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� A composite system with VDMLI

and VCS integrated with P-O con-

version is proposed.

� Maximum drop of the heat leak

with VCS reaches 79.9% compared

to that without VCS.

� Heat leak with one VCS and cata-

lysts is 11.6% lower than that

without catalysts.

� Effect of P-O conversion efficiency

on the insulation performance is

explored.

� A unified criterion to evaluate the

improvement of VCS number is

proposed.
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A composite thermal insulation system consisting of variable-density multi-layer insu-

lation (VDMLI) and vapor-cooled shields (VCS) integrated with para-ortho hydrogen (P-O)

conversion is proposed for long-term storage of liquid hydrogen. High-performance ther-

mal insulation is realized by minimizing the thermal losses via the VDMLI design and fully

recovering the cold energy released from the sensible heat and P-O conversion of the

vented gas. Effects of different design considerations on the thermal insulation perfor-

mance are studied. The results show that the maximum reduction of the heat leak with

multiple VCSs can reach 79.9% compared to that without VCS. The heat leak with one VCS

is reduced by 61.1%, and further reduced by 11.6% after adding catalysts. It is found that the

deterioration of the insulation performance has an almost linear relationship with catalytic
ation and Cryogenics, Zhejiang University, Hangzhou 310027, China.
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Para-ortho hydrogen conversion
Thermal insulation
Nomenclature

C empirical constant

D thickness, m

f relative density

h enthalpy, J/kg

k thermal conductivity, W/(m$K
_m mass flow, kg/s

M molecular weight, kg/mol

P pressure, Pa

q heat flux, W/m2

R universal gas constant

ROE relative optimization efficienc

T temperature, K

Greek letters

s Stefan-Boltzman constant, W/

ε emissivity

a accommodation coefficient

g specific heat ratio

h heat leak reduction ratio

Subscripts and superscripts

c conversion heat

gcond residual gas conduction

i layer number i

in inlet

o orthohydrogen

out outlet

p parahydrogen

rad radiation

s sensible heat

scond solid heat conduction

VCS vapor-cooled shield

VCS-PO vapor-cooled shield with catal
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efficiency. A unified criterion with relative optimization efficiency is finally proposed to

evaluate the improvement of the VCS number.
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Introduction

Hydrogen is considered as one of the most promising future

energy carriers due to its noteworthy advantages of renew-

able, environmentally friendly and high calorific value [1, 2].

However, the low density of hydrogen makes its storage an

urgent technical problem for hydrogen energy development

[3]. Compared with the density of gas hydrogen at 90 MPa,

which is only 46.1 kg/m3, the density of liquid hydrogen is

more than 1.5 times higher, reaching 71 kg/m3. Liquid

hydrogen is thus more advantageous for large-scale storage

and transportation. However, due to the large difference be-

tween the liquid hydrogen temperature and the environment

temperature, an inevitable heat leak into the storage tanks of
rmance analysis of vapo
national Journal of Hydro
liquid hydrogen occurs, causing boil-off losses and vent of

hydrogen gas. High-performance thermal insulation is crucial

for long-term storage of liquid hydrogen, and further

improving its performance is a long-standing challenge.

Multi-layer insulation (MLI) in high vacuum is one of the

most effective cryogenic insulation methods, which is

composed of radiation shields with low emissivity and

spacers with low thermal conductivity. According to previous

study [4], it was found that the heat transfer in MLI is domi-

nated by the solid heat conduction near the cold boundary and

the radiation heat transfer near the warm boundary. There-

fore, the insulation performance can be further improved

when reducing the layer density in the low-temperature re-

gion and correspondingly increasing the density in the high-

temperature region, which is the so-called variable-density

multi-layer insulation (VDMLI). Hedayat et al. [5, 6] proposed a

VDMLI model, which divided the MLI into three parts with

layer densities of 8, 12 and 16 layers/cm. The performance of

the VDMLI was evaluated on NASA's Multi-purpose Hydrogen

Test Bed (MHTB). It was found that the variable density con-

tributes to a weight reduction and performance improvement.

The evaporation loss with the VDMLI was reduced by 58%

compared to that with standard MLI under the constant

blanket weight.

Although the VDMLI reduces the heat leak to the stored

liquid hydrogen, the heat leak is still unavoidable and liquid

hydrogen evaporates continuously.When the liquid hydrogen

tank reaches the upper limit of pressure, cryogenic hydrogen

vapor accumulated in the tank needs to be vented. If a vapor-

cooled shield (VCS) is placed in-between MLI layers to recover

the sensible heat of vented hydrogen vapor, the performance

of the thermal insulation system can be further improved.

Scott [7] first proposed the concept of VCS and carried out

the theoretical analysis on the cold energy utilization of ven-

ted cryogenic vapor. The study showed that for liquid

hydrogen vessels, the evaporation rate of the shielded vessel

is only about 38% of the unshielded one. Bejan [8] put forward

a thermodynamic method to optimize the thermal insulation

system based on minimizing thermodynamic irreversibility,

pointing out that the optimization of a thermal insulation

system is not confined to only the reduction of the thermal

conductance, but equally important to cool the insulation at

intermediate temperatures. On the basis of Bejan's work,

Cunnington [9] established an entropy production minimiza-

tionmodel according to the second law of thermodynamics to

minimize the evaporation rate of a thermal insulation system.

He concluded that a single VCS is unable to make full use of

the sensible heat of vented cryogenic hydrogen vapor, and two

VCSs are more effective than one. Chato et al. [10] optimized

the performance of VCSs in the MLI using a simpler method

which was similar to that of Cunnington. The results showed

that the maximum number of VCSs adopted in practical ap-

plications is three, and VCSs are useful only at low ratios of
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cold boundary temperature to warm boundary temperature.

Kim et al. [11] used one-dimensional thermal analysis to

evaluate the composite insulation of MLI and VCS. Their re-

sults showed that for double-VCS (DVCS), the insulation per-

formance of serial-type DVCS (the vented cryogenic hydrogen

vapor passing through two VCSs sequentially) is better than

that of parallel-type DVCS (the vented cryogenic hydrogen

vapor passing through two parallel VCSs). In Babac et al.’s

study [12], it was found that there was no difference between

DVCS and single-VCS (SVCS) in the insulation effect, which

was contradictory to the conclusion of Cunnington [9]. Jiang

et al. [13] proposed a composite insulation system consisting

of foam, VDMLI and VCS, and evaluated the contribution of

the VCS in reducing the heat flux entering the cryogenic tank.

They found that the VCS is particularly suitable for LH2 stor-

age applications compared to the liquid nitrogen (LN2), liquid

oxygen (LO2) and liquid methane (LCH4) storage. Zheng et al.

[14] investigated the optimal position of VCS with MLI in LH2

tanks. It showed that the maximum decrease of the heat leak

is 50.16% with SVCS and 59.44% with DVCS, compared with

that without VCS.

In recent years, extensive studies have been done on MLI or

VDMLI coupled with multi-VCS, but the conclusions are not al-

ways consistent. For example, some studies claimed that twoor

even three VCSs are more effective on the insulation perfor-

mance, while other studies concluded that there is little

improvementwithmultiple VCSs. The inconsistent findings are

attributed to the lack of a uniform criterion for evaluating the

impact of VCS number. Existing studies only pointed out that

the insulation performance can be improved with the increase

of VCS number but the magnitude of improvement decreases

continuously. Different from previous investigations, the pre-

sent study assesses the impact of VCS number with the refer-

ence to the theoretical limit of the system with VCS.

Although VDMLI coupled with VCS significantly improves

the thermal insulation performance, pursing even better

insulation performance is always desirable in practical appli-

cations. Compared with other cryogens, hydrogen has a

unique feature that it is a mixture of two spin isomers in na-

ture, namely orthohydrogen (o-H2) and parahydrogen (p-H2).

The two protons spin in the same direction for orthohydrogen,

while they are in the opposite direction for parahydrogen. As

parahydrogen has a lower internal energy than orthohy-

drogen, the conversion of ortho-para hydrogen (O-P) is an

exothermic process, while the reverse reaction, i.e., the con-

version process from parahydrogen to orthohydrogen (P-O), is

endothermic. Meanwhile, the equilibrium concentration of

orthohydrogen and parahydrogen is a function of temperature

[15]. The normal hydrogen, which is in the equilibrium state at

room temperature, consists of 75% orthohydrogen and 25%

parahydrogen. At the normal boiling point, the composition

becomes 0.2% orthohydrogen and 99.8% parahydrogen. In the

process of hydrogen liquefaction, O-P conversion is a crucial

step [16e19]. If hydrogen is stored mostly in the form of

orthohydrogen, it can cause unacceptable boil-off loss in the

liquid hydrogen tank due to the large amount of heat released

from the spontaneous O-P conversion. Catalysts are usually

used in the liquefaction process to speed up the conversion to

ensure the liquid hydrogen product is mostly parahydrogen.

When cryogenic hydrogen gas in a liquid hydrogen tank is
Please cite this article as: Shi C et al., Performance analysis of vapo
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vented, the parahydrogen concentration of the vented

hydrogen is still high due to the slow spontaneous conversion

rate. Therefore, in addition to the sensible heat, a large amount

of P-O conversion heat (i.e., cold energy) can be utilized. If this

extra cold energy can be utilized appropriately, the perfor-

mance of thermal insulation can be further improved.

Up to now, only a limited number of studies have been

done on the utilization of cold energy of P-O conversion.

Lockheed company [20] experimentally verified the feasibility

of using hydrogen vapor coupled catalytic conversion of P-O

for cooling sensors and instruments. Bliesner et al. [21] and

Pedrow et al. [22] explored the improvement of cooling ca-

pacity of VCS by P-O conversion during long-duration storage

of LH2 and LO2 rocket propellants. The experimental results

showed that the insulation systemwas greatly improved after

adding catalysts. Wang et al. [23] proposed four schemes for

the utilization of cold energy released by P-O conversion in

deep space exploration applications. The results showed that

the continuous conversion can make full use of cold energy

compared with the adiabatic conversion and isothermal

conversion. Existing studies have experimentally verified the

feasibility of utilizing the cold energy of P-O conversion to

enhance thermal insulation performance in various applica-

tions. However, few studies have explored the potential of P-O

conversion combined with VCS for improving insulation per-

formance. It is believed that an integrated theoretical model

with VDMLI, VCS and P-O conversion will be conducive to a

more comprehensive understanding of the influence mecha-

nism of P-O conversion on the composite insulation system.

This paper presents a thermodynamic model of the com-

posite insulation system for LH2 tank to investigate the insu-

lation performance of VDMLI with multi-VCS integrated with

P-O conversion. The model is validated against experimental

data of LH2 and LN2 storage tanks. Subsequently, the heat

leaks in different design schemes are obtained, and the heat

fluxes and the temperature profiles of the systems with

different VCS number are investigated. The influence mech-

anism of P-O conversion on the composite insulation system

is quantitatively analyzed, and the optimal position of VCS

and the change of the heat flux with or without P-O conver-

sion are compared. The effect of catalytic efficiency on the

insulation performance is then analyzed. Finally, a unified

evaluation criterion is proposed to evaluate the improvement

of thermal insulation performance of liquid hydrogen storage

tank with various thermal insulation techniques.
Thermodynamic model and validation

Physical model

Fig. 1 shows the configurations of the composite insulation

system for LH2 tanks. Based on the baseline casewith a VDMLI

shown in Fig. 1(a), the case shown in Fig. 1(b) adds multiple

VCSs,while the case shown in Fig. 1(c) adds P-O catalysts in the

vapor tube correspondingly. In order to explore theeffect of the

VCS number and P-O conversion on the insulation perfor-

mance of the VDMLI system, a thermodynamic modelling

framework is established. The main parameters of the VDMLI

are selected the same as those in the MHTB [24], as shown in
r-cooled shield insulation integrated with para-ortho hydrogen
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Fig. 1 e Schematic of various thermal insulation systems and heat transfer processes: (a) VDMLI-only, (b) VCS without P-O

conversion and (c) VCS with P-O conversion.
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Table 1, because the thermal insulation performance has been

verified in liquid hydrogen experiments, and several other

studies also adopted the same arrangement [25]. The VDMLI is

composed of three segments with the same thickness and

different layer densities, i.e., the density reduces from the cold

side to the ambient side. Aluminum foil and Dacron net are

chosen as the materials of radiation shield and spacer,

respectively, same as the materials used in the MTHB [24].

The VCS is composed of a cryogenic hydrogen vapor tube

and adjacent radiation shield which are in good thermal

contact with each other.When the number of the VCS exceeds

one, the performance of serial-type is superior to parallel-type

according to the previous research [11]. Therefore, multiple

VCSs are arranged in the form of serial-type. When the

maximumnumber of VCSs is equal to the number of radiation

shield layers, i.e., all shields are cooled by vented vapor, the

case is named as All-VCS (AVCS).

For the cases with the P-O conversion, para-ortho

hydrogen catalysts are filled in the vapor tube uniformly to

ensure the sufficient conversion of hydrogen. Iron-based
Table 1 e Main parameters of VDMLI.

Parameters Value

Low-density layers 8 layers/cm (1.25 cm)

Moderate-density layers 12 layers/cm (1.25 cm)

High-density layers 16 layers/cm (1.25 cm)

Total number of layers 45

Total thickness 3.75 cm

Materials Aluminum foil & Dacron net

Please cite this article as: Shi C et al., Performance analysis of vapo
conversion for liquid hydrogen tanks, International Journal of Hydro
catalysts are used in this model, which are often used for

the ortho-para hydrogen conversion in hydrogen liquefiers

[17, 26]. However, owing to the lack of relevant studies on the

reaction kinetics of P-O conversion, the catalytic efficiency is

set to ideal 100% in this paper.

Assumptions

To simplify the calculations, the following assumptions are

made:

(1) The LH2 tank and composite insulation system are

assumed to be in steady state;

(2) The jacket of the LH2 tank ismaintained in high vacuum

(5 � 10�3 Pa), and the surroundings temperature is

maintained at 300 K;

(3) LH2 in the tank is maintained at 0.1 MPa and 20 K, and

the temperature of the tank wall is equal to the LH2

temperature;

(4) Thermal resistance of the tank wall can be ignored;

(5) The VCS temperature is assumed to be equal to the

adjacent MLI layer and the temperature is uniform

throughout the VCS;

(6) Flow resistance of catalysts in the VCS tube can be

ignored.

(7) Hydrogen is in full contact with the catalysts in the VCS

tube and parahydrogen is converted to the equilibrium

concentration at the VCS-PO temperature after flowing

through the VCS-PO, that is, the catalytic efficiency is

100%.
r-cooled shield insulation integrated with para-ortho hydrogen
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Heat transfer model of VDMLI

There are mainly two models to calculate the MLI perfor-

mance: the layer-by-layermodel [27] and Lockheedmodel [28].

For the convenience of obtaining the temperature distribution

and the heat flux in the MLI, the layer-by-layer model is

selected here. The layer-by-layer model is based on an itera-

tive algorithm, proposed by McIntosh [27]. The heat transfer

between adjacent radiation shields is divided into three parts:

radiation heat transfer, solid heat conduction and residual gas

conduction, as given in Eq. (1).

qi ¼ qi
rad þ qi

scond þ qi
gcond (1)

The radiation heat transfer is written as [29].

qi
rad ¼

s
�
T4
iþ1 � T4

i

��
1
=
εiþ1

þ 1
=
εi
� 1
� (2)

where s is the Stefan-Boltzman constant, 5.67 � 10�8 W/

(m2$K4); Tiþ1 and Ti are the temperature of the outer and inner

radiation shields, respectively; εiþ1 and εi are the emissivity of

the outer and inner radiation shields, respectively.

The solid conduction between adjacent radiation shields is

written as [29].

qi
scond ¼

C1fk
Dx

ðTiþ1 �TiÞ (3)

where C1 is an empirical constant, set as 0.016 [30]; f is the

relative density of spacermaterial and solid material; Dx is the

actual thickness between adjacent radiation shields, which

varies with layer density; k is the thermal conductivity of

spacer material, calculated by Eq. (4) [27]:

k¼ 0:017þ7� 10�6ð800�TÞ þ 0:228 lnðTÞ (4)

The gas conduction is written as [31] .

qi
gcond ¼C2PaðTiþ1 �TiÞ (5)

where P is the residual gas pressure; a is the accommodation

coefficient, which is 0.9 for air. C2 is an empirical constant,

calculated by the following expression:

C2 ¼gþ 1
g� 1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
R

8pMT

r
(6)

where g is the specific heat ratio, R is the universal gas con-

stant andM is the molecular weight of gas. For the case where

the residual gas is air and the warm boundary temperature is

room temperature, C2 ¼ 1.1666.

VCS model with/without P-O conversion

Fig. 1 also shows the schematics of the heat transfer processes

for different cases. For the VDMLI-only case, the heat flux

between each two radiation shields is equal at steady state

(see Fig. 1(a)), which can be expressed as follows:

qi ¼ qi�1 (7)

For the VDMLI coupled with VCS only, part of the total

heat leak from the external environment is absorbed by the
Please cite this article as: Shi C et al., Performance analysis of vapo
conversion for liquid hydrogen tanks, International Journal of Hydro
VCS in terms of the sensible heat of the vented cryogenic

hydrogen gas, and the remaining passes through the VCS

and reaches the tank, as shown in Fig. 1(b). According to the

conservation of energy, the heat flux of the VDMLI with VCS

is expressed as:

qi ¼qVCS þ qi�1 (8)

where qVCS is the sensible heat recovered by the VCS, calcu-

lated by

qVCS ¼ _mDhVCS ¼ _m
�
hout;p �hin;p

�
(9)

where _m is the mass flow of vented hydrogen gas, hout,p and

hin,p are the enthalpy of parahydrogen at the outlet tempera-

ture and the inlet temperature of VCS, respectively.

For the VDMLI coupled with VCS and P-O conversion,

compared with the case with VCS only, the VCS-PO can

recover the cold energy arising from not only the sensible

heat, but also the P-O conversion, as illustrated in Fig. 1(c). The

heat flux of the VDMLI with VCS and P-O conversion is

expressed as follows:

qi ¼qVCS�PO þ qi�1 (10)

qVCS�PO ¼ _mDhVCS�PO ¼ _m
��
hout;pxout;p þhout;o

�
1�xout;p

�
� �� �hin;pxin;p þhin;o

�
1� xin;p

���
(11)

where hout,o and hin,o are the enthalpy of orthohydrogen at the

outlet and inlet of the VCS, respectively; xout,p and xin,p are the

equilibrium concentration of parahydrogen at the outlet and

inlet of the VCS, respectively.

In order to study the effect of P-O conversion on the insu-

lation performance, the heat taken away by the VCS-PO, qVCS-

PO, is divided into two parts: the heat taken away by the sen-

sible heat, qs, and the heat taken away by the conversion heat,

qc, which are expressed as follows:

qVCS�PO ¼ qs þ qc (12)

qs ¼ _m
��
hout;pxin;p þhout;o

�
1� xin;p

��� �hin;pxin;p þhin;o

�
1�xin;p

���
(13)

qc ¼ _m
��
hout;pxout;p þhout;o

�
1� xout;p

�
� �� �hout;pxin;p þhout;o

�
1� xin;p

���
(14)

Model verification

Three sets of experimental data of VDMLI from Martin et al.

[24], Wang et al. [32] and Huang et al. [33] are used to validate

the proposed model. The results of the temperature profile

and heat flux are shown in Fig. 2. It is observed that the trends

obtained from simulations agree well with the experiments.

The average deviations of the temperature profile inside the

insulation structure between the simulation and experiment

are 7.5%, 6.0% and 0.9% for the three sets of data, respectively.

The average deviations of the heat leak are 12.7% and 7.6%,

respectively. The deviation mainly exists near the cold

boundary, as it is difficult to reach the high vacuum condition

there, resulting in a faster temperature rise in practice.

Overall, the simulated temperature profile and heat flux are in

good agreement with the experimental results. Thus, the
r-cooled shield insulation integrated with para-ortho hydrogen
gen Energy, https://doi.org/10.1016/j.ijhydene.2022.10.154

https://doi.org/10.1016/j.ijhydene.2022.10.154


Fig. 2 e Comparison between experiments and

simulations for (a) temperature profile and (b) heat flux.
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model has a reasonable accuracy for predicting the insulation

performance of VDMLI coupled with VCS and P-O conversion.
Results and discussion

Effect of VCS number

In order to explore the improvement of insulation perfor-

mance of composite system insulation system by increasing

the number of VCS, the insulation performance comparison of

different VCS number is shown in Table 2. For the AVCS case,

each radiation layer is cooled by the vented cold hydrogen gas,
Table 2 e Comparisons of insulation performance for
different VCS number.

Case Heat leak
into the tank
q0 (W/m2)

Heat taken
away by VCS
qVCS (W/m2)

Total heat
leak qtotal
(W/m2)

non-VCS 0.288 e 0.288

SVCS 0.112 0.326 0.438

DVCS 0.086 0.400 0.486

TVCS 0.076 0.412 0.488

AVCS 0.058 0.506 0.564

Please cite this article as: Shi C et al., Performance analysis of vapo
conversion for liquid hydrogen tanks, International Journal of Hydro
so that the sensible heat (cold energy) can be utilized entirely.

Therefore, it is the optimal case for the VDMLIwithmulti-VCS.

It can be observed that with the increase of the VCS number,

the actual heat flux into the tank decreases due to the increase

in the heat taken away by the VCS, although the total heat flux

at the optimal positions of the VCSs gradually increases.

Compared with the heat leak of 0.288 W/m2 for the non-VCS

case, the heat leak can be reduced by 61.1%, 70.1% and 73.6%

for the SVCS, DVCS and triple-VCS (TVCS) cases, respectively.

Themaximum reduction reaches 79.9% for the most idealized

case, when all layers of insulation are coupled with VCSs, i.e.,

the AVCS case. This is also the theoretical limit of the per-

formance improvement that can be achieved by this VDMLI

arrangement with multi-VCS.

Fig. 3 shows the comparison of the proportion of the three

heat transfer modes (radiation, solid heat conduction and gas
Fig. 3 e Comparison of proportion of three heat transfer

modes with different number of VCS: (a) radiation, (b) solid

heat conduction and (c) gas heat conduction.
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heat conduction) with different VCS number. Note that 0%

stands for the cold boundary of VDMLI and the warm

boundary corresponds to the position 100%. After adding VCS,

the proportion of radiation is significantly reduced, while the

proportion of solid heat conduction and gas heat conduction

is increased. The change trends of the proportion under

different number of VCSs are similar. When the number of

VCS exceeds two, the change of proportion is almost identical.

The proportion of radiation increases along the direction from

the cold to warm boundary in the VDMLI. In the absence of

VCS, the proportion of radiation increases rapidly in the low-

density region of the VDMLI, i.e., the region adjacent to the

liquid hydrogen tank wall, while the growth rate slows down

gradually in the moderate-density and high-density regions.

When adding VCS, the growth rate of radiation proportion in

the low-density region slows down obviously, while those in

the moderate-density and high-density regions are faster.

However, the proportion of solid heat conduction and gas heat

conduction has a similar declining trend, which is opposite to

that of radiation. For the heat conduction losses, the propor-

tion in the low-density region decreases rapidly for the non-

VCS case, and then the declining rate gradually slows down.

After adding VCS, however, the heat conduction losses

decrease slowly in the low-density region, and then the

declining rate increases in the high-temperature regions.

Fig. 4 illustrates the temperature profiles in the VDMLI with

different number of VCS. It is observed that adding the VCS

significantly affects the temperature profile in the VDMLI. For

the non-VCS case, as more spacers are placed near the cold

boundary, a larger temperature difference between adjacent

radiation shields makes the temperature rise faster. The

addition of VCS expands the low-temperature region in the

VDMLI, which makes up for the problem of the thin low-

temperature region in the VDMLI. Thus, the coupling optimi-

zation performance of VDMLI and VCS performs well. As the

VCS number increases, the temperature profile near the tank

wall becomes flatter, which implies that the heat flux into the

tank decreases, but the differences are not significant using

different number of VCS.
Fig. 4 e Temperature profile with different VCS number.
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Optimization mechanism of P-O conversion

To facilitate investigating the improvement of thermal insu-

lation performance by P-O conversion, the cases with SVCS

and SVCS-PO are compared and analyzed here. Due to that

placing a VCS or VCS-PO in a proper position in the VDMLI has

a great impact on the performance of the composite insu-

lation system, the effect of the position of the SVCS or SVCS-

PO in the VDMLI on the heat leak is shown in Fig. 5. It can be

observed that whether P-O conversion is integrated or not, the

change trend of the heat leak has the same tendency for the

SVCS and SVCS-PO cases, which decreases first and then in-

creases while moving the SVCS or SVCS-PO outwards along

the VDMLI. The optimum installation position of the SVCS is

around 51% in the VDMLI, with the minimum heat leak into

the tank of 0.112 W/m2. When adding catalysts into the SVCS

and forming the SVCS-PO, an obvious reduction of the heat

leak is observed and the heat leak is lower than the lowest

value of the SVCS case when the position of the VCS-PO is

between 20% and 70% within the VDMLI. The optimum

installation position of the VCS-PO is around 45% in the

VDMLI, with the minimum heat leak into the tank of 0.099 W/

m2, which is 11.6% lower than that of the case with the SVCS.

This indicates that the addition of the P-O conversion further

improves the original high thermal insulation performance.

In order to investigate the mechanism of P-O conversion

affecting the performance of the composite insulation system,

the heat taken away by the sensible heat and the conversion

heat versus the position of the SVCS or SVCS-PO is compared

and analyzed, as shown in Fig. 6(a). As the SVCS and SVCS-PO

move outwards along the layers of the VDMLI, the heat taken

away by them both increases gradually, and the heat taken

away by the SVCS is slightly less than that by the SVCS-PO. In

the SVCS-PO, the heat taken away by the VCS-PO, qVCS-PO, is

equal to the sum of the heat taken away by the sensible heat,

qs, and the heat taken away by the conversion heat, qc, as

shown in Eq. (12). However, qc increases first and then de-

creases gradually with the SVCS-PO moving outwards, which

is different from the trend of qs.
Fig. 5 e Heat leak versus position of SVCS or SVCS-PO.
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Fig. 6 e (a) Heat taken away by the sensible heat and the

conversion heat versus position of SVCS or SVCS-PO and

(b) heat taken away by the conversion heat qc and its

proportion in the heat taken away by VCS-PO qVCS-PO

versus position of SVCS-PO.

Fig. 7 e Equilibrium concentration of para-H2 and enthalpy

of conversion varying with temperature.

Fig. 8 e Comparison of temperature profiles of non-VCS,

SVCS and SVCS-PO.
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Fig. 6(b) shows the heat taken away by the conversion heat,

qc, and the proportion of qc in qVCS-PO versus the position of the

SVCS-PO. It can be observed that the peak of qc is achieved at

around 40% in theVDMLI, and thepeakof theproportion of qc in

qVCS-PO is reached at around 16.7%, with a value of 36.5%. qc is

the product of the mass flowrate of vented hydrogen gas, con-

centration difference and the enthalpy of conversion, as shown

in Eq. (14). The variations of parahydrogen equilibrium con-

centration and enthalpy of conversion with temperature are

shown in Fig. 7 [34]. As the position of the SVCS-PO is moved

outwards in the VDMLI, leading to an increase of the hydrogen

vapor temperature, a higher parahydrogen equilibrium con-

centrationcanbe reached.However, the enthalpy of conversion

has an opposite trend, decreasing with increasing temperature.

Hence a peak of qc appears in the middle of the VDMLI. The

optimal location of the VCS-PO is dependent on the combined

optimization of the VCS and P-O conversion. Although the heat

taken away by the sensible heat, qs, is the dominant part in the

heat taken away by the VCS-PO, qVCS-PO, the cold energy from

the P-O conversion plays a relatively greater role at the low-

temperature region, i.e., closer to the tank wall.

Fig. 8 shows the comparison of temperature profiles of the

non-VCS, SVCS and SVCS-PO cases. In order to illustrate the

effect of the P-O conversion intuitively, the SVCS and SVCS-PO

are placed at the same location of the VDMLI, i.e., 51%. When

the VCS is added to the VDMLI with non-VCS, the temperature
Please cite this article as: Shi C et al., Performance analysis of vapo
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at the position where the VCS is added drops from 215.1 K to

128.6 K, and is further decreased to 120.1 K after the P-O

conversion is further added. The VCS provides an internal

cooling source to the VDMLI, and divides the VDMLI into two

parts. The heat leak to the LH2 tank decreases since the tem-

perature gradient of the VDMLI layers inside the VCS is

smaller than that without any VCS. Accordingly, as the tem-

perature gradient of the VDMLI layers outside the VCS is

higher for the SVCS and SVCS-PO cases comparing to the non-

VCS case, an increase in the total heat flux is thus observed

after adding the VCS, as presented in Table 2.

To better understand the differences of the heat transfer

mechanisms between the SVCS-PO and SVCS cases, the ratios

of the heat fluxes of the SVCS-PO case over that of the SVCS

case are calculated and illustrated in Fig. 9. An obvious dif-

ference in the heat flux ratios is observed on the two sides of

the VCS. The heat fluxes of the three heat transfer modes in

the SVCS-PO case are smaller than those of the SVCS case at

the inner side of the VCS, while it is opposite at the outer side.

The radiation variation is remarkably different from the other

two modes on account of the fact that the radiation has a

fourth power relationship with temperature, as shown in Eq.
r-cooled shield insulation integrated with para-ortho hydrogen
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Fig. 9 e Ratio of heat fluxes of the SVCS-PO case over those

of the SVCS case.
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(2), while the heat conduction of solid and gas has a linear

relationship with temperature, as shown in Eq. (3) and Eq. (5).

Therefore, the addition of catalysts mainly affects the tem-

perature distribution in the VDMLI as shown in Fig. 8, resulting

in the variation of heat fluxes.

Performance of multi-VCS coupled with P-O conversion

The performance of the VDMLI with different configurations

of multi-VCS coupled with P-O conversion is further studied.

Fig. 10 shows the heat flux versus the positions of the VCS1

(inside) and VCS2 (outside) with or without P-O conversion for

the cases with double VCSs (i.e., DVCS and DVCS-PO). As

shown in Fig. 10(a), for the DVCS case, when the positions of

the VCS1 and VCS2 are 33.3% and 64.4% in the VDMLI

respectively, the heat leak into the tank is the smallest,

reaching 0.086 W/m2, with a reduction of 70.1% compared to

the case without a VCS and 23.2% compared to the case with

the SVCS. This implies that there is still an appreciable

amount of cold energy available after cold hydrogen gas

passing through one VCS. When the two VCSs are located at

20%e80%position of the VDMLI, the insulation performance is

superior to that with the SVCS. The result of the DVCS-PO case
Fig. 10 e Heat flux versus position of the two VCS
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in which the P-O conversion is integrated is shown in

Fig. 10(b). When the positions of the VCS1 and VCS2 are 30%

and 60% in the VDMLI respectively, the heat leak into the tank

reaches its minimum value of 0.076W/m2, with a further drop

of 11.6% compared to the case with the DVCS. Similar to the

SVCS, the optimal positions of the two VCSs in the case with

the DVCS-PO move inwards compared to the case with the

DVCS. In addition, since theminimumvalue of the heat leak is

only at one optimum point, which is not conducive to the

practical applications of the DVCS and DVCS-PO, the optimal

regions which provide more flexible choices for the arrange-

ment of the DVCS and DVCS-PO are given in the contour

maps, and the heat leaks in these regions are only 2.3% and

2.6% larger than the minimum values, respectively.

Fig. 11 shows the heat flux versus the position in the VDMLI

with different number of VCS and with/without P-O conver-

sion. Except for the AVCS and AVCS-PO cases, the heat taken

away by the VCS or VCS-PO on the outside is greater than that

on the inside regardless of whether considering P-O conver-

sion. For the TVCS-PO case, the heat taken away by the con-

version heat in the third VCS is almost negligible, as shown in

Fig. 11(d). For the cases with the AVCS and AVCS-PO, the heat

taken away by each VCS or VCS-PO increases first and then

decreases, because the temperature difference between adja-

cent VCSs has the same trend, and the enthalpy of hydrogen

has an almost linear relationship with temperature. In the

AVCS-PO case, the heat taken away by the conversion heat can

be neglected compared to that by the sensible heat at the po-

sition between 50% and 100% within the VDMLI. Table 3 shows

the comparison of insulation performance of different number

of the VCS-PO. As shown, the heat taken away by the sensible

heat (qs) increases gradually with the increase of the number of

the installed VCSs, while the heat taken away by the conver-

sion heat (qc) and its proportion of the heat taken away by the

VCS-PO (qVCS-PO) decrease. This is due to the fact that the heat

taken awayby the conversion heat is dependent onnot only the

concentration difference, but also the enthalpy of conversion,

which both vary with the temperature.

Effect of catalytic efficiency

For the aforementioned results presented in previous sec-

tions, the catalytic conversion is assumed as a perfect process
s for the cases of: (a) DVCS and (b) DVCS-PO.
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Fig. 11 e Heat flux versus position in VDMLI with (a) SVCS, (b) SVCS-PO, (c) DVCS, (d) DVCS-PO, (e) TVCS, (f) TVCS-PO, (g)

AVCS, (h) AVCS-PO.
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Table 3 e Insulation performance comparison of different VCS-PO number.

Case Heat leak
into the tank
q0 (W/m2)

Heat taken
away by
VCS-PO

qVCS-PO (W/m2)

Heat taken
away by the
sensible heat
qs (W/m2)

Heat taken
away by the
conversion

heat qc (W/m2)

Proportion
of heat taken
away by the
conversion

heat qc/qVCS-PO (%)

Total heat
leak qtotal
(W/m2)

SVCS-PO 0.099 0.312 0.225 0.087 27.9 0.411

DVCS-PO 0.076 0.376 0.308 0.068 18.1 0.452

TVCS-PO 0.068 0.41 0.344 0.066 16.1 0.478

AVCS-PO 0.052 0.46 0.403 0.057 10.9 0.512

Fig. 12 e Heat flux and VCS temperature versus catalytic

efficiency.
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with the catalytic efficiency of 100%. However, in practice, the

catalytic efficiency is affected by various factors, e.g., limited

contact time, insufficient contact area, imperfect catalyst ac-

tivity, etc., and thus it is always less than 100%. Here, the ef-

fect of the catalytic efficiency on the insulation performance is

thus further studied. In order to observe the effect of the

catalytic efficiency visually, SVCS is adopted in this session.

Fig. 12 shows the heat flux and the VCS temperature versus

catalytic efficiency. 0% refers to no P-O conversion, while 100%

represents complete conversion to the equilibrium state. As

the catalytic efficiency decreases from 100% to 0%, the optimal

position of VCS-PO gradually moves outward in the VDMLI,

and the heat flux into the tank increases gradually. It is worth

mentioning that the improvement of insulation performance

has a linear relationship with the catalytic efficiency, with a

fitting error of 0.999. Meanwhile, the VCS temperature grad-

ually increases with the decrease of the catalytic efficiency,

and the reduction magnitude is also linear with the catalytic

efficiency with a fitting error of 0.998, which is attributed to

the fact that the effect of the catalytic efficiency on the overall

heat taken away by VCS-PO is relatively slight, as shown in

Table 3.

At present, experimental data on the P-O conversion rate

are lacking, making it impossible to get the actual para-

hydrogen concentration after the catalytic conversion. If the

catalytic efficiency data are obtained in future studies, more

accurate predictions about the insulation performance

improvement with P-O conversion can be attainable.
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Relative optimization efficiency

For purpose of establishing a unified criteria for evaluating the

improvement effect of VCS number on the thermal insulation

performance, the relative optimization efficiency (ROE) is

proposed to judge the degree of approaching the optimal

insulation performance for a specific VDMLI insulation

configuration, which is analogous to the relative Carnot effi-

ciency. The calculation steps are as follows.

1) According to the given MLI/VDMLI parameters, the heat

leak of the case without VCS and the ideal optimal case,

that is the heat leak of the All-VCS case, are obtained.

2) The optimal heat leak reduction, hoptimal, compared with

the case without VCS can be calculated using Eq. (15),

which is only determined by given parameters. hoptimal is

the benchmark for ROE under given conditions.

hoptimal ¼
 
1� q0;AVCS

q

!
� 100% (15)
0;non�VCS

3) Similar to the Step 2, the heat leak reduction, hn, with

different VCS numbers can be obtained.

hn ¼
 
1� q0;nVCS

q0;non�VCS

!
� 100% (16)
4) ROE, that is the extent of how far the performance of the

case is deviated from that of the ideal optimal case, can be

obtained as follows.

ROEn ¼ hn

hoptimal

� 100% (17)
Table 4 shows the comparison of ROE with different

numbers of VCS or VCS-PO. It can be seen that ROE of the VCS-

PO is greater than that of VCS under the same VCS number.

When the VCS number is one, regardless of having P-O con-

version or not, the system can achieve about 80% of the

optimal results. In a majority of application scenarios, the

system with SVCS is sufficient to meet the insulation re-

quirements. As for a few cases with high requirements for the

thermal insulation, the systemwith DVCS is recommended to

further improve the insulation performance, which can reach

nearly 90% of the best results. The benefits to the insulation

system become limited if continuing to increase the VCS
r-cooled shield insulation integrated with para-ortho hydrogen
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Table 4 e Comparison of ROE with different numbers of
VCS or VCS-PO.

Case Heat
leak q0
(W/m2)

Reduction
of heat

leak h (%)

ROE (%)

non-VCS 0.288 e e

SVCS vs. SVCS-PO 0.112 vs. 0.099 61.1 vs. 65.6 76.5 vs. 80.1

DVCS vs. DVCS-

PO

0.086 vs. 0.076 70.1 vs. 73.6 87.8 vs. 89.9

TVCS vs. TVCS-PO 0.081 vs. 0.068 71.9 vs. 76.4 90.1 vs. 93.3

AVCS vs.AVCS-PO 0.058 vs. 0.052 79.9 vs. 81.9 100 vs. 100
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number to more than three, which is consistent with the

conclusions of Ref. [14]. This work provides a guidance for the

design of the high-performance thermal insulation system for

liquid hydrogen tanks.
Conclusions

A thermodynamic model of the VDMLI with multi-VCS inte-

grated with P-O conversion is established to investigate the

impact of the VCS number and P-O conversion on the insu-

lation performance. The main conclusions are as follows:

(1) The addition of VCS significantly affects the proportions

of three heat transfer modes in the VDMLI. The pro-

portion of radiation is greatly reduced, while those of

solid heat conduction and gas heat conduction are

increased. In addition, the temperature profile inside

the VCS becomes flatter with the increases of the VCS

number. Compared to that without VCS, the heat leak

with multiple VCSs can be reduced by max. 79.9%.

(2) The heat leak with the SVCS-PO is 11.6% less than that

of the SVCS. The heat taken away by the conversion

heat plays a relatively greater role at the low-

temperature region. The optimal position of the VCS-

PO is closer to the tank wall compared to that of the

VCS due to the combined effect arising from the addi-

tion of the VCS and P-O conversion. The temperature at

the position where the VCS is added decreases from

128.6 K to 120.1 K after the P-O conversion is further

added. In addition, the deterioration of the insulation

performance has a linear relationship with the reduc-

tion of catalytic efficiency.

(3) A relative optimization efficiency (ROE) is proposed to

evaluate the improvement of the VCS number on the

thermal insulation performance visually. For the system

with the SVCS and SVCS-PO, ROE can reach 76.5% and

80.1%, which is sufficient tomeet amajority of insulation

requirements. As for caseswith higher requirements, the

system of the DVCS and DVCS-PO is recommended to

further improve the insulationperformancewith theROE

of 87.8% and 89.9%, respectively. The benefits to the

insulation system are extremely trifling if the VCS num-

ber is increased to more than three.
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