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Abstract: Efficient insulation technology is one of the key technologies for the development of
large LH, storage tanks. This paper aimed at a 4000 m® LH, spherical tank, many insulation
schemes were designed, including multilayer insulation systems integrated with a vapor-cooled
shield (VCS) and liquid-nitrogen-cooled shield (LN2CS). The heat transfer model was developed
to predict the insulation performance of a LH; spherical tank. The effect of the VCS position on
insulation performance was studied, and the different configurations of double VCSs were compared
and discussed. The results showed that the daily evaporation rate of MLI, hollow glass microspheres
(HGMs) and vacuum was only 2.05 x 1073%, 3.62 x 1073% and 7.94 x 10~2% at 1.34 Pa, respectively.
MLI was still the optimal insulation scheme for a 4000 m> LH; spherical tank. Meanwhile, it was
found that when the single VCS was placed at the 10th layer, the heat leakage was reduced by
approximately 40.5% compared with MLI. The heat leakage of parallel VCS(P-VCS) was 76.6% lower
than that of MLIL. The minimum heat leakage of series VCS(S-VCS) was 83.79%, 72.75% and 37.36%
lower than that of MLI, single VCS and P-VCS, respectively. Additionally, the heat leakage of the
LH, tank could be reduced to less than 10 W when LN2CS was installed. These results provide a
design reference for the highly efficient storage of large LH, tanks.

Keywords: multilayer insulation; 4000 m3 LHj, spherical tank; vapor-cooled shield; liquid-nitrogen-cooled
shield; efficient storage

1. Introduction

Hydrogen (H;), is the most abundant element in the universe. It also has a high
calorific value, is non-toxic and non-polluting, and will play an important role in the
new energy pattern [1,2]. Safe, reliable and highly efficient hydrogen storage is the key to
realizing Hj energy utilization. Liquid hydrogen (LHy;) is an extremely ideal way to store H,
in terms of mass density, bulk density and the cost of H; storage. LH; is stored in spherical
tanks that can effectively reduce the boil-off of LH; due to their small specific surface
area [3]. Therefore, the development of large LH; spherical tanks is of great significance for
the large-scale utilization of H; energy.

The daily evaporation rates of PIIB-63 (66.3 m?), PIIT-250 (246 m®), PCB-1400 (1437 m3),
IITB-25 (25 m3) and ITTB-45 (45 m3) are 0.52%, 0.3%, 0.13%, 1.2% and 1.0%, respectively,
manufactured by JSC “Cryogenmash” in Russia [4]. Two 3218 m® LH, spherical tanks
were designed by NASA at the launch pad. Perlite was chosen to fill a vacuum jacket
under the cold vacuum level of 10-15 millitorr. The daily evaporation loss of two LH,
spherical tanks was found to be 0.034% and 0.081% in the mid-1970s, and by 2008, this
was up to 0.12% [5]. A 300 m?3 LH, tank was designed by Chen [6]. The insulation mode
of this tank was composed of MLI and a vacuum jacket with 1 millitorr pressure, and
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the daily evaporation loss was 0.23%. A 100 m® LH, storage tank with high-vacuum
multilayer insulation (HV-MLI) was investigated by Wang, and the daily evaporation rate
was 0.48% [7].

To achieve the long-term storage of LH,, cryogenic insulation technology is increas-
ingly attracting scholars’ attention [8]. Generally, cryogenic insulation is divided into
passive insulation and active thermal protection. Passive insulation can be divided into
four types: high-vacuum insulation, vacuum powder insulation, HV-MLI and high-vacuum
multi-shield insulation. Among them, the function of the high vacuum reduces residual
gas conduction between the external environment and the cryogenic liquids [9]. In terms
of active refrigeration, a cryocooler is used to move the heat leakage form the cryogenic
tanks. Nevertheless, the technical requirements of cryocooler performance in the LH, tem-
perature zone are very high, and the cooling capacity of the cryocooler is limited, making it
difficult to promote their application in large LH, storage tanks. Therefore, passive thermal
insulation is still the optimal thermal insulation scheme in large LH; storage tanks.

HV-MLI is the most common of the four passive insulations [10,11], which has been
widely used for the storage of cryogenic liquids, such as LH; and liquid oxygen (LO,) [12].
The MLI mode was first proposed by Swedish scholar, P. Peterson, in 1951 [13]. The MLI
effectively exerts a function in the high vacuum. The vacuum jacket is installed between
the warm and cold boundaries. The MLI consists of multilayer aluminized Mylars with
high reflectivity, and spacer material with minimal thermal conductivity (placed between
the two adjacent reflectors). The pressure of the vacuum jacket is evacuated to less than
1072 Pa [14]. Currently, many investigations of HV-MLI have been conducted by scholars.
Experimental studies of “zero boil-off” storage technology for LH; spherical tanks were
conducted at NASA’s Glenn Research Center. The MLI and two-stage G-M cryocooler were
utilized to reduce heat leakage during the experiment [15]. Bapat et al. [16] performed
the experimental and numerical study on different combinations of reflectors and spacers.
The results showed that the combination of 12 um-thick aluminized Mylars and 76.2 pm-
thick glass fiber fabric spacers had the greatest insulation performance. The numerical
model of solid conduction, radiation and gas conduction was also developed. The results
demonstrated that the residual gas thermal conductivity increased with the increase in layer
density of the MLI. A steady-state experimental study on the effect of interlayer residual
gas pressure on the insulation performance of cryogenic vessels was conducted by Sun
etal. [17]. Argon, air, nitrogen and carbon dioxide were used to flush the interlayer of the
MLI in the experiments, which were conducted under a gas pressure of 10~2 to 10~° Pa and
a temperature of 77-300 K. The experimental results indicated that the thermal conductivity
of the warm boundary is higher than that of the cold boundary with the increase in vacuum
level. Li[18] established a cylindrical measurement platform for MLI materials based on the
LN, temperature. The effects of vacuum degree, number layers of MLI and preload force
on the insulation performance were studied. Three different spacer materials were tested.
However, previous studies have focused on the effect of reflector or spacer types and the
various residual gas flushing insulation jacket on the insulation. Ratnakar [19] reviewed
the effective thermal conductivity of various insulation methods for LH,. The relationship
between residual gas types, pressure, temperature and insulation materials of the insulation
jacket and heat transfer was evaluated based on first principles. A numerical model that can
be extrapolated from LNy to the LH; temperature for insulation calculation was proposed.
However, the literature did not mention the insulation performance optimization of large
LH, storage tanks. Wang et al. [20] studied the heat leakage in MLI tanks at different
vacuum levels and proposed a new method that could inversely identify the pressure in the
vacuum interlayer by obtaining the temperature on the surface of the reflectors. The results
showed that the apparent thermal conductivity was almost constant when the vacuum of
the insulation jacket was <0.1 Pa, and the heat leakage heat flux increased rapidly when
the vacuum was >1 Pa. This study only considered the effect of the vacuum of MLI on the
heat leakage of cryogenic tanks, and did not investigate the contribution of solid thermal
conductivity and radiation heat transfer of MLI to the total heat leakage.
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Coupling of VCS and the MLI were proposed by some researchers to improve the
insulation performance of the MLI. Cryogenic vapor was introduced into the VCS, which
absorbs the heat leakage in the vacuum jacket [21,22]. Jiang et al. [23,24] investigated
the effect of the single VCS and the MLI on the storage of different cryogenic liquids
(LN, LH;, LO, and LCH4) compared to that without VCS in cryogenic tanks. The results
revealed that the heat leakage of LNy, LH,, LO; and liquid methane was decreased by
59.6%, 26.8%, 22.7% and 20.3% when VCS was installed, respectively. The heat leakage and
temperature profile of the coupled insulation model for MLI/variable-density multilayer
insulation (VDMLI) and VCS was studied by Zheng et al. [25]. The results showed that
the heat leakage of VDMLI and VCS was decreased by 83.12% compared with that of
uniform MLI. Yang experimentally studied the transient heat transfer in the cryogenic tank
at different filling rates and pressure ranges. The result showed that the daily evaporation
rate of the tank was reduced by 10.07% when the H; vapor was introduced into the VCS
at 457-467 kPa and a 51.8% filling rate [26]. However, there have been few studies on the
effect of multiple VCSs with different connections and positions at the MLI on heat leakage.

As previously stated, there have also been few studies regarding the large LH, in-
sulation scheme design. Taking a 4000 m® LH; spherical tank, the heat transfer model of
large LH; spherical tanks was developed, and a non-constant value of heat flux of MLI
was considered during the calculation. Simultaneously, the different connection methods
of double VCSs for large LH; spherical tanks were compared and analyzed. The heat
leakage effect of the installation position scheme of the VCS and LN2CS at the MLI was
investigated. This study not only provides theoretical and technical support for the highly
efficient storage and transportation of LHj;, but also provides a basis for the subsequent
optimization design of the insulation performance of large LH; spherical tanks.

2. The 4000 m3 LH, Tank Structure and Insulation Schemes
2.1. Physical Model of a 4000 m® LH, Tank

Figure 1 shows a 4000 m3 LH, storage tank, which primarily consists of an inner
tank, outer tank and vacuum jacket. The diameter of the inner tank and the outer tank are
19.7 and 21.4 m, respectively. The volume of vacuum annular space is 1128.34 m3, which
is evacuated to reduce the gas conduction. The inner and outer upper struts are used to
support the inner and outer tank, respectively.

2.2. Design of Insulation Schemes

To investigate the insulation performance of a 4000 m® LH, spherical tank, seven
insulation schemes were designed. The specific insulation schemes were as follows:

Vacuum insulation scheme: Vacuum insulation is one of the most common modes of
industrial insulation. The vacuum jacket of a spherical double-wall tank was evacuated to
reduce convective heat transfer and residual gas conduction between LH; and the external
environment. The vacuum level of the insulation jacket was usually maintained at greater
than 102 Pa.

MLI scheme: The MLI material was composed of multi-reflectors and low thermal
conductivity spacers in a ratio of 1:1, stacked on the outer surface of the inner container
of the LH) storage tank, as shown in Figure 2. The purpose of multi-reflectors minimizes
radiation heat transfer between LH; and the outer tank. The spacers weaken solid conduc-
tion between two adjacent reflectors. The MLI is usually combined with a high vacuum to
achieve the best insulation effect.

HGMs insulation scheme: The HGMs insulation was composed of many hollow glass
microspheres and a low vacuum. The diameter of HGM was usually 0.002-0.1 mm. The
HGMs insulation was suitable for large LH, tanks because it did not require a higher
vacuum (usually less than 1 Pa) than that of the MLI. The HGMs were stacked into the
vacuum jacket to minimize solid conduction, as shown in Figure 3. The vacuum jacket was
used to suppresses residual gas conduction. HGMs have good porosity and hardness, and
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they are not easy distorted when HGM s are installed, making it easier to evacuate residual
gas than with MLL

MLI + single VCS scheme: The self-vapor with lager cool capacity of a LH; spherical
tank was fully utilized to absorb the heat leakage. The MLI in the vacuum jacket was
divided into inside and outside parts by the VCS. The outside heat loads reached the
position of VCS through the external part of the MLI. A proportion of the heat was absorbed
by VCS, and a little residual heat invaded the inner tank, as shown in Figure 4. Additional
heat leaked into the inner tank through the support structure, heat bridge, MLI, etc.

Figure 1. Physical model of a 4000 m® LH, spherical tank. 1. Inner tank; 2. Outer tank; 3. Inner upper
strut; 4. Outer upper strut; 5. Inner lower strut; 6. Pull rod; 7. Pedestal.
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Figure 2. Schematic of MLI scheme.
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Figure 3. Schematic of HGMs insulation scheme.

Figure 4. Schematic of single VCS insulation scheme.

MLI + double series VCS scheme: The two VCSs were connected in series, installed at
the inner and outer MLIL The cryogenic vapor flowed through into both VCSs. The inner
VCS absorbed heat leakage through the external VCS and part of the MLI. The outer VCS
acted as a first shield to absorb heat leakage through part of the MLI between the inner

VCS and outer tank (see Figure 5).
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Figure 5. Schematic of double VCSs insulation scheme.

MLI + double parallel VCS scheme: The two VCSs were connected in parallel inside
the MLI. Compared with the series VCSs, the cooled vapor was evaporated from the LH,
tank, which flowed into both the inner and outer VCSs to absorb the leaked heat. Herein, it
is assumed that the flow quantity of cryogenic vapor was equalized, which simultaneously
flowed through the inner and the outer VCS.

MLI + LN2CS scheme: Figure 6 shows that the MLI was divided into inside and
outside parts by the LN2CS. The outside heat loads reached the position of the LN2CS
through the external part of MLI, which was absorbed by the LN2CS. The residual heat
between LN2CS and LH; invaded the inner tank. The LN, was introduced into the LN2CS
as a cold boundary, which realized the utilization of LNj. This is inexpensive and has a
high cooling capacity as LH; tank insulation (see Figure 6).

000 O\‘“
O N
O

Figure 6. Schematic of LN2CS insulation scheme.

3. Development of Heat Transfer Model
3.1. Heat Transfer Model of MLI

The following assumptions were made in the calculation process [27]:

1.  The spacer between two adjacent radiators has no effect on the radiation heat leakage;

The spacer between two adjacent reflection shields is a finite space;

3.  The longitudinal conduction of the MLI is neglected, and overall conduction is as-
sumed to be radial.

N
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According to the above assumptions, high-vacuum MLI can be simplified as a one-
dimensional conduction. The total heat flux leaking into the LHj spherical tank is given as
follows (Equation (1)):

q=0qr+qc+qg @

where g is the total heat leakage flux, W/m?; g5 is the radiation heat transfer, W/m?; g, is
the residual gas conduction, W/ mZ; and gr is the solid conduction, W/ mZ2.

The calculating equations of radiation heat transfer between the two adjacent reflection
shields are given based on the Stefan—-Boltzmann law, as shown in Equation (2):

qr = Kr,i(TH - TC) (2)
Kei =0 (Thq + T2)(Tia + T;) /(1 en + (A /A (1/ec = 1))
where K, ; is the radiation heat transfer coefficient, W/(m?-K); ¢ is the Stefan-Boltzmann
constant, usually 5.67 x 10~8 W/m2.K* [23]; Ty and Tc represent the warm and cold
boundary temperatures of each layer, K, respectively; ey and ec is the emissivity of the
warm and cold boundaries, respectively; and the emissivity of double aluminized Mylars
is 0.04 [24]. A; is the average area of the ith layers, m?; A;,1 is the average area of the I + 1th
layers, m?; T; is the temperature of the ith layer, K; and T;,; is the temperature of the i+1th
layer, K.

The law of residual gas conduction between narrow spaces is described by the ratio
of the average free path (I) of the gas to the physical characteristic size (L), i.e., Knudsen
number (Kp). Herein, L is the size of the interlayer. The value of K is mainly used to
define the different motion states of gas molecules. The residual gas conduction is mainly
through the collision of gas molecules with walls in the free molecular zone. At this time,
the residual gas conduction can be expressed as Equation (3):

qg = Kgi(Tu — Tlc)
s
Kgi = ghzva(17) 3)

o= T

where Kg/,' is the residual gas heat transfer coefficient, W/ (m2 K); v is the average velocity
of the gas, m/s; T is the average temperature of the gas, K; M is the molecular mass of
gas, g/mol; R is the universal gas constant, 8.314 k] /mol-K; T is the average temperature
of the two adjacent reflectors, K; p is the residual gas pressure, Pa, usually 0.001 Pa; and
« is the accommodation coefficient, o« = (1/a1 + (r; X ri/ri_1/7i—1) X (1/a, — 1)), air is
usually 0.9 [23].

In the MLI the spacer chosen was made of the Dacron net material. The solid conduc-
tion and thermal conductivity equation were obtained as Equation (4).

qs = Ks,i(TH - TC) (4)
Ks;i =2nCof A/ (riy1 —1i)

where Kj ; is the solid heat transfer coefficient, W/ (m2 K); C; is the empirical constant;
Dacron net is usually 0.008 [25]; f is the relative density of the spacer, usually 0.03 [25]; and
t; is the radius of each layer of the spherical tank, m.

The thermal conductivity of the spacer was considered to be a function of temperature,
which was an empirical formula as Equation (5).

A =0.017 47 x 1074(800 — T) + 0.0228 In(T) (5)
where T is the average temperature digital value of the two adjacent reflective shields.

3.2. Heat Transfer Model of Single VCS

The present computational model was assumed as follows:



Processes 2023, 11, 1778

8 of 20

(a) Between the VCS and MLI, there is no contact thermal resistance;

(b) The cooling capacity of the VCS is totally used to absorb the heat;

(c) The temperatures of both sides of the VCS are equivalent;

(d) The heat leak into the inner tank through the support structure, pipeline, etc., is a
constant value.

Therefore, the heat flux absorbed by the boil-off gas in the VCS can be obtained based
on the equation of gas transformation [28] (Equations (6) and (7)):

qvcs = mAh = m(hy(Ty, Po) — hy(Ty, Pr)) (6)
i — QtaNK @
hin,

where m the mass flow rate of the boil-off gas in the LHj tank, kg/s; h1(T1, P2) and hy(T>,
Py) are the inlet and outlet enthalpies of the H, of the VCS, respectively, k] /kg, both values
were obtained using NIST code REFPROP 9.1; hy 13, is the latent heat of the LHj, kJ /kg; and
Qr1aNK is the total heat leakage of the LH, tank, W.

According to Figure 4, the energy conservation equation of the single VCS can be
obtained as follows (Equation (8)):

Ql = (Tw - Tx)/R1
Q3 = (Tx - Tc)/Rz
m = (Q3 + qupport) /Y
Q11— Q=0 = me(TX - Tc)

®)

where Ty, is the ambient temperature, K; Ty is the temperature of the VCS, K; T, is the
temperature of the inner tank, K; R; and R; are the thermal resistances of both sides of the
VCS, K/W; 7 is the latent heat of LHy, kJ/kg; and C;, is the specific heat capacity of Hy,
kJ/(kg-K). According to our previous calculation, the heat leakage of the support structure
(Qsupport) is ~90W; Q1 is the heat leakage that leaks into the VCS from the outer tank, W;
Q, is the heat leakage that is absorbed by VCS, W; and Q3 is the heat leakage that leaks into
the inner tank from the VCS, W.
The insulation efficiency of the VCS is shown in Equation (9):

Q>

MLI

N = x 100% )
where 7; is the insulation efficiency of VCS, %; and Q1 is the heat leakage into the LH;
tank using the MLI, W.

3.3. Heat Transfer Model of Double VCSs

To further reduce the heat leakage of MLI and fully utilize the cooling capacity of
cryogenic Hy, the parallel and series connection schemes of double VCSs were analyzed,
as shown in Figure 5. The parallel VCSs were assumed to distribute 50% of the gas flow.
Thus, the energy conservation relationship of the double VCSs was obtained as follows (see
Equation (10)):

Qa1 = (Th — T2)/Rat
Qa2 = (T — T3)/ Rz
Qas = (T3~ Ta)/Ras
m = (QdB + qu.pport) /7y
Qa1 — Qa2 = Qas = maCp(Tr — Ty)
Qa2 — Qg3 = Qa4 = 7;11Cp(T3 —Ty)

where T is the ambient temperature, K; T,, T3 are the temperatures of the outer and inner
VCSs, K; Ty is the temperature of LHy, K; Rq1, Rqp, R43 are the thermal resistances between

(10)
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the outer VCS and the outer tank, the outer VCS and the inner VCS, and the inner VCS and
the inner tank, K/W; iy and 7z, are the flow quantities of cryogenic Hj through the inner
and outer VCSs, respectively, kg/s; Qq1 is the heat leakage that leaks VCS1 from the outer
tank, W; Qg» is the heat leakage that is absorbed by the VCS, W; Q43 is the heat leakage
that leaks into the inner tank from the VCS2, W; Q44 is the heat leakage that is absorbed by
VCS2, W; and Qg5 is the heat leakage that is absorbed by VCS1, W.

3.4. Heat Transfer Model of LN2CS

To improve the insulation performance of MLI, the LN2CS was designed at the MLI
stage because LN is cheaper and has a higher cooling capacity, as shown in Figure 6.
The calculation process and model were similar to the previous state, where the MLI was
divided into internal and external parts by the LN2CS. The heat transfer equation of the
LN2CS is given as Equation (11). The density was 810 kg/m?3.

Ont = (Tw — TinN, ) /Rinz—1
One = (Tin, — Te) /Rino—2 (11)
mN, = ON2/ VLN,

where T Np is the temperature of LN2CS, K; 11.1LN2 is LN, consumption, kg/s; Qny is the
heat absorbed by LN2CS, W; Qnj is the heat leakage that leaks into the VCS from the outer
tank, W; Qnp is the heat leakage that is absorbed by the VCS, W. Rynp-1 and Rynp-2 are the
thermal resistances of both sides of the LN2CS, K/W; and 1, is the evaporation heat of
LN, (199.485 kJ /kg).

3.5. Calculation of Daily Evaporation Rate
Equation (12) displays the daily evaporation rate of LH, spherical tank [29]:

= % x 100% (12)

where 7 is the daily evaporation rate, %; M is the 24-hour LH, evaporation, m3; and V,, is
the full capacity of the LH, spherical tank, m?.

3.6. Solving Strategy of Heat Transfer Model

The thermal resistance of radiation heat transfer, residual gas and solid conduction
was taken as Ry,; Rg; and Rs ;, respectively [30,31]. The computational equation of thermal
resistance in MLI is shown in Figure 7. Equations (13) and (14) show the total and thermal
resistance of each layer (Rj):

Rt,i =1/A (Kr,i + Kg,i + Ks,i) (13)
R,; =1/AK;;
Rgi=1/AKg; (14)
Rsi =1/AKs)

where A is the area of MLI layers, m?.

The program calculation was implemented based on the Equation (15):

n
L Ry,

Ty =T+ Z—(To—T.) (n = 2,3,4....50, N = 50) (15)

Y Ry
i=1

where T, is the value of new iterative temperature, K.
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The mathematical model of heat leakage of the MLI was calculated iteratively using
C++ programming. The flowchart of the program is shown in Figure 8.

RrJ

1 1

L1 L1
Rqi
R,

1

| I L

R, R,
T,=T, T, Tpa=T,

Figure 7. Schematic of MLI interlayer thermal resistance.

Initialize the temperature
distribution

Calculate the value of K,

[f" Ks, Kr.

Calculate the thermal
resistance of each

The new distribution of
temperature values is obtained

No

Yes

Heat leakage is calculated

Calculate the heat leakage
ratio of each part

End&Output

Figure 8. Flowchart of program calculation.

The heat transfer model of VCS was implanted into the layer by layer model. Figure 9
shows that the numerical calculation was mainly divided into seven steps: (1) Prior to the
calculation, the temperature profile of each interlayer of the MLI was assumed; (2) The ther-
mal resistance between two adjacent radiators was calculated according to the temperature
profile; (3) According to the position of the VCS, the cumulative thermal resistance of both
sides of the VCS (the value of R; and Ry) was obtained; (4) Each part of the MLI of the heat
flux was calculated according to the value of thermal resistance; (5) The temperature of the
VCS was calculated based on the energy conservation; (6) The value of temperature of each
layer of MLI was calculated (Equation (15)); (7) The new obtained value of the temperature
profile was compared with the previous value of the temperature profile. If it was less than
the errors, the calculation was completed. Otherwise, the second step was returned to, and
the iterative calculation was continued.
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No

No emperature
error

!
End&Output

Figure 9. Procedure flowchart of calculation of VCS.

The boundary conditions: (a) the ambient temperature (hot wall) was taken as 295 K;
(b) the temperature of the cold wall was taken as 20.3 K.

In terms of the initial conditions, (a) The MLI temperature per layer was given linearly;
(b) The inlet temperature of the VCS was assumed to be 20.3 K; and (c) The outlet temperature
of the VCS was assumed to be equal to the temperature of the MLI layer where it was located.

3.7. Verification of the Heat Transfer Model

To verify the numerical model, the numerical calculation results and the experimental
data were compared. The MLI was a double-sided aluminized Mylars with the spacer
made of Dacron net, as was used in the literature [32]. The 50 layers of MLI were chosen to
be stacked on the outer surface of the inner cryogenic vessel. The three temperature sensors
were placed at the upper, middle and lower layers inside the 1st, 10th, 20th, 30th, 40th and
50th layers, respectively. The average value of the temperature between the layers of the
experimental MLI was chosen to verify the numerical results. Figure 10 reveals that the
numerical calculation results are in good agreement with the experimental data of Zheng.
The maximum error values of the present results and referred experimental data were less
than 10%. Therefore, the numerical model of heat transfer could be used for heat transfer
calculations of a 4000 m3 LHj spherical tank.

4. Results and Discussion
4.1. Comparison of Insulation Scheme

To compare the insulation performance of the 4000 m® spherical tank, the daily
evaporation rate of the spherical tank was calculated. The effective thermal conductivity
of HGMs and HV-MLI at the LN, temperature was obtained from Refs [33-35]. Figure 11
shows that the daily evaporation rate of MLI was 1.24 x 1074%, 3.31x1074%, and
2.05 x 1073% at 1073, 10! and 1 Pa, respectively. The daily evaporation rate of MLI was
95.9%, 95.55% and 90.04% lower than that of HGMs, and 99.73, 99.71% and 99.44 % lower
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than that of the vacuum only, at 1073,10 ! and 1 Pa, respectively. The daily evaporation
rate of HGMs was 7.45 x 1073% at 13.3 Pa. The daily evaporation rate of HGMs was
48.49% and 92.41% lower than that of MLI and the vacuum only, respectively. For the
higher insulation requirement of LH, tanks, MLI was more suitable. MLI had a better
insulation performance than HGMs when the pressure of the vacuum jacket was less
than 3.34 Pa or higher than 133.69 Pa. HGMs had better insulation performance than MLI
when the jacket pressure was between 3.34 Pa and 133.69 Pa. When the vacuum degree
was low (less than 3.34 Pa), radiation dominated the heat leakage. Radiation shields
limited the radiation heat transfer, and MLI exhibited the best insulation performance in
this pressure range. The solid conduction increased with jacket pressure in the range of
3.34 Pa to 133.69 Pa, yet the solid conductivity of HGMs was lower than that of spacers.
The radiation and residual gas conduction became more dominant as the vacuum degree
increased (greater than 133.69 Pa), and the reflection shields lessened the radiation heat
transfer. Consequently, the insulation performance of the LH, tank was improved.

Present Numerical Results
® Zheng's Experimental Data

350 -+

w

o

o
1

N

a

o
1

Temperature (K)

50 —
0 10 20 30 40 50
Number of Layers of MLI

Figure 10. Comparison between present numerical results and previous experimental data.

4.2. Percentage of Heat Leakage in MLI

Figure 12 shows the proportion of the three heat transfer types versus the position
in the MLI. The percentages of radiation heat transfer, residual gas conduction and solid
conduction were 7.70%, 77.81% and 14.50% in the innermost layer and 95.83%, 3.31% and
0.87% in the outermost layer, respectively. The proportion of radiation heat transfer of
the total heat leakage gradually increased from the inner to the outer layer. The radiation
heat leakage in the outermost layer was 12.45 times greater than that in the innermost
layer. The heat leakage of the innermost layer was dominated by gas conduction, which
was approximately 10.11 and 5.37 times than that of the radiation heat leakage and solid
conduction, respectively. The residual gas conduction in the innermost layer was 23.5 times
that in the outermost layer. The closer to the inner tank, the larger the temperature difference
between the two adjacent layers, which increased the heat conduction of the residual gas.
The percentage solid conduction of the total heat leakage from the inner layers to the outer
layers kept decreasing. The solid conduction in the innermost layer was 16.75 times that in
the outermost layer.
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4.3. Effect of Layer Number on MLI Performance

Insulation performance and manufacturing costs of large LH; tanks should both be
considered. Figure 13 shows that the heat leakage significantly decreased and then became
stable as the number of MLI layers increased. However, its cost kept increasing linearly.
There is a suitable value for the layer number of the MLI. If the layer number is greater than
this value, adding MLI layers has no significant effect on the insulation performance, but

the manufacturing cost is significantly increased. Based on this fact that the layer number
of the MLI was chosen as 50.
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4.4. Effect of Ambient Temperature on MLI

The daily evaporation rate of LH; increased from 8.95 x 10~4% to 2.52 x 10~3%; this
increased by 1.82 times when the ambient temperature increased from 230 K to 310 K, as
shown in Figure 14. The boil-off of LH; increased linearly when the temperature difference
between the inner and outer tank of LH; increased. Therefore, the ambient temperature had
a significant effect on the heat leakage of the LH, tank. The temperature difference between
day and night and the regional temperature difference need to be carefully considered in
the design.

255107 - [ '] Daliy Evaporation Rate of Liquid Hydrogen

- 300
2.0>10° A

15107

- 200
1010

Heat Leakage (W)

5.0<10™*

Daliy Evaporation Rate of Liquid Hydrogen (%0)
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1

11 "1 11— 100
230 240 250 260 270 280 290 300 310
Environment Temperature (K)

Figure 14. Effect of ambient temperature on heat leakage and evaporation rate of LH,.

4.5. Effect of Single VCS on the MLI

Figure 15a shows that when the VCS moved outward, the heat leakage into the LH;
first decreased and then increased. The findings demonstrated that when the VCS was
installed at the 10th layer, the minimum heat leakage was 159.44 W. The heat leakage was
2.40%, 2.2% and 35.1% lower than that when the VCS was installed at the 5th, 15th and 45th
layers, respectively. The heat leakage was 40.5% lower than that of the MLI. Additionally,
the closer the VCS was to the warm wall, the more heat leakage was absorbed by the VCS.
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There was less MLI wrapped around the VCS when the VCS was closer to the warm wall,
which caused greater radiation heat leakage into the VCS. It can be concluded that the
performance insulation of MLI was significantly affected by the position of the VCS.

260
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Figure 15. Schematic of MLI performance vs. VCS position: (a) change trend in heat leakage vs. VCS
position; (b) temperature variation vs. VCS position.

Figure 15b shows the effect of the VCS position on the temperature profile of MLI.
The temperature profile of MLI was lower than that without VCS. The presence of the
VCS significantly reduced the temperature profile from the VCS to the cold boundary and
weakened the heat leakage.

4.6. Effect of Double VCSs on MLI

A MLI system integrated with two VCSs was designed to improve the insulation
performance of the LH; spherical tank. The temperature profile versus the VCS position
is shown in Figure 16a, when two VCSs were linked in parallel. The minimum heat
leakage through the MLI was 62.73 W. The heat leakage was 60.66%,18.11%, 16.31%, 9.55%,
17.37%and 12.02% lower than that of VCS 10, P-VCS 10 20, P-VCS 10 30, P-VCS 10 40,
P-VCS 20 30 and P-VCS 20 40, respectively, when the inner and outer VCSs were installed

at the 10th and 20th layers (P-VCS 10 20). Compared with MLI, the P-VCSs improved the
insulation performance by 76.6%.
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Figure 16. Comparison of the P-VCSs of heat leakage and interlayer temperature profile: (a) MLI
interlayer temperature profile; (b) Heat leakage vs. VCSs position.

Figure 16b shows that the temperature profile of P-VCSs was significantly lower than
that of No VCS. The average temperature of VCS10 20, VCS10 30, VCS20 30 and VCS30
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~
o

40 was 16.22%, 18.44%, 22.16% and 23.83% lower than that of No VCS, respectively. It can
be seen that the presence of double P-VCSs significantly lowered the temperature profile of
MLI, which decreased the heat leakage of the LH; tank. Additionally, the red curve shows
that the heat leakage showed a trend of increasing, decreasing and increasing with the
outward movement of the first VCS, while the heat leakage showed a trend of increasing
with the outward movement of the second VCS.

Figure 17 shows that series-connected double VCSs (S-VCS) significantly reduced heat
leakage through the MLI. The heat leakage of S-VCS 30 40 was 83.79%, 25.67% and 0.75%
lower than that of No VCS, VCS10 and P-VCS 10 20, respectively. Compared with VCS10 and
P-VCS 10 20, the insulation performance was improved by 7.16% and 43.26%, respectively.
Figure 17a shows that when the first VCS moved outward, the heat leakage initially reduced,
then increased. The average temperature of S-VCS 10 20, S-VCS 10 30, S-VCS 20 40 and S-VCS
30 40 was 18.15%, 20.32%, 25.55% and 28.05% lower than that of No VCS, respectively, as
shown in Figure 17b. The average MLI temperature of S-VCS 10 20, S-VCS 10 30 and S-VCS
30 40 was 2.31%, 2.31% and 6.62% lower than that of P-VCS 10 20, P-VCS 10 30 and P-VCS
30 40, respectively. It is concluded that the average temperature of S-VCS was minimum, and
a greater insulation performance was obtained.
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Figure 17. Heat leakage and MLI interlayer temperature distribution of S-VCSs: (a) Heat leakage vs.
S-VCSs position; (b) MLI interlayer temperature profile vs. S-VCSs position.

4.7. Effect of LN2CS on MLI

Table 1 shows that the lower the amount of heat leaking into the LH; tank through the
ML, the closer the LN2CS is to the warm wall. This is because the heat leakage is directly
absorbed by the LN2CS in the vacuum jacket, which reduces the amount of residual heat
that passes through the MLI inner section. However, the LN2CS cannot be installed close
to the cold wall. If there are few MLI layers between the LN2CS and LHj, this will allow
heat to leak from the LN, to the LHj, causing unnecessary evaporation of LH,. Figure 18
illustrates that the daily evaporation of LH; rapidly decreased, then tended to be stable
when the LN2CS was moved from the inside to the outside of the MLI. However, the
LN, consumption increased rapidly when the LN2CS was placed closer to the warm wall.
According to cost analysis, the LN2CS should be placed at the 40th layer of the MLI. The
LN, consumption was only 9.92% of that when LN2CS was placed at the 49th layer.

Figure 19 demonstrates that adding LN2CS significantly reduced the heat leakage
of MLI Figure 19a reveals that the LN2CS was more cost-effective when it was placed at
the 40th layer. By comparison with No VCS, the insulation efficiency was enhanced by
96.05%. The temperature profile of the MLI when the LN2CS was mounted at different
positions is depicted in Figure 19b. From the LN2CS at the cold wall, the temperature
profile of the MLI was much lower than that of No VCS. The temperature profile of MLI
between the LN2CS and the cold wall was significantly lower than that of No VCS. When
the LN2CS was installed near the warm wall, the temperature profile of MLI significantly
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increased. The MLI average temperature between the LN2CS and the cold wall was 60.80%
lower than that of No VCS when the LN2CS was added between the 10th and 11th layer; in
contrast, the average temperature of the MLI between the LN2CS and the warm wall was
6.98% lower than that without VCS. The LN2CS was installed between the 20th and 21st
layers. The average temperature of the first 20 layers of MLI was 71.32% and 51.99% lower
than that of No VCS and VCS 10, respectively, while the average temperature of the last
30 layers was 6.83% and 8.09% lower than that of No VCS and VCS 10, respectively. When
the LN2CS was placed between the 30th and 31st layers, the average temperature of the
MLI between the LN2CS and the cold wall was 74.30%, 64.71%, and 44.30% lower than that
of No VCS, VCS 10, and VCS 20, respectively. This was 1.82%, 13.39% and 10.32% lower
than that of the average temperature of the MLI between the LN2CS and the warm wall,
respectively. When the LN2CS was placed between the 40th and 41st layers, the average
temperature of the first 40 layers of the MLI was 65.72%, 70.44%, 60.43% and 41.31% lower
than that of No VCS, VCS 10, VCS 20 and VCS 30, respectively, which was 15.99%, 15.48%,
14.43%, and 12.07% lower than that of the last 30 layers, respectively. It can be concluded
that the LN2CS can effectively lower the temperature profile and improve the insulation
efficiency of a LH; tank.

Table 1. The installation position effect of LN2CS on heat leakage.

.- . . LN,
LstLinzltlon Heat Leakage (W) Daﬂ};{ E‘tlzl(:v(;)r)atlon Absor/b}:]d Heat Consumption
y ° (m3/day)
1 368.73 2.79 x 1073 —105.70 —
5 74.21 5.62 x 107 212.28 0.114
8 46.64 353 x 107 260.37 0.140
10 37.45 2.84 x 10°* 284.95 0.154
15 25.20 191 x 104 343.35 0.185
20 19.07 1.44 x 10~* 410.0 0.221
25 15.40 1.17 x 1074 500.78 0.270
30 13.31 1.01 x 1074 168.42 0.091
35 11.77 891 x 10~ 848.77 0.457
40 10.57 8.01 x 10~ 1280.35 0.690
45 9.61 7.28 x 107> 2572.42 1.39
49 8.97 6.79 x 10~ 12,902.91 6.95
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CS position.
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5. Conclusions

In conclusion, there have been few studies on the insulation scheme of large LH, tanks.
This paper mainly focused on the insulation performance of a 4000 m® LH, spherical tank.
The insulation performance of seven insulation methods were analyzed and compared
using non-constant heat flux. This paper designed two VCSs and proposed two connection
schemes, and the maximum insulation efficiency improved by 72.75% compared with the
common single VCS. Additionally, the installation position optimization of VCS and LN2CS
was performed accurately and in detail. The main conclusions drawn are as follows:

1. The insulation properties of HGMs and MLI is better than that of only vacuum insu-
lation. When the pressure of the vacuum interlayer is less than 3.34 Pa, the insulation
performance of MLI is better than that of HGMs. When the vacuum degree is in the
range of 3.34 to 133.69 Pa, the insulation performance of HGMs is better than MLL

2. The daily evaporation rate of LH; is increased by 1.82 times when the external
environment temperature increases from 230K to 310K. Considering the cost, there is
an optimal layer number of the MLI. As the number layer of MLI increases, the heat
leakage first drops, then gradually slows. The optimal value is 50 layers for a 4000 m?
LH; spherical tank.

3. The minimum heat leakage of P-VCSs can be improved by 76.6% compared with that
of No VCS. The heat leakage through the MLI will further decrease when S-VCSs is
used. The minimum heat leakage of S-VCSs is 83.79%, 25.67% and 30.75% that of
No VCS, VCS10 and P-VCS, respectively. The maximum insulation efficiency can be
improved by 7.16% and 43.26% compared with that of VCS10 and P-VCS, respectively;

4. Considering the comprehensive cost analysis, the optimal installation scheme is
obtained when the LN2CS is installed at the 40th layer; consumption is decreased to
less than 10W. The insulation efficiency is 96.05% higher than that of No VCS.

The results of this study provide comprehensive solutions for the efficient operation
of future large-scale hydrogen storage systems, thus promoting the competitive advantage
of hydrogen energy in the future by achieving the goals of the large-scale use and efficient
insulation of LH2 storage tanks.
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Nomenclature

LH, Liquid hydrogen

VCSs Vapor-cooled shield

LN2CS  Liquid-nitrogen-cooled shield
CS Cooled shield

HV-MLI High-vacuum multilayer insulation
VDMLI  Variable density multilayer insulation
HGMs Hollow glass microspheres

H, Hydrogen
LO, Liquid oxygen
LN, Liquid nitrogen

No VCS  Without VCS
P-VCS Parallel VCS
S-VCS Series VCS

MLI Multilayer insulation
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