. jr = 411.7k]/kg. As shown in Figure 10,
the temperature difference of the heat exchange in the outer tube is calculated as

ATi7 = Thox—out — TiT—our = T33 — T38 = 1.9K (11)

If the latent heat of the LH; and the sensible heat of the GH} in the two-phase hydrogen
are included, the cooling capacity per unit mass is calculated as

Qc = Qc—j1 + cpATjr = 430.2k] /kg (12)

The average single-cycle venting volume and time during the test are 64.9 g and 52 s,
respectively, so the calculated cooling power of the liquid hydrogen passing through the
throttle valve is 537.5 W, which is 3.2 times the heat leakage of the system, proving that the
system could provide the ability to eliminate external heat leakage.

5.2. Effect of Heating Power on Characteristics of Pressure Control

The effect of heating power on the characteristics of pressure control under different
strategies was analyzed. Table 3 lists the average SCT for the first 10% and the last 10% of
the total cycles in each pressure-control test. As can seen in the table, there is a gradual
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increase in the SCT when the heating power is constant for the tests using the mixing
strategy. This is because the heat leaks into the tank continuously, causing an increase in
the temperature of the LHj. The ability of the LH, droplet to reduce the temperature and
pressure of the ullage gradually weakens, and the depressurization time that occupies a
higher duty cycle is extended. In addition, the increased amplitude of the single cycle time
can be defined as

B = (tr —t1)/t; x 100% (13)

in which, t; is average SCT of the first 10% cycles, and t; is average SCT of the last 10%
cycles. It can be seen that as the heating power increases, it is obvious that the § valve
raises significantly.

Table 3. Comparison of PTVS and ATVS strategies on the characteristics of pressure control.

Average Cycle Time in  Average Cycle Time in

;2;?01 IE—(I) sil:rlll‘/gv the First 10% the Last 10% B
8y Cycles t1/s Cycles t,/s
0 1316 2026 54%
PTVS 40 1069 945 —11.6%
80 928 442 —52.4%
0 450 563 25.1%
Mixing 40 362 525 45.0%
80 153 259 69.3%
0 487 956 96.3%
ATVS 40 576 530 —8.0%
80 788 550 —30.2%

However, the SCT increases gradually only when the heating power is 0 W for the
ATVS and PTVS tests, and it can be seen by the increasing trend in Table 3, that j is 54%
and 96.3% in the PTVS test and ATVS test, respectively, when the heating power is OW. This
is because on the one hand, the increase in the volume in the ullage caused by evaporation
leads to a longer pressurization time, and on the other hand, the cooling effect of the
hydrogen to the wall of the inner tank (in PTVS tests) or the vent pipe (in ATVS tests)
will cause a greater demand for heat to reach the upper pressure limit pmax in the next
pressure-control cycle, which also results in a longer pressurization time.

However, when the heater is turned on to heat the tank, the pressurization time
becomes shorter because the electric heat increases the amount of heat that drives the
pressure increase. In addition, just as the comparison between the heating power of 40 W
and 80 W in PTVS tests and ATVS tests shows in Table 3, the more electric heating power,
the shorter the time required for pressurization, and the greater the proportion of the
reduction in subsequent SCT compared to the initial pressure-control cycle. Therefore,
it can be predicted that when the electric heating power reaches a certain value, the
pressurization time determined by heating, and the depressurization time determined
by refrigeration, will reach a dynamic balance, and the SCT will remain consistent in the
pressure-control tests.

5.3. Effect of Pressure-Control Strategies on Volume of Vent GH,

The vented GH; from the cryogenic tank is measured by a flowmeter, the low-
temperature GHj is reheated in the air bath exchanger and recovers to room temperature
and normal pressure to meet the requirements of the flowmeter for the measured gas.
Figures 11 and 12 show the total volumes of the venting GH; in the PTVS and ATVS tests
under different heating powers, and illustrate that in the same test times, the volumes of
the venting gas increase with the increases in the heating power whether in the PTVS tests
or the ATVS tests, which is mainly due to the increase in the evaporation of LH; into the
ullage caused by heat leaks from the tank wall.
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Figure 11. Volume of venting GHj in PTVS tests (C1, C2, C3).
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Figure 12. Volume of venting GHj in ATVS tests (C7, C8, C9).

Figure 13 compares the venting volume in unit times in the PTVS and ATVS tests
under different heating powers, and shows that the venting volume in the unit time of the
ATVS is much smaller than that of the PTVS, which is mainly due to the higher DC of the
PTVS. The total venting volume of the GH; in the depressurization stage of the PTVS test
is much larger than that of the ATVS test when the test time is the same.

An evaporation test was carried out with the direct—venting method for comparison
with the above PTVS and ATVS tests. The direct-venting control strategy is activated when
the ullage pressure reaches the upper limit pmay, the venting valve connected to the ullage
is turned open, the GH, in the ullage vents from the cryogenic tank and flows through the
reheating exchanger and flow meter successively, and the ullage pressure begins to drop.
When the ullage pressure is reduced to the lower limit py,in, the venting valve is turned
off. Figure 14 shows the ullage pressure curve using the direct-venting strategy and the
pressure-control band is set at 230—240 kPa.
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Figure 14. Ullage pressure curve using the strategy of direct venting.

It can be seen from Figure 15 that in the test time of 9600 s, the total venting volume of
the GH, is 56.7 m?, and the venting volume in the unit time is 21.3 m?3/h, which is close to
the result of the PTVS test with the heating power of 40 W. Meanwhile, it also illustrates the
advantage of the ATVS strategy in reducing the venting volume of the GH;. The venting
volume in the unit time was under C7 test is 2.7 m3/h, which was decreased by 87.3%
compared to the direct—venting test.
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Figure 15. Total venting volume using the direct-venting strategy.

6. Conclusions

An experimental apparatus with an inner tank volume of 4.06 m> was set up, integrat-
ing a PTVS and ATVS subsystem to investigate the characteristics of ullage pressure control
and the effect of reducing the evaporation of LH;. The variations in temperature and
pressure of both the ullage and liquid were studied. The three strategies of PTVS, mixing
and ATVS were verified experimentally with different heating power inputs. The PTVS was
activated by turning on J-T valve and vent valve to keep the ullage pressure maintained
within a certain control band. The mixing strategy was only used to run the circulation
pump to eliminate thermal stratification both in the liquid and ullage zones. ATVS strategy
was activated by turning on the pump, J-T valve, and vent valve simultaneously during the
depressurization stage. The difference was that, in the PTVS and ATVS tests, GH, flowed
through the J-T valve and vented from the tank, while no gas was vented in the mixing tests.
The main conclusions obtained in the experiments on different pressure-control strategies
are as follows:

(1) The two-phase hydrogen with a lower temperature generated in the J-T throttle
increases the temperature difference in the heat transfer and reduces the time of the
heat transfer under the same thermal conditions, leading to the lowest single cycle
time of the ATVS strategy in different tests;

(2) There is a gradual increase in the single cycle time when the heating power is constant
in the tests using the mixing strategy, while in the ATVS and PTVS tests, the single
cycle time increases gradually only when there is no heating power input. The pressur-
ization time becomes shorter when the heating power increases,  reflects the variation
degree in the single cycle time, and  increases as the heating power increases;

(3) The volume of the venting gas increases with the increases in the external heating
power whether in the PTVS or ATVS tests. The venting volume in the unit time of
ATVS is much smaller than that of the PTVS. The venting volume in unit time by direct
venting is close to that of the PTVS test with a heating power of 40 W. In addition, the
venting volume in the unit time with the ATVS strategy decreased by 87.3% compared
to the direct-venting test.
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Nomenclature
SOFI spray-on foam insulation
VDMLI variable density multilayer insulation
TVS thermodynamic venting system
PTVS passive thermodynamic venting system
ATVS active thermodynamic venting system
LH, liquid hydrogen
GH, gas hydrogen
LO, liquid oxygen
MHTB  Marshall Space Flight Center
J-T Joule-Thomson
SCT single cycle time
DC duty cycle
Pmax pressure upper limit (Pa)
Pmin pressure lower limit (Pa)
Hy integral throttling coefficient
Qcjr unit throttling cooling capacity
p specific heat
B increase amplitude of the single cycle time
X view factor
o Stefan-Boltzman constant
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