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Abstract: The storage of hydrogen is important for the development of hydrogen energy, especially
for the storage of liquid hydrogen, which has been receiving more and more attention recently. In
order to study the thermal insulation performance of variable-density multilayer insulation (VDMLI)
structures under different working conditions at liquid hydrogen temperatures without incorporating
a composite structure, we established a heat transfer model based on a layer-by-layer calculation
method. Then, we carried out numerical calculations to analyze the influence of the total number
of layers, the thermal boundary temperature, and vacuums on the performance of MLI at liquid
hydrogen temperatures. To investigate the optimization of variable-density configurations on the
thermal insulation performance of VDMLI and to obtain accurate variable-density configurations,
we proposed a variable-density configuration method based on the control variable method and the
insertion by region method. The results indicate that the optimal variable-density configuration is the
insertion of 4 layers of radiation shields in the low-density region, 15 layers in the medium-density
region and 38 layers in the high-density region. Compared with a uniform-density structure, the heat
flux is reduced by 8.6%.

Keywords: liquid hydrogen temperature region; multilayer insulation; variable density; layer density;
heat flux

1. Introduction

Hydrogen energy, an important clean and renewable energy, has been attracting more
and more attention recently. Hydrogen energy is of great importance to ensure energy
security, promote the transformation of the energy system, and promote sustainable eco-
nomic development [1-3]. Hydrogen has a wide range of uses, including energy storage,
electricity generation, heat generation, and uses as a fuel. Its application scenarios have
gradually expanded to electricity, transportation, construction, etc. [4-8]. However, the pro-
duction and efficient storage of hydrogen are important issues for the practical application
of hydrogen energy [9-11]. Hydrogen storage technology includes high-pressure gaseous
hydrogen storage, cryogenic liquid hydrogen storage, metal hydride hydrogen storage, etc.
Compared with conventional gaseous hydrogen storage methods, liquid hydrogen storage
has a high hydrogen storage density and a high energy density, which make it advanta-
geous in storage and transportation [10]. However, the physical and chemical properties
of hydrogen also create some technical challenges for the storage of liquid hydrogen [12].
The temperature of liquid hydrogen is much lower than room temperature, and liquid
hydrogen has a low boiling point and low latent heat. Heat leakage causes continuous
evaporation of liquid hydrogen, resulting in over-pressure and a loss of liquid hydrogen.
In addition, liquefied hydrogen is flammable and explosive, which are properties that
may cause combustion or explosions [13]. To prevent the loss of liquid hydrogen and the
overpressure of storage tanks and to extend non-destructive storage times, heat leakage
from the environment to liquid hydrogen storage tanks must be minimized. Due to the

Energies 2022, 15, 9267. https:/ /doi.org/10.3390/en15249267

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15249267
https://doi.org/10.3390/en15249267
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en15249267
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15249267?type=check_update&version=1

Energies 2022, 15, 9267

20f17

low temperature of liquid hydrogen, hydrogen storage tanks have high requirements for
thermal insulation. Therefore, improving the thermal insulation performance of liquid
hydrogen storage tanks is an important direction of current research.

MLI is an efficient thermal insulation technology that consists of low-emissivity ra-
diation shields and a low thermal conductivity spacer [14]. Numerous researchers have
conducted extensive research on MLI. Johnson et al. [15,16] optimized the layer density of
multilayer insulation systems for different thermal boundary temperatures and vacuums
and investigated the insulation performance of low-density multilayer insulation structures
at liquid nitrogen temperatures. The insulation performance was related to layer density,
the number of layers, and the thermal boundary temperature. Wang et al. [17] studied
performance improvements for vacuum multilayer insulation structures by adding getter
material to the spacer material, and they conducted experimental tests that showed that
the optimum C and Cu mass content for the highest efficiency and lowest cost are 68.086%
and 21.276%, respectively.

With the use of liquid hydrogen as a cryogenic propellant in the aerospace field, re-
searchers began their studies on composite multilayer insulation structures. Martin and
Hastings et al. [18-20] used a multipurpose hydrogen test bed to evaluate a foam/multilayer
insulation system. The heat leakage was reduced by about 50% compared with standard
MLI. Huang et al. [21] proposed a layer-by-layer model using foam and multilayer in-
sulation (FMLI) to study its thermal insulation performance at different vacuum levels
at liquid nitrogen temperatures, showing that almost no difference in heat flux exists be-
tween FMLI and VDMLI at 10~ Pa. While at 105 Pa, the heat flux through FMLI and
VDMLI is 45.2 W-m~2 and 147.8 W-m~2, respectively. Liu et al. [22] studied the perfor-
mance of FMLI in a cryogenic storage system under different working conditions. The
FMLI system had better performance and reduced heat leakage by 35% compared with
the single foam insulation structure. Zheng et al. [23-25] introduced a self-evaporative
vapor cooling shield (VCS) and analyzed four different insulation structures. The thermal
insulation performance was significantly improved after adding the VCS. In addition, we
conducted a theoretical analysis and experimental tests on a composite insulation system
consisting of SOFI and MLI/VDMLI with liquid nitrogen as the working substance. The
experimental results indicated that the thermal resistance of SOFI only accounts for 0.12%
in high vacuum conditions, and it is 45.37% of the total thermal resistance in atmospheric
pressure conditions. Xu et al. [26] introduced a new type of thermal insulation system by
combining vacuum-insensitive hollow glass microspheres (HGMs) with VCS, and they
analyzed the effect of the VCS’s installation position on thermal insulation performance.
The heat leakage of this thermal insulation system was reduced by 45% and 81% in high
vacuum (1073 Pa) and low vacuum (1 Pa) conditions, respectively, compared with MLL
Wang et al. [27,28] proposed an HGM-VDMLI system and optimized its configuration.
The heat flux of HGM-VDMLI was reduced by 11.97% compared with VDMLI. They also
used different inner materials to predict the performance of the insulation structure in high
vacuum conditions and at liquid hydrogen temperatures. Jiang et al. [29] used an MLI
and VCS composite system to predict the transient temperature distribution and heat flux
change in an insulation structure. The introduction of VCS for liquid hydrogen storage
could reduce heat flux by about 60%.

Early research on multilayer insulation structures was carried out for the entire insula-
tion layer while ignoring the different heat transfer relationships (radiation heat transfer,
solid heat conduction, and gas conduction) between the layers. Although the total heat
flux of each layer in a multilayer insulation structure is equal, the heat flux of the heat
transfer changes with the layer position. In addition, the vacuum, the thermal insulation
material used, the total number of layers, and the boundary temperature all affect the
performance of the liquid hydrogen storage tank, so it needs to be studied in different
working conditions. In this paper, we establish a heat transfer model based on the layer-by-
layer calculation method to investigate the insulation performance of multilayer insulation
structures under different working conditions at liquid hydrogen temperatures. We calcu-
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lated the heat flux (not only the total heat flux) for different heat transfers in a multilayer
insulation structure; therefore, we were able to obtain the relationship of each heat flux
change with changes in layer position. The purpose of this was to optimize the insulation
performance according to different heat transfer mechanisms. For the variable-density
configuration method, previous studies have been conducted by utilizing the sub-region
method, by determining the layer density of each region, and by comparing the heat flux
of the insulation structure with different variable-density configurations. This method
can obtain relatively better variable-density configurations among several configurations,
but it cannot obtain the most accurate variable-density configuration of specific layers in
each region. In order to obtain accurate variable-density configurations, we propose a
method based on the control variable method and the insertion by region method. This
method can directly and precisely obtain the optimal layer density configuration with the
aim of providing the best insulation performance without using a composite structure.
The cited literature on the insulation of liquid hydrogen storage tanks mainly discusses
the aerospace field, and the discussed insulation structures are also more complex, such
as foam/multi-layer composite insulation (FMLI) structures and self-evaporative vapor
cooling shield composite insulation structures. As hydrogen energy continues to receive
increased attention, the large-scale development of hydrogen energy is occurring in the
civil field. If composite insulation structures are used in the civil field, the structure of the
insulation layer becomes complicated, and the production cost increases, which may not
be suitable for large-scale applications. Therefore, the aim of this paper is to improve the
structure performance of liquid hydrogen storage tanks without using composite structures.
This study contributes to the storage of liquid hydrogen in the civil field and provides
a basis for improving the thermal insulation performance of variable-density multilayer
insulation structures.

2. Model and Calculation Procedure

In order to study the thermal insulation performance of multilayer insulation struc-
tures under different working conditions and to study changes in the heat flux in different
layer positions, we took two adjacent radiation layers as the research object and calcu-
lated the radiation heat transfer, gas heat conduction, and solid heat conduction between
those two adjacent radiation layers. The layer-by-layer calculation method proposed by
MclIntosh [30] also takes two radiation layers as the research object, which is suitable for
the research in this paper. Therefore, to establish a model for calculation, we based this
paper on the layer-by-layer calculation method. To calculate the heat flux between the
two adjacent radiation shields, this model assumes that the heat transfer in a multilayer
insulation structure is one-dimensional, and it is based on three heat transfer mechanisms
(radiation heat transfer, gas heat conduction, and solid heat conduction).

2.1. Heat Transfer Model

The radiation heat transfer between adjacent radiation layers is written as:

qi_rad = Ki_rad(TiJrl - Ti) (1)

Kiyaa = [0(Tion + T) (T2 + T7) /( L 1) @
€it1 €
where K; ,,; is the radiation heat transfer coefficient; the Stefan-Boltzmann coefficient
isc =567x108W.m2.K™% Ti+1 and T; are the temperatures of the two adjacent
radiation shields; and €; 1 and ¢; are the emissivity of the two adjacent radiation shields,
both taking 0.04 for aluminized shield.
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The solid heat conduction between adjacent radiation layers is written as:

9is = Ki s(Tin — Tp) (3)
K; s = C1fk/Dx 4)
k =0.017 +7 x 10~°(800 — T) + 0.0228 In(T) (5)

where K; ; is the solid heat conduction coefficient; C; is an empirical constant (for a Dacron
net, C; is 0.008); f is the relative density of the spacer to the solid material (0.02); Dx is
the thickness of the spacer material between two adjacent radiation shields; and k is the
thermal conductivity of the spacer material (W/(m-K)).

The gas conduction between adjacent radiation layers is written as:

9i ¢ = Ki o(Tiy1 — T) 6)
K,’_g = CzP[X (7)

|y +1 R 172
©= [7— J LsnMT} ®

where K; , is the gas conduction coefficient; P is the residual gas pressure; « is the accom-
modation coefficient (0.9 for air); v is the specific heat ratio (y = Cp/Cy, where Cp is the
isobaric heat capacity, and Cy is the isochoric heat capacity); R is the general gas constant
(8.314 J/(mol-K)); M is the molecular weight of gas (g/mol); and T is the temperature
of the vacuum chamber wall (K). For air and the vacuum chamber at room temperature,
Cy = 1.1666.

The total heat flux through the multilayer insulation structure is written as:

Gi_tot = Gi_rad T qi_s + qig 9)

2.2. Calculation Procedure

In order to calculate the temperature distribution and heat flux of the multilayer
insulation structure, we used Matlab for iterative calculations. Initially, we assumed that
T, = T1 + C, where Ty and T, are the temperatures of the first and second radiation
shields from the cold boundary, respectively, and where C is a constant. The heat flux of
the first layer is obtained according to T1, Tp, and C. Because the heat flux of each layer
isequal, ie,qg1 = g2 = q3 = ... = qn, N is the total number of layers. The heat flux
and the temperature of each layer are calculated using iterative calculation according to
Equations (1), (3), (6), and (9). The calculated value of the last layer is compared with the
thermal boundary temperature, and if the difference is less than a certain value, the final
heat flux and temperature distribution are obtained. The layer-by-layer calculation model
flow is shown in Figure 1.
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Figure 1. Flow chart of the layer-by-layer calculation model.

2.3. Variable-Density Configuration Method

In order to obtain an accurate configuration of the variable-density multilayer insula-
tion structure and to improve the performance of the multilayer insulation structure, we
proposed a variable-density configuration method based on the control variable method
and the insertion by region method. First, the total thickness and the total number of
radiation shields are set. Then, the four radiation shields are evenly arranged according to
the given thickness and are divided into three regions, as shown in Figure 2.

thermal insulator
structure

—_— o~ —
—_Nr

Tc TH

NN /7

Radiation shield '

Figure 2. Schematic of the sub-region structure.
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The three segmented regions are low-, medium-, and high-density regions. Finally,
all the remaining radiation shields are inserted in the low-, medium-, and high-density
regions according to their numbers from low to high, as shown in Figure 3.

| NERREREE
| RERREREE
| RERNEREE
Te || T T
| RERNERRE
| RERNERRE
| L

N\

Fixed radiation Inserted radiation Spacer
shield shield

Figure 3. Schematic of the variable density configuration.

In the variable-density configuration process, the uniform-layer density is used as the
density configuration of the medium-density region, and then all the remaining radiation
shields are inserted in the low-density region and the high-density region. The set number
of layers inserted in the low-density region is always less than the number of layers
inserted in the medium-density region, and the number of layers inserted in the medium-
density region is always less than the number of layers inserted in the high-density region.
Under this premise, the number of layers inserted in the low-density region and the
high-density region changes, and the result of the configuration that minimizes the heat
flux can be calculated. Therefore, the optimal number of layers in the low-density area
can be determined. Similarly, the number of layers inserted in the low-density region is
set, the remaining radiation shields are inserted in the medium-density and high-density
regions, and the configuration that minimizes the heat flux (the optimal variable-density
configuration) can then be calculated.

3. Validation of the Configuration Method

To verify the accuracy of the variable-density configuration method, we compared
the calculation results of the proposed variable-density configuration method with the
experimental results [31] of variable-density multilayer insulation based on liquid hydrogen
temperatures. In the experiment, the variable-density configuration method is sub-regional
and determines the layer density of each region. In order to obtain three density regions and
to conduct the experiments, we determined that the number of layers and the densities of
each region were 24 layers and 27 mm-thick for the first region, 22 layers and 25.4 mm-thick
for the second region and 10 layers and 4.76 mm thick for the third region. The proposed
method of insertion by region uses 4 layers of radiation shields to divide the thickness
of a 57.16 mm insulation layer into three regions equally, and the three regions are set to
have 23 layers, 21 layers and 8 layers inserted, with a total of 56 layers of radiation shields
for calculation. Figure 4 shows a comparison of the temperature distributions between
the calculated values and the experimental test values. Using this figure, one can see that
the calculated values of the insertion by region configuration method fit well with the
experimental values, and the temperature distribution shows some discrepancies only
after 30 layers. The calculated heat flux is 0.2152 W/m?, which has an error of 1.5% with
the experimental heat flux of 0.212 W/m?. Therefore, the variable-density configuration
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method based on the control variable method and the insertion by region method is accurate
and can be used for subsequent research.

300 +

250 +

o —e— Calculated data
N .
= 150 + 0O experimental data

O 1 1 1 1 1 ]
0 10 20 30 40 50 60
layer

Figure 4. Comparison between calculated and experimental data.

4. Results and Discussion

In order to study the influence of each factor on the insulation performance of a
multilayer insulation structure at liquid hydrogen temperatures, we took the cold boundary
of 20 K as an example. We assumed that the multilayer insulation structure had a uniform-
layer density of 20 layers per cm. We calculated the magnitude of the heat flux and the
variation in the heat flux with layer position separately for different numbers of layers,
thermal boundary temperatures, vacuums, and variable densities.

4.1. Effect of the Total Number of Layers on Heat Flux Density

To study the influence of the total number of layers on the thermal insulation perfor-
mance, we increased the total number of layers from 10 to 100 layers with 10 as the step
length, and then we calculated the change in the heat flux. Figure 5 shows the variation in
the heat flux when the total number of layers increases from 10 to 100 layers. Using this
figure, one can see that the heat flux decreases gradually with increases in the total number
of layers, especially upon being increased from 10 to 30 layers. The heat flux decreases
obviously from 1.947 W/m? to 0.5246 W/m?, but when the total number of layers increases
to 50 layers, the heat flux tends to decline more gently. When the total number of layers
is 60, the heat flux is only 0.0542 W/m? less than that of 50 layers. In addition to this, the
total mass of the multilayer insulation structure changes as the number of layers increases.
Figure 6 shows the variation in the total mass of the insulation structure when the total
number of layers increases from 10 to 100 layers. Using this figure, one can see that, the
more insulation layers there are, the greater the total mass of the insulation. Therefore, the
number of radiation shields is not necessarily better as it increases, so it needs to be selected
according to the specific situation.

Because the heat flux has no obvious change after the total number of layers increases
to 50, we calculated the effect of a vacuum and the thermal boundary temperature on the
performance of multilayer insulation structures using a multilayer insulation structure with
a total of 50 layers as an example.
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Figure 5. Variation in heat flux with the total number of layers.
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Figure 6. Variation in mass with the total number of layers.

4.2. Effect of a Vacuum on Heat Flux

To study the effect of a vacuum on the insulation performance, we increased the
residual gas pressure in the multilayer insulation structure from 10~ Pa to 1 Pa, and then
we calculated the change in the heat flux. Figure 7 shows the change in the heat flux when
the residual gas pressure increases from 10~ Pa to 1 Pa. Using this figure, one can see
that, as the pressure increases, the heat flux increases. During the period from 10~* Pa to
0.01 Pa, the heat flux has no obvious change, rising from 0.2844 W/ m? to 0.3416 W/m?2.
However, when the pressure exceeds 0.01 Pa, the heat flux changes significantly, and the
heat flux at 0.1 Pa is 0.8772 W/m?, which is about 2.5 times that at 10~2 Pa. Thus, the
vacuum environment can be considered to have been lost. When the pressure is 1 Pa, the
heat flux rises directly up to 6.276 W/m?. Therefore, the pressure should be controlled
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below 0.01 Pa and preferably not more than 10~3 Pa, in which case the residual gas heat
conduction can be ignored.

=

Heat Flux (W\ mz)
N W

0 M M N .
1E-4 5E-3 1E-3  0.05 0.01 0.5 0.1 1

Vacuum pressure (Pa)

Figure 7. Variation in heat flux with the pressure.

Figure 8 shows the change in the heat flux for the heat transfer in different layer posi-
tions when the pressure is 1073 Pa, 0.01 Pa and 0.1 Pa. Using this figure, one can see that,
when the vacuum environment is lost (0.1 Pa), changes in the heat flux with layer position
are relatively flat compared with those of the vacuum environment (103 Pa). Gas heat
conduction has become the main heat transfer method, and residual gas heat conduction
cannot be ignored. At the region near the cold boundary, the heat flux for the share of
radiation heat transfer is always low during changes in pressure, and solid heat conduction
primarily occurs. However, when the pressure is 0.1 Pa, gas heat conduction primarily
occurs. At the region near the thermal boundary, radiation heat transfer always plays a
primary role during changes in pressure. When the pressure changes from 103 Pa to
0.1 Pa, gas heat conduction and radiation heat transfer increase, and solid heat conduction
decreases. This indicates that changes in the vacuum mainly affect residual gas heat conduc-
tion, but it does not have any effect on other heat transfer methods because the influence of
residual gas heat conduction indirectly affects the other two heat transfer methods.

After evacuating the multilayer insulation structure, the vacuum of the multilayer
structure is not constant because the insulation material releases gas into the vacuum
interlayer, which leads to the failure of the vacuum after a long time. Therefore, adsorption
materials can be used for adsorption to maintain a good vacuum environment.
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Figure 8. Variation in heat flux with the layer position.

4.3. Effect of the Thermal Boundary Temperature on Heat Flux

To study the influence of the thermal boundary temperature on insulation performance,
we increased the temperature from 240 K to 350 K with 10 K as the step length, and we
then calculated changes in the heat flux. Figure 9 shows the variation in the heat flux when
the thermal boundary temperature increases from 240 K to 350 K. Using this figure, one
can see that the heat flux increases with increases in the thermal boundary temperature
from 0.1452 W/m? at 240 K to 0.4816 W/m? at 350 K. This indicates that the heat flux is
greatly affected by the thermal boundary temperature, and it has an upward trend instead
of a linear increase. This is because radiation heat transfer is the main heat transfer path
in vacuum multilayer insulation structures, and radiation heat transfer is mainly affected
by temperature.
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Figure 9. Variation in heat flux with thermal boundary temperature.

Figure 10 shows the change in the heat flux for the heat transfer in different layer
positions when the thermal boundary temperature is 240 K, 300 K, and 350 K. Using this
figure, one can see that, regardless of whether the thermal boundary temperature is 240 K,
300 K, or 350 K, in the region near the cold boundary, the radiation heat transfer heat flux
increases rapidly first and then rises gently, the solid heat conduction heat flux decreases
rapidly first and then decreases gently, and the residual gas heat conduction heat flux has
almost no change. This indicates that, near the cold boundary, solid heat conduction is the
main heat transfer method. In addition, near the thermal boundary, radiation heat transfer
is the main heat transfer method. With increases in the thermal boundary temperature,
the layer positions of the main regions where the radiation heat flux and the solid heat
flux change also change. As the temperature of the thermal boundary increases, the layer
position of the rising and falling area comes closer to the cold boundary, and the variation
in the heat flux also flattens out closer to the cold boundary. In other words, as the thermal
boundary temperature increases, the proportion of the radiation heat flux in the total heat
flux becomes higher, and the radiation heat transfer is mainly affected by the boundary
temperature. From the above analysis, one can see that, near the cold boundary, solid heat
conduction primarily occurs, and near the thermal boundary, radiation heat mainly occurs.
Therefore, when the variable-density configuration is adopted, the number of radiation
shields near the cold boundary area should be reduced, and the number of radiation shields
near the thermal boundary area should be increased.
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Figure 10. The variation in heat flux with layer position.

4.4. Optimization of Variable-Density Configuration

We set the cold and hot boundaries to 20 K and 300 K, respectively, and took a
multilayer insulation structure with a thickness of 3 cm and 61 layers of radiation shields
as an example. We adopted a variable-density configuration based on the control variable
method and region insertion method. Figure 11 shows the variation in the heat flux upon
setting the layer density of the medium-density region to 20 layers per cm and upon
changing the number of shields inserted in the low-density region and high-density region.
Using this figure, one can see that decreasing the number of shields in the low-density
region does not lower the heat flux. Heat flux decreases first and then increases with
increases in the number of shields inserted in the low-density region. When four layers of
radiation shields are inserted in the low-density region, the heat flux reaches a minimum
value of 0.2068 W/m?2. Until the number of layers inserted in the low-density region
increases to the uniform-layer density, the heat flux of the variable-density multilayer
structure is always lower than that of the uniform-density configuration, which shows the
effectiveness of the variable-density configuration.
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Figure 11. Variation in heat flux with the number of insertion layers in the low-density region.

Figure 12 shows the variation in the heat flux when inserting 11, 15, and 23 layers
of radiation shields in the medium-density region and when changing the number of
layers inserted in the low-density region. From the figure, one can see that, in all three
situations, the same results occur as those yielded by inserting 19 layers of shields in
the medium-density region. When four layers of radiation shields are inserted in the
low-density region, the heat flux reaches the lowest values, which are 0.2072 W/m?,
0.2062 W/m?, and 0.2085 W /m?. Although the number of inserted layers in the medium-
density region is different, the change in the heat flux occurs similarly. As the number
of inserted layers increases in the low-density region, the heat flux decreases first and
then increases. Therefore, we can conclude that, when the total number of shields and
the boundary temperature are determined, the number of layers to be inserted in the
low-density region can be uniquely determined to minimize the heat flux, and changing
the number of layers that are inserted in the medium-density region is not necessary to
further determine the optimal number of layers to be inserted in the low-density region.

After determining the optimal number of layers inserted in the low-density region,
the number of layers inserted in the low-density region can be fixed. Then, the number of
layers inserted in the medium-density region and the high-density region changes, and the
optimal variable-density configuration can be calculated. Figure 13 shows the change in
the heat flux when changing the number of layers inserted in the medium-density region
and the high-density region. Using this figure, one can see that, with the increase in the
number of radiation shields inserted in the medium-density region, the heat flux decreases
first and then increases. When 15 layers are inserted in the medium-density region, the
heat flux reaches a minimum value of 0.2062 W/m?2. Thus far, the determination of the
optimal variable-density configuration is completed. When the cold and thermal boundary
temperatures are 20 K and 300 K, respectively, and when the total number of layers is 61,
the optimal variable-density configuration is 4 layers inserted in the low-density region,
15 layers inserted in the medium-density region, and 38 layers inserted in the high-density
region. With this configuration, the heat flux reaches the lowest value of 0.2062 W/ m?Z,
and the number of layers that are inserted in each density region is an accurate value. At
liquid hydrogen temperatures, the heat flux of the optimal variable-density structure is
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reduced by 8.6% compared with a uniform-layer density structure. With a variable-density
configuration, fewer radiation shields should be configured near the cold boundary region,
and more radiation shields should be configured near the thermal boundary region.
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Figure 12. The heat flux varies with the number of inserted layers in the low-density region.
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Figure 13. Variation in heat flux with the number of insertion layers in the medium-density region.

4.5. Comparison with Uniform-Layer Density at Different Thermal Boundary Temperatures

The above optimal variable-density configuration uses a fixed boundary temperature,
but when the thermal boundary temperature changes, this variable-density configuration
is not the optimal configuration for this new boundary temperature. Figure 14 shows
the variation in the heat flux with increases in the thermal boundary temperature when a
variable-density insulator structure is used, which is the same as that for a uniform-density
structure. The heat flux increases with increases in the thermal boundary temperature and
is greatly affected by the boundary temperature, but compared with a uniform-density
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structure, the heat flux of the variable-density structure is always lower than that of
the uniform-density structure in the thermal boundary temperature range of 240 K to
350 K. This indicates that, although this configuration is not an optimal variable-density
configuration at different boundary temperatures, it is still better than that of a uniform-
density structure, which shows that a variable-density insulation structure can exhibit
excellent insulation performance at different thermal boundary temperatures.
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Figure 14. Comparison of the heat flux between variable density configurations and the uniform
layer density.

5. Conclusions

The purpose of this paper is to optimize the thermal insulation performance of mul-
tilayer insulation structures at liquid hydrogen temperatures without incorporating a
composite structure. In this paper, we established a layer-by-layer calculation model, and
we studied the performance of a multilayer insulation structure in different working con-
ditions by calculating the heat flux of each heat transfer; therefore, we could obtain the
relationship of each change in heat flux with each change in layer position. Furthermore,
we proposed a method based on the control variable method and the insertion by region
method. Using this method can directly and precisely obtain the optimal layer density
configuration. We obtained the following results:

e  As the total number of layers increases, the heat flux gradually decreases, but more
layers do not mean that it is better. When the number of layers reaches 50, the heat
flux tends to decrease gently, but the total mass and thickness of the insulation layer
linearly increase. Therefore, the total number of layers needs to be selected according
to the specific situation.

e  When the pressure is lower than 0.01 Pa, the heat flux has no obvious change, and
the residual gas conduction is negligible. When the pressure increases to more than
0.01 Pa, the heat flux changes significantly, and the residual gas thermal conductivity
cannot be ignored. When this occurs, the multilayer insulation structure loses the
vacuum environment, so the pressure should be kept below 0.01 Pa.

e  With increases in the thermal boundary temperature, the heat flux increases and is
strongly influenced by the temperature. Radiation heat transfer is the main heat
transfer path in vacuum multilayer insulation. As the thermal boundary temperature
increases, the proportion of radiation heat transfer heat flux in the total heat flux
also increases. The proposed variable-density configuration method based on the
control variable method and the insertion by region method can optimize the variable-
density configuration and obtain an accurate configuration for layer density. At liquid
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hydrogen temperatures with a fixed thermal boundary of 300 K and 61 layers of
radiation shields, the optimal variable-density configuration is 4 layers inserted in the
low-density region, 15 layers inserted in the medium-density region and 38 layers
inserted in the high-density region. The heat flux is 0.2062 W/m?, which is 8.6% lower
than that of the uniform-layer density. In the range of 240 K to 350 K, the thermal
insulation performance is better than that of a uniform-layer density.
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