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For tunnels in cold or serious cold areas, the problem of leaking in the spring thawing period is very frequent, which will cause
various tunnel diseases due to freezing. By using the surrounding rock geothermal energy in the tunnel project, especially the
tunnel project below the permafrost layer, the cold area tunnel heat pump system is able to improve the overall heating energy
efficiency as the side temperature regarding the heat pump evaporation increases, that furtherly serves the surrounding
supporting building facilities. Inspired by this system and the active and passive coupling building technology, a heat recovery
type of heat storage wall model is proposed in this research. By describing the heat transfer process regarding the heat recovery
type of heat storage wall and carrying out the experimental research, its feasibility and effectiveness are verified. The results
show that when the outdoor ambient temperature in Urumgi is —7~-15°C and the instantaneous total solar radiation reaches
the range of 0~1108 W/m?, this kind of wall can create hot wall-near air whose temperature is 11.89°C higher than the
ambient temperature for providing a high-quality air heat source for the air source heat pump when the temperature is low,
thereby significantly improving the air source heat pump heating system efficiency. Without the photovoltaic and
photothermal equipment, the heat recovery type of heat storage wall can make the utilization rate of solar energy reach 13% to

20%, even up to 36%.

1. Introduction

Due to the worsening world energy crisis, the use of renew-
able energy has drawn much attention, and its application in
tunnel engineering in cold regions has emerged in an endless
stream. Brandl [1] and Yuan et al. [2] applied ground source
heat pump (GSHP) to tunnels in cold areas and improved
the energy efficiency of GSHP by absorbing the geothermal
energy of surrounding rocks, so as to serve the heating of
tunnels and nearby buildings. Some scholars [3, 4] even
found that the subway tunnel structure can obtain an annual
average heat of 175MWh and an annual average refrigera-
tion capacity of 437 MWh.

The heat storage wall constitutes the passive solar house
and has simple structure, convenient maintenance, and high
thermal stability, and it is widely used in northern villages

where solar energy resource is abundant. This kind of wall
first appeared in the study of the group of Professor Felix
Trombe, who is the director of the French Solar Energy Lab-
oratory, also called the Trombe wall. In recent years, with
continuous research on the heat storage wall, its application
field is becoming more widespread. Rabani and Kalantar [5]
put forward a new heat storage wall capable of receiving
solar radiation in three directions, increasing the indoor
space as well as reducing the implementation cost; the
results show that this new heat storage wall has a good heat
storage effect and thermal efficiency. By simplifying the
physical model of the heat storage wall, Chen et al. [6] used
a combination method of numerical simulation and in situ
measurement for studying the dynamic heat storage as well
as heating characteristics exhibited by the wall when the
thermal insulation structures are different. Elghamry and
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Hassan [7] studied through experimentation of the heat
storage wall combined with geothermal energy, solar energy,
etc., and it is proved that this combination system can pro-
vide the best heating and ventilation performance. Shen [8]
performed a numerical simulation study about the heat dis-
tribution law of a heating room with heat storage walls, find-
ing that the heating capacity can be improved as the heat
storage wall height and width increase. Liu et al. [9] intro-
duced the Trombe wall to the cavity building system using
a numerical simulation method and found that the parti-
tioned Trombe wall cavity building system has more advan-
tages than the connected Trombe wall cavity building
system. Mehran Rabani and Mehrdad Rabani [10] added
metal fins to the Trombe wall channel, and the experimental
results show that fins can indeed strengthen the energy stor-
age; among three kinds of fins, the effect of copper fins is the
best. Sun and Wang [11] conducted a numerical simulation
study about the phase change heat storage wall performance
in the Qinghai-Tibet Plateau, finding the positive effect
exerted by phase change materials on its heating stability.
Lou et al. [12] gave a design scheme for strengthening the
thermal insulation performance of rooms with Trombe walls
at night through simulation and experimental verification. Li
et al. [13] found that the Trombe wall height change can
effectively affect the flow channel wind speed.

With the renewable energy utilization being promoted,
the research of heat pump system spreads out from various
levels. Many scholars [14-18] put forward the parallel sys-
tem of multienergy complementarity, which improves the
stability of heating system by combining heat pump system
and solar system in parallel. Some scholars [19-21] have also
proposed a series system with complementary multienergy,
connecting the heat pump system with the solar air collector
in series to improve the overall heating energy efficiency by
increasing the heat pump evaporation temperature.

In summary, the current research on heat storage walls
mainly focuses on daytime air heat utilization, convective
heat transfer improvement, and dynamic heat transfer char-
acteristics. However, there is limited research on how to
make more efficient use of daytime heat storage and convec-
tion heat transfer of heat storage walls as well as the linkage
operation with active energy supply heat pump equipment
for improving the wall heat dissipation performance.
Inspired by the idea of combining the heat pump system
with tunnel engineering for enhancing the energy efficiency
regarding the heat pump and better serving the infrastruc-
ture facilities around the tunnel, the active and passive build-
ing technology are innovatively incorporated with them in
this paper to establish and propose a coupling system of
the heat recovery type of heat storage wall and air source
heat pump. We propose a heat recovery type of heat storage
wall structure, in which a transparent air space layer is added
to the outside of the existing wall to utilize two parts of the
heat in this air space layer, part of the heat is lost by heat
transfer, and the other part is obtained by the outer surface
of the wall with high absorption rate absorbing the heat of
solar radiation. These two parts of heat are exchanged with
the interlayer air through convection so that the outdoor
air at ambient temperature becomes the source of low-
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temperature air source heat pump after being preheated by
the interlayer; then, this heat pump improves the overall
energy efficiency of the building by recovering dissipated
wall heat and solar radiation heat.

2. Physical Model

The heat recovery type of heat storage wall is shown in
Figure 1, which consists of the standard energy-saving struc-
ture wall, air interlayer, and transparent cover plate. The air
with outdoor ambient temperature enters through the orifice
plate at the lower part of the air interlayer and is confluent
from the top orifice plate and then sent to the air suction
port of the air source heat pump evaporator.

The air interlayer is 200 mm thick, and the plane dimen-
sion of the heat storage wall is 1500 mm in width and
2000 mm in height. Three orifices are opened on the wall
below the air interlayer to let the outdoor air enter the air
interlayer, and the size of the orifice is 15 cm x4 cm. The size
of the orifice at the centre above the air interlayer is the same
as that of the fan duct ¢16cm. Table 1 lists the physical
parameters exhibited by each enclosure wall layer and the
heat recovery type of heat storage wall is shown in Figure 2.

The solar radiation absorption coefficient of the outer

surface of wall «,;; =0.75.

3. Methodology

The most significant difference between such heat storage
wall and the ordinary heat storage wall is the air flow state
regarding the interlayer. The heat exchange on the ordinary
heat storage wall surface is natural convection; the air in the
interlayer of the heat recovery type of heat storage wall is
forced to occur convection. The heat transfer process of
the heat recovery type of heat storage wall includes three
parts: transparent cover plate, air interlayer, and heavy wall
structure [22], and their heat transfer and heat exchange
processes are displayed in Figure 3.

The heat exchange between the transparent cover plate
and the surrounding environment includes absorbing solar
radiation, heat exchange through natural convection with
outdoor air, radiation heat exchange with the sky, and heat
exchange through forced convection with interlayer air as
well as radiation heat exchange with the outer wall surface
[23]. Because the transparent cover plate is very thin, we
can basically confirm that the temperature in the thickness
direction, that is, the y-direction, is the same. Affected by
the temperature gradient distribution at the height of the
air in the interlayer, how the temperature is distributed in
the transparent cover plate is the one-dimensional heat
transfer in the height direction, i.e., the x-direction; regard-
ing the transparent cover plate, equations (1)-(8) show the
energy balance equation [24-26].

oT *T
PCRDy 5y =MDy " + 4pG+ s (Tay =)
1
+ hc,amb(TOut - Tp) + hr,i(TlUO - TP) ( )

+h (Tu - Tp).



Geofluids

Transparent cover plate

Heavy wall structure

K i

Air space

AN

Natural

convection

Forced
convection

=
-
~
B
—
B
-

Al

IR REE
INERERREE
IR RRRREE
L

Natural

rrrrrrrrrir
rrrrrrrrrrrrr

rrrrrrrrrroerrrrrrnr
rrrrrroererrerrrrrr

convection

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

[N

FI1GURE 1: Schematic diagram of heat recovery type of heat storage wall.

TaBLE 1: Physical property parameters of each layer of the enclosure wall.

. Thickness ~ Conductivity coefficient ~ Heat storage coefficient ~ Heat resistance ~ Thermal inertia index
Material type 2 2
(mm) W/(m-K) W/(m*K) (m*K)/W D=R-S§
Cement mortar 10 0.930 11.37 0.011 0.12
Aerated concrete block 200 0.190 2.81 0.842 2.96
Cement mortar 21 0.930 11.37 0.023 0.26
Vertical wire rock wool 100 0.045 0.75 1.852 1.67

FIGURE 2: Physical diagram of heat recovery type of heat storage
wall.

In the equation, p is the transparent cover plate density,
kg/m?; C, is the specific heat capacity regarding the trans-
parent cover plate, J/(kg-K); D, is the transparent cover plate

thickness, m; TP is the transparent cover plate temperature,
K; A, is the thermal conductivity regarding the transparent
cover plate in the x-direction, W/(m-K); «, is the solar radi-
ation absorptivity regarding the transparent cover plate; G is
the radiation intensity of solar vertically incident on the
transparent cover plate surface, W/m® h, ., is the coeffi-
cient of radiation heat transfer between transparent cover
plate and sky, W/(m*K); Tg is the sky temperature, K;
heamp is the natural convection heat transfer coefficient
between transparent cover plate and the outdoor air, W/
(m*K); T, is the ambient air temperature, K; h,; is the
coefficient of radiation heat transfer between transparent
cover plate and heavy outer wall surface, W/(m?> K); T, is
the heavy outer wall surface temperature, K; h_, is the
forced convection heat transfer coefficient between the
transparent cover plate and the interlayer air, W/(mZ-K);
and T, is the interlayer air temperature, K.

hr,amb = 080 (sz + Tskyz) (TP + Tsky)) (2)

B 0 (T, + Ty’ ) (T + To)
ot (l/g; +1/e,, — 1)

: (3)
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FIGURE 3: Schematic diagram of heat transfer and exchange process of heat storage wall.

where ¢ is the Stefan-Boltzmann constant, 5.67 x 10-8 W/
(m*K"; e, is the emissivity outside the transparent cover
plate; ¢; is the emissivity inside the transparent cover plate;
and ¢, is the outer wall surface emissivity.

Sky temperature:

Ty =0.0552T, . (4)

Calculation of convection heat transfer coefficient:

R g = 2.8 + 3.0, (5)
N, A
hc,ch = u)){( 2 > (6)
N, x = (0.0158R,)"*, (7)
VX
RE,X = T 5 (8)

where v is outdoor wind speed, m/s; A, is the interlayer air
thermal conductivity, W/(m-K); V is the air speed in the
interlayer, m/s; and v is the interlayer air movement viscos-
ity, m/s.

The interlayer air and the surrounding environment heat
exchange includes the forced convection heat exchange with
the transparent cover plate and the heavy outer wall surface,
the corresponding energy balance equation is shown.

aT,
Pacp,uDF = hc,ch(Tp - Tu) + hc,wo(Two - Ta) (9)
oT
-DVp C, , —2,
Patpa5y

where p_ is the interlayer air density, kg/m’; C,,q s the spe-
cific heat capacity regarding the interlayer air, J/(kg-K); D is
the air interlayer thickness, m; and A, is the forced convec-
tion heat transfer coefficient between the interlayer air and
the heavy outer wall surface, W/(m?K); the meanings of
other parameters are the same as before.

The heavy wall and the environment heat exchange
includes the absorbed solar radiation, the radiation heat
exchange with the transparent cover plate, the forced con-
vection heat exchange with the interlayer air, and the natural
convection heat exchange with the indoor air. Here, the solar
radiation passes through the transparent cover plate to the
outer surface of the wall and is then reflected then ignored
as the transparent cover plate exhibits high transmittance
and the outer wall surface has low reflectivity. Assuming that
the distribution of indoor temperature is uniform and the
difference in temperature between the inner wall surfaces is
not obvious, the radiation heat transfer between indoor side
walls can also be ignored [27]. The heat conduction of the
heavy wall structure is mainly along the thickness direction
and is one-dimensional heat transfer along the thickness
direction, that is, the y-direction [28-30]. Equation (10)
gives the energy balance equation regarding the heavy wall
structure.

oT o°T
CyaiDy=—=AyqDy == + G h T, -T
Prwall Cwall Pw ot wall~'w ayz T GTqyq + r,wo( p wo)
+ hc,wo(Ta - Two) +h Tr - Twi)’

(10)

owi (

where p,, is the density of the heavy wall, kg/m?; C,,,, is the

wall
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heavy wall heat capacity, J/(kg-K); T is the heavy wall tem-
perature, K; A, is the heavy wall thermal conductivity,
W/(m-K); D, is the heavy wall thickness, m; 7 is the solar
radiation transmittance of the transparent cover plate; a,,;
is the solar radiation absorptivity of the heavy outer wall sur-
face; h,,, is the radiation heat transfer coefficient between
the outer wall surface and the transparent cover plate, W/
(m*K), h, = h, ;3 he,, is the convective heat transfer coef-
ficient between the inner wall surface and indoor air, W/
(m*K); T, is the heavy wall internal surface temperature,
K; and T, is the indoor air temperature, K; the meanings
of other parameters are the same as before.

4. Experiment Results

For exploring the heat transfer characteristics exhibited by
the heat recovery type of heat storage wall, it is necessary
to arrange measuring points on the wall and measure related
parameters, including solar radiation, temperature, and heat
flow. Figure 4 gives the specific measuring point layout. This
heat storage wall is built on the southern outside of a heating
building, and the indoor temperature of the heating building
is constant during the data collection. In this experiment, the
wall heat loss measurement is based on the heat flow plate
attached to the inner wall surface, which avoids the solar
radiation influence when the heat flow plate is arranged on
the outdoor side. However, the indoor side heat flow plate
will still be affected by indoor personnel’s disturbance and
the outer door’s opening. Therefore, in the analysis of the
heat loss of the envelope structure, the extreme peak value
can be ignored.

4.1. Analysis of Thermal Work of Heat Recovery Type of Heat
Storage Wall. Aiming at analyzing the heat storage wall ther-
mal performance, it is necessary to first study heat consump-
tion per unit area, i.e., the heat loss, measured mainly by
connecting the heat flow meter to the heat flow plate
arranged inside the ordinary wall and heat storage wall. As
found by the research on the thermal performance regarding
ordinary heat storage wall, adding a closed air interlayer on
the outside of the heavy wall structure can greatly improve
its thermal performance and reduce the heat consumption.
The heat recovery type of heat storage wall opens up and
down holes in the air interlayer and adds a fan to change
the flow state of the interlayer air; its thermal performance
needs to be further studied through experiments. Figure 5
compares the heat recovery type of heat storage wall and
the ordinary wall in terms of the heat flow.

These two kinds of walls present consistent overall
changing trend of the heat flow, and the changing trend is
mainly affected by the comprehensive impact exerted by
the outdoor environmental parameters: air temperature
and solar radiation (Figure 5). The average heat flow of the
ordinary wall is 18.5W/m’, and the average heat flow of
the heat recovery type of heat storage wall is 5.9 W/, indi-
cating that the latter wall has a significant improvement
effect compared with the former wall regarding the thermal
performance, which remarkably decreases the heat dissipa-
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FIGURE 4: Layout of measuring points.

tion through the wall structure as well as the heating energy
consumption regarding the heating room.

4.2. Analysis of Energy Efficiency of Heat Recovery Type of
Heat Storage Wall

4.2.1. The Inlet and Outlet Air Temperature Difference of the
Interlayer. The heat recovery type of heat storage wall is pro-
posed to utilize the high-quality low-temperature air heat
source in the air interlayer; therefore, the inlet and outlet
air temperature difference of the interlayer significantly
affects the evaluation on the storage wall performance.
Figure 6 shows the changes in solar radiation as well as the
temperature difference in five consecutive days from Decem-
ber 30, 2021 to January 3, 2022.

According to the changing trend of the temperature dif-
ference and the instantaneous value of the total solar radia-
tion, during the day, the change of the temperature
difference change is consistent with the instantaneous total
solar radiation value, showing a positive correlation. In the
five consecutive days, the maximum instantaneous total
solar radiation value and the maximum temperature differ-
ence basically appear at the same moment, indicating the
solar radiation immediately affects the temperature differ-
ence, and the thermal inertia of the air can basically be
ignored. At night, the affecting factors of the temperature
difference are the sky radiation and the heat loss of the wall;
in the noon period of a sunny day, when the instantaneous
total solar radiation value reaches 0~1108 W/nT’, the highest
temperature difference can reach 11.89°C. The heated air is
sent to the air source heat pump through the fan and
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becomes the high-quality low-temperature heat source,  heat loss of 5.9 W/m’ is negligible relative to the instanta-
which significantly improves the performance coefficient  neous solar radiation.
regarding the air source heat pump in the low-temperature The solar energy utilization rate in this system is

environment, thereby enhancing its overall performance of  expressed in the following equation:
such heat storage wall.

_c-m-At (11)
4.2.2. Solar Energy Efficiency Utilization. When analyzing the 1 G-A
solar energy utilization, how the wall heat loss affects the

interlayer air heat transfer is ignored because the average In above equation, # is the solar energy utilization rate; ¢
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is the air constant pressure specific volume, taking 1010]/
(kg-K); m stands for the mass flow rate of the fan suction
port, i.e, the interlayer outlet, kg/s; At denotes the tempera-
ture difference of the interlayer between the inlet and outlet
air, K; G denotes the solar radiation intensity vertically inci-
dent on the transparent cover plate surface, W/m? and A is
the light-transmitting part area of the heat storage wall, m?,
Mass flow at the interlayer air outlet:

(12)

In the equation, v is the outlet volume flow, i.e., the fan
volume flow, m?/s; p is the outlet air density, kg/m”.

The correction for air density only takes into account the
temperature correction:

m=pv.

) 273
P=Po 37351,

(13)

where p,=1.293kg/m> and ¢, represents the outlet air

temperature of the interlayer, "C.

Considering that the solar energy utilization rate is
meaningful only when there is solar radiation, the data when
the fan runs at high and low speeds from 11:00-18:00 are
taken for comparison; Figures 7 and 8 display the results.

Intuitively, when the fan runs at high speed, the solar
energy utilization rate is maintained at about 0.13 before
16:00 and increases slightly after 16:00; when the fan runs
at a low speed, the same changing law is shown, and the
solar energy utilization rate remained at around 0.2 before
16:00, with a maximum of 0.36. It is analyzed that com-
pared with the situation when the fan runs at high speed,
the average solar energy utilization rate when the fan runs
at a low speed is 0.07 higher; this is, because the interlayer

air and the surrounding environment heat exchange are
more sufficient. After 16: 00, no matter whether the fan runs
at high or low speed, the solar energy utilization rate has a
slight upward trend because the dissipated heat from the
heat storage wall has become nonnegligible compared with
the solar radiation during this period. Solar energy utiliza-
tion is already an inaccurate result; Figure 9 shows details.

After 16:00, the instantaneous solar radiation value
drops suddenly, and the wall dissipated heat increases; the
solar energy utilization rate will be overestimated if the heat
loss of the wall is ignored at this time. On the other hand,
the changing trend of heat loss of the wall also makes up
for how solar radiation in the decline stage affects the over-
all energy efficiency of the heat recovery type of heat stor-
age wall.

4.3. Analysis of Heat Transfer Characteristics of Heat
Recovery Type of Heat Storage Wall. The heat transfer pro-
cess of this type of heat storage wall is analyzed mainly along
the thickness direction; therefore, the outer wall temperature
regarding the ordinary wall together with the ambient air
temperature are, respectively, taken to compare with the
outer wall temperature of such heat storage wall and the sur-
rounding interlayer air temperature. The results are shown
in Figures 10 and 11, in which legend (no) represents the
ordinary wall, (yes) represents the heat recovery type of heat
storage wall.

When the fan is turned off, under the action of heat pres-
sure, the interlayer air of the heat recovery type of heat stor-
age wall is subjected to natural convection heat exchange
with the outer wall. When the fan is turned on, the interlayer
air of the heat recovery type of heat storage wall occurs
forced convection heat transfer with the outer wall affected
by fan extraction.
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When solar radiation exists during the day, the heat
recovery type of heat storage wall exhibited a higher outer
wall temperature compared with the ordinary wall when
the fan is turned off, and the situation is the opposite when
the fan is turned on. This is because when solar radiation
exists in the daytime, the outer wall exhibited higher temper-
ature relative to the surrounding air, and heat transfer is
conducted through the outer wall with the surrounding air,
transferring heat to the surrounding air. As the fan starts

to work, the convective heat transfer coeflicient between
the outer wall of the heat recovery type of heat storage wall
is improved, and its heat exchange with the surrounding
air becomes more sufficient, making a large amount of heat
be continuously taken away and resulting in a lower outer
wall temperature of heat storage wall than that of the ordi-
nary wall, which also suggests that the heat recovery type
of heat storage wall has a better energy efficiency level when
the fan is turned on. At night, under two different working
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conditions, the heat recovery type of heat storage wall exhib-
ited a higher outer wall temperature relative to the ordinary
wall, and the former exhibits a smaller temperature differ-
ence relative to the latter. This is because the outer wall sur-
face of the ordinary wall directly receives the sky radiation at
night; hence, it exhibits remarkably lower wall surface tem-
perature than the ambient air temperature, while the outer
wall surface of the heat recovery type is almost not affected
by sky radiation, making the wall surface temperature basi-

cally the same as the surrounding air temperature, which
also reflects the ability of the heat recovery type of heat stor-
age wall to resist sky radiation at night.

Based on the above analysis of the thermal performance
and energy efficiency level of the heat recovery type heat col-
lector wall, it is shown that the system of coupling the pas-
sive technology (air source heat pump) and the heat
collector wall is completely feasible. In winter, sending the
hot air from the air interlayer of the heat collecting wall to
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the evaporator side of the air source heat pump will obtain
higher energy efficiency value than using the air source heat
pump or the heat collecting wall alone.

5. Conclusions

This paper puts forward a new system which combines the
passive technology (air source heat pump) and the active
energy saving technology (Trombe wall). Through the anal-
ysis of the heat transfer process and the experimental results
of this new heat recovery wall, some good conclusions are
obtained.

(1) The thermal performance of the heat recovery type is
significantly improved compared with that of the
ordinary wall, which can remarkably lower the dissi-
pated heat through the wall structure and reduce the
heating energy consumption of the heating room.
This shows that the new thermal recovery wall still
retains the excellent thermal performance of the tra-
ditional Trombe wall

(2) When the fan runs at high speed and the instanta-
neous value of the total solar radiation reaches
0~1108 W/m?, the air interlayer of the heat recovery
type of heat storage wall can provide a high-quality
low-temperature air heat source with the largest
temperature difference of 11.89°C between the inlet
and outlet air. This part of the interlayer air with a
higher temperature than the outdoor air can become
a high-quality low-temperature air heat source of
passive technology (air source heat pump), so as to
greatly improve the energy efficiency of air source
heat pump

(3) The heat recovery type of heat storage wall can
achieve a 13% to 20% utilization rate of solar energy
without relying on photovoltaic and photothermal
equipment, and the maximum rate can reach 36%.
The combined use of solar energy and air source heat
pump will further improve the overall energy effi-
ciency of the system

(4) Relying on the analysis on the heat transfer process
regarding the heat recovery type of heat storage wall,
strategies are put forward for improving the solar
energy utilization rate: materials with high transmit-
tance and low reflectivity are used for the light-
transmitting part and materials with high absorptiv-
ity are used for the heavy outer wall surface. In the
following research, the system will be further opti-
mized according to these strategies
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