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Passive radiative cooling has been spotlighted as a method to solve environmental problems and fuel depletion.
Therefore, various radiative coolers have been studied and applied to lower the surface temperatures of objects
such as roof, building exterior, solar cells, and automobiles without any external energy. Furthermore, recently,
the research scope of radiative cooling is expanded to enclosed spaces, which is not limited to object cooling.
Especially, a Janus emitter (JET) which has selective and broadband emission on the separated sides, helps
drawing the heat from enclosures efficiently. Using JET enables better cooling of enclosed space in hot weather
than conventional emitter, which considers the only emissivity of top side, however, the cooling capability in
some cases, that cooling is not required (i.e., night and winter), should be demonstrated for practical applica-
tions. This study analyzes the space cooling performance of JET in hot and cool conditions (e.g.,, day and night).
The cooling tendencies with different sizes of enclosed space were also confirmed by heat transfer analysis.
Furthermore, systematic experiments with various sized emitters demonstrate the space cooling capability of JET
in different conditions (i.e., temperature and volume). These successful demonstrations prove the thermal-
managing property of JET regardless of chamber volumes.

1. Introduction

Most cooling technologies consume external energy such as fossil
fuels and electrical power. However, a large amount (~20%) of the
global energy is used for lowering the temperature by operating cooling
systems, which causes the depletion of fossil fuels and environmental
issues [1]. To challenge these problems, the development of modern
cooling systems for efficient and eco-friendly technologies is becoming
an essential topic. For instance, the conventional water cooling systems
have been improved by additional nanoparticle and semiconductor to
enhance the cooling performance [2-5]. Among the various advanced
cooling methods, passive radiative cooling has been spotlighted as
alternative cooling technology owing to the characteristic of cooling the
objects without any external power (e.g., electricity). High emissivity
within the atmospheric transparent window (8-13 pm) enables heat
release (~300 K) to outer space (i.e., Universe; 3 K) without any external
source and air pollution [6-18]. Thus, the energy-free and environ-
mental sustainable characteristics of radiative cooling allow the wide
applications for house roofs [19,20], solar cells [21-23], water cooling
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[24], colored building exteriors [25,26], dew water harvesting [27,28],
textiles [29-31], and wearable devices [32-34].

Recently, the research range of passive radiative cooling has been
enlarged to enclosures, not limited to a single object [35,36]. Particu-
larly, a Janus emitter (JET) which acts as a selective emitter (SE) on the
top side and broadband emitter (BE) on the bottom side, has been re-
ported for efficiently drawing the heat from enclosures [36]. Owing to
the dual-emissivity on the separated sides, the bottom side absorbs the
inner heat in a broad spectral range (i.e., 4-20 pm), which covers the
blackbody radiation at high temperatures (e.g., 333 K). The top side of
JET emits the absorbed heat to outer space in the atmospheric window
(i.e., 8-13 pm) without absorbing the ambient radiation. Thus, using JET
enables the better cooling capability of enclosures in hot weather (i.e.,
daytime) than conventional radiative cooler (C-RC) which only con-
siders the emissivity of top side such as silicon based micro patterned
cooler [37], 2D photonic silica crystal cooler [38], polymer based cooler
[39], and PDMS-silica based planar cooler [40]. Although efficient heat
dissipation is required in hot enclosures, space cooling is not demanded
in cool weather (i.e, nighttime). Thus, the cooling capability of JET in
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cool enclosures also should be demonstrated for practical applications.

Here, this paper demonstrates the thermal managing characteristic
of JET in an enclosed space. The dual-emissivity characteristic is vital for
releasing the trapped heat in hot enclosed space (i.e., daytime), while the
emissivities at separated sides do not effectively help to lower the
temperature of cooled space (i.e., nighttime) compared to C-RC that does
not efficiently release the heat in enclosures. The low cooling perfor-
mance of JET in cold enclosures can be explained by Steffan-Boltzman
law which indicates the small thermal radiation caused by similar
temperatures between the inner object and outer space [41]. Heat
transfer analysis for different temperature conditions (i.e, hot and cold)
in the enclosure theoretically confirms the thermal property of JET
compared with C-RC. The space cooling capability with structure pa-
rameters (i.e., height and width of the chamber) was also analyzed to
verify the effects of various scaled enclosures. Furthermore, the different
sized (i.e., 2-inch and 8-inch) JETs were fabricated, which prove the
feasibility of large-area fabrication, and the thermostat property of JET
was experimentally demonstrated in both small and large enclosures for
2-inch and 8-inch sized JET. These approaches have significant aca-
demic value and application of passive space cooler since the thermostat
property of space cooler and scaling effect are less investigated. Thus,
the results of this research allow developing the radiative cooling
techniques in practical applications.

2. Results and discussion
2.1. Thermal management characteristic of JET

The thermostat characteristic of Janus emitter (JET) is presented in
Fig. 1a. In the daytime, the temperature of an enclosed car (T.4) gets
much higher than the ambient temperature (Tymp) due to the incident
high solar energy and heat trapping in the enclosure, which is called the
greenhouse effect. Since the temperature gap between the automobile
and ambient air (T, - Tomp) gets larger in the day-time, the thermal
radiation power exponentially increases according to Stefan-Boltzmann
law [41]. In this case, the JET can function as an effective heat channel
since the bottom surface absorbs the broadband thermal emission from
the hot enclosure (Fig. 1b; bottom). The absorbed heat from the bottom
side can be emitted to outer space through the top side of JET due to the
selective thermal emission at the top surface. Selective emission in the
atmospheric window (i.e., 8-13 pm) at the top side enables efficiently
releasing the heat with blocking the atmospheric absorption (Fig. 1b;
top). Thus, JET is an effective space cooler in heated enclosures (e.g,
daytime) compared with a conventional radiative cooler (C-RC) which
considers the only emissivity of the top side for surface cooling.

Moreover, the JET not only presents high efficient cooling when the
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inner temperature (T4, is higher than ambient temperature (Tg), but
also avoids undesired cooling when the temperature gap between inner
and outer spaces (Tcqr - Tamp) is small, which does not demand cooling (e.
g., night-time). Owing to the small temperature difference between the
spaces, the radiated thermal energy from the enclosure gets smaller by
Stefan-Boltzmann law. Consequently, the broadband thermal absorption
at the bottom surface is too small to lower the inner temperature. The
emitted heat through the top side of JET is also smaller than that of
daytime owing to the small heat absorption from the enclosure, which
suppresses unwanted cooling. Therefore, the JET has self-adaptive
thermostat property since its heat release capability works when the
inner heat is sufficiently trapped. In other words, the JET has an oper-
able thermal threshold.

To achieve both selective and broadband emissions at each separated
side, Ag-PDMS groove structure on micro-patterned quartz substrate is
used in our designed JET (Fig. 1c). The Ag-PDMS groove causes sSPP
resonance, which allows near-ideal selective emission at the top side
[36]. The bottom side achieves near-ideal broadband emission due to
the thick quartz substrate (500 pm) and PDMS layer (10 pm). The
detailed dimension and emissivity spectra of the designed JET are
described in Figure S1. Fig. 1d presents the fabricated JET with different
sizes of JET (i.e., 2-inch and 8-inch), indicating the feasibility of
large-scale fabrication of designed JET.

2.2. Fabrication and characterization of large-scale JET

Fig. 2a exhibits the schematic for the fabrication process of JET.
Before patterning process, a quartz substrate was rinsed in acetone,
isopropanol alcohol (IPA), and deionized (DI) water by sonication for 5
min to remove undesired residues (Fig. 2a; Step 1). Then, a 70 nm thick
Cr layer was deposited on a cleaned quartz substrate by electron beam
evaporation (KVE-E2000, Korea Vacuum Tech Ltd., Korea) for the
etching mask. A positive photoresist (PR; AZ5214E, MicroChemicals,
Germany) was spin-coated at 4000 rpm for 30 s on the quartz substrate
with Cr mask. The sample was then baked on a hot plate at 110 °C for 60
s for soft baking. To achieve high resolution in large-scale patterning (i.
e., 8-inch), a stepper (i-line stepper, NSR-2205i11D, Nikon Inc., Japan)
was used with a patterned mask of JET under an exposure intensity of
11 mW/cm? for 5's (Fig. 2a; Step 2). After the exposure, the UV-exposed
sample was developed in a developer (AZ-MIF-300, MicroChemicals,
Germany) for 60 s. The sample was then dipped in a Cr wet etchant (CR-
7, Transene Company Inc., USA) for patterning of etching mask. After Cr
etching, the PR mask was removed using an acetone bath for 5 min
(Fig. 2a; Step 3). After that, the reactive ion etching method (Oxford
Instruments, UK) was used to anisotropically etch the quartz substrate
until a 1.7 pm-thick for 43 min, using CF4 gas (50 sccm) under a pressure
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Fig. 1. (a) Schematic of Janus emitter (JET) on an enclosed automobile, where heat is trapped by the greenhouse effect. JET allows large heat emission from space in
the daytime while small heat emission in the nighttime. (b) Emissivity spectra of Ideal JET which shows selective emission at the top side, and broadband emission at
the bottom side. (c) Cross-sectional schematic of our designed JET, composed of PDMS layers, Ag layer, and micro-patterned quartz. (d) The optical image of

fabricated 2-inch and 8-inch sized JET.



D.H. Kim et al. Solar Energy Materials and Solar Cells 230 (2021) 111173

a
CF, gas
Stepper Cr mask -
[ ST S s _PDMS.
Quartz - ,\:’,Z;,:;\A’;fki; LSS A//:,i;/\ \a\,\:}Ah ,\:A’;:,::\,\’j\ff,\
e o 2To o %0, oo O e &, <SS S

B Ly Ly NR&LL NI,
1. Preparation for 2. Patterning with 3. PR development 4. Dry etching for 5. Ag deposition 6. PDMS spin-coating
Quartz substrate stepper and Cr etching Quartz

b c

100 TR A s i:ﬂ ORE
ol . |
u — Measurement ]

" — Simulation L : r

0 . ! . A=10jm =10 um
100 = EE =u
s o It
W — Measurement “
— Simulation
0 10} O Um

6 8 10 12 14
Wavelength (um)

Fig. 2. (a) Fabrication process of JET using MEMS methods for large-area emitter. (b) Measured and simulated emissivity spectra of designed JET at the top side
(etop) and the bottom side (epo:.) Which shows selective and broadband emissions respectively. (c) The optical image of fabricated 8-inch sized JET (middle) with
microscopic images at different regions in Janus emitter.

of 25 mTorr and an RF power of 60 W. After quartz etching, the Cr mask The measured and simulated emissivity spectra of the designed JET
was removed by immersion in a chrome wet etchant for 30 min (Fig. 2a; are shown in Fig. 2b. The fabricated JET shows near-ideal selective
Step 4). Then, a 100 nm-thick Ag layer was deposited using an electron emission in the atmospheric window region (blue shaded; 8-13 pm) at
beam evaporator at a rate of ~1 A/s (Fig. 2a; Step 5). After the metal top side as well as simulated results (Fig. 2b; top). The bottom side of

deposition, the PDMS was spin-coated on the Ag-coated quartz groove JET also achieves broadband emission in both simulated and measured
and bottom side of substrate (Fig. 2a; Step 6). spectra (Fig. 2b; bottom). Moreover, the optical microscopic images of
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Fig. 3. (a) Schematic illustration of enclosed chamber, used for theoretical heat transfer analysis with conventional radiative cooler (C-RC) and JET. (b) The
transmittance of atmospheric window (top), the emissivity spectra of two emitters at the top and bottom sides (middle), and the emissivity of heater which were used
in theoretical analysis. (c) Chamber temperature distribution in the case of C-RC and JET with the initial temperatures of heater (Tintiql hear) are 80 °C (left) and 20 °C
(right) for considering daytime and nighttime respectively. (d) Calculated temperature at the center of emitter, chamber, and heater as a function of JET bottom
emissivity (epottom JET) With Tiniriar hear = 80 °C (left), and 20 °C (right). (e) Radiation flux at emitter (top and bottom surfaces) and heater (top surface) as a function of
€pottom_JeT With different Tinjiqr neae (i-€., 80 °C (left), and 20 °C (right)).
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fabricated 8-inch sized JET at different regions show the same patterns,
which proves the uniformity of fabrication (Fig. 2c). The cross-sectional
SEM images of fabricated JET also exhibit the desired width and depth as
we designed (Figure S2). These results prove the uniform fabrication
process of JET on a large-scale.

2.3. Space cooling performances of JET with different enclosure
temperatures

To analyze the thermostat property of JET in the enclosed space, the
heat transfer analysis method was exploited for simulation using a
commercial software (Heat Transfer Module, COMSOL Multiphysics 5.5,
USA). The enclosed chamber, which is the domain in the simulation with
heat transfer scheme are illustrated in Fig. 3a. The chamber is ideally
enclosed space as the emitters cover the top side and heat loss of
chamber by ambient air is included for considering practical cases. The
condition of non-radiative heat exchange (h) between the chamber and
ambient air is 3 W/ (mz-K), and the temperature of ambient air (Tyyp) is
30 °C. The heater which radiates the heat within the enclosure, is placed
on the bottom surface for mimicking the heated surface by sunlight
through the window of real vehicles. Thus, the initial temperature of
heater is set differently (i.e., 80 °C and 20 °C) to consider the hot and
cold weather (i.e., day and night). The detailed dimension and initial
conditions of simulation domain are described in Figure S3 and Exper-
imental Section/Methods. The emissivity spectra of emitters, heaters
and atmospheric transparency, used in calculation, are presented in
Fig. 3b. Compared with the JET, C-RC shows broadband emission at top
side and zero emissivity at bottom side as it considers surface cooling.
The emissivity of heater is as high as (i.e., ~97%) measured emissivity of
leather since most interior materials of automobiles consist of leather
(Figure S4). Fig. 3c shows the simulated temperature distribution map in
hot (i.e., daytime; Tiniria hear = 80 °C) and cool (i.e., night-time; Tinitial heat
= 20 °C) enclosures with different coolers (i.e., JET and C-RC) on the top
of chambers. In the case of high heater temperature, the JET signifi-
cantly drops the temperature of entire enclosed space compared with C-
RC (Fig. 3c; left). Furthermore, the temperature of chamber center is
about 7 °C lower than using C-RC as a space cooler. The temperature of
the region which is closed to emitter is slightly higher in JET since the
JET absorbs the larger heat from enclosure than C-RC. These results
demonstrate that JET has better heat dissipation capability compared
with the C-RC in heated enclosed space. In the case of low heater tem-
perature, the temperature distribution of JET is similar to that of C-RC
(Fig. 3c; right). Also, the temperatures of chamber center are the same at
24 °C. These results show that JET does not provide undesired cooling in
cooled space.

Because the main difference between JET and C-RC is the emissivity
of bottom side, the temperatures of main regions in the chamber (i.e.,
emitter, chamber, and heater) were calculated to verify the cooling
performance with different bottom emissivity of JET (Fig. 3d). In the
case of Tinitial heat = 80 °C (ie., daytime), the temperatures of both
chamber and heater significantly decrease below 18 °C and 7 °C
respectively with increasing bottom emissivity (Fig. 3d; left). On the
other hand, the temperature of emitter slightly increases as the larger
heat is absorbed by rising emissivity of bottom side. Thus, achieving the
high broadband emission of bottom side helps drawing heat away
effectively in daytime. Compared with the heated enclosure, the tem-
perature variations (i.e., heater, chamber, and emitter) are very small
with growing bottom emissivity in the cooled chamber (Fig. 3; right).
The temperature gap of chamber between the emitters of zero and
broadband bottom emissivities (i.e., €pottomser = 0% and 100%) is
0.1 °C, which is negligible compared with hot enclosure. The heat
transfer process in the enclosure can be confirmed in Fig. 3e. In the hot
enclosed space (i.e., daytime; Tinitil heat = 80 °C), the outward radiation
flux from heater (red line) increases with the growing bottom emissivity,
which indicates that larger heat is emitted from heater (Fig. 3e; left).
Thus, the incident radiation flux to bottom of JET (gray line) increases as
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radiated heat from heater is transferred to the bottom of emitter. By
these process, the absorbed heat from bottom side can be dissipated
through the top side of emitter. Since the emitter which has high bottom
emissivity absorbs the greater amount of heat than the cooler which has
low bottom emissivity, the radiated heat from top side gets bigger (blue
line). Therefore, the space cooling capability in the heated enclosure is
effective with high bottom emissivity. When the enclosure is cooler than
previous condition (i.e., night-time; Tinitiq hear = 20 °C), the variations of
radiation flux are too small to change the temperature of inner space
significantly. According to Stefan-Boltzmann law, the radiation power
entirely decreases as the temperature gap between the enclosure and
ambient air gets reduced. Therefore, the variation of radiation flux with
different bottom emissivity is small, which proves the thermostat
property of JET.

2.4. Effect of space cooling performance with enclosure dimension

To investigate the effect of space cooling capability with enclosed
space dimension (i.e., width and height), the heat analysis with a vari-
ation of structure parameters proceeds in Fig. 4a and b. In day-time, the
temperature differences of the chamber and the heater between C-RC
and JET (T¢re - Tyer) get larger when the chamber is wider (Fig. 4a;
top). As the width of the bottom surface (i.e., heater) increases, the
amount of heat radiated from heater gets bigger which grows the in-
ternal temperature of the enclosure entirely (Figure S5a and S6a).
Similarly, in actual vehicles, car seats proportionally absorb more solar
energy to the area of seats. Since JET effectively absorbs the heat from
internal space at the bottom surface, the temperature of the region,
which is below the emitter, is lower than C-RC (Figure S6a). Due to the
larger amount of heat, the temperature gap between the JET and CRC is
bigger in a wider chamber. Thus, the T¢rc - Tyer soars with a wider
enclosure since the JET releases the heat more efficiently than C-RC in
hotter space by Stefan-Boltzmann law. In the night-time, the tempera-
ture gap between C-RC and JET is closed to zero regardless of width
variation, indicating that JET does not provide unnecessary cooling in
contrast with day-time (Fig. 4a; bottom). As the released heat from the
heater is small, the width variation does not affect significantly to
change the temperatures of the chamber (i.e., emitter, chamber, and
heater) (Figure S5a and S6b). Thus, the JET has consistent cooling
performance in the night-time regardless of width variation.

When the height of the enclosure increases, the temperature differ-
ences of heater and chamber between C-RC and JET decreases in the
daytime (Fig. 4b; top). Since the enclosure volume increases with height
increment while the width of the heater does not change, the emitted
heat per volume decreases which lower the temperature of the enclosed
space entirely as shown in Figure S5b and S7a. The smaller amount of
heat from the heater can reach the top of the chamber with increasing
height (Figure S7a). As the JET absorbs the smaller heat at the bottom
surface of the emitter, the cooling capability by bottom emission gets
lower with a higher enclosure. Consequently, the temperature gap of
chamber and heater between C-RC and JET slightly decrease in a higher
enclosure. As the strong heat source does not exist in the nighttime, the
temperature differences between C-RC and JET are closed to zero and do
not change by height variation (Fig. 4b; bottom). Similar to width
variation, the released heat is too small to change the entire temperature
of the enclosure (Figure S5b and S7b). Therefore, the JET has a similar
cooling capability in the nighttime regardless of height variation. These
results show that the difference in cooling temperature may occur
depending on the structural parameter change, but the cooling perfor-
mance trend of C-RC and JET is the same regardless of the structure
dimensions.

2.5. Demonstration of cooling capability for JET by temperature
measurement

To validate the space cooling capability of JET, the temperature
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recording experiments were conducted using car-shaped chambers with experiments (Fig. 5a; bottom). The C-RC is fabricated by acrylic coating
Al metal housing (Fig. 5a). To mimic the stationary vehicle, the solar on Al substrate and the emissivity shows the broadband in the IR region
transparent/IR reflecting window was inserted and black leather was (Figure S8).
placed on the bottom surface of the chamber, which causes the green- The outdoor experimental measurement results are presented in
house effect (Fig. 5a; top). The temperature sensor was attached below Fig. 5b. In the daytime, the incident sunlight through the window heats
the radiative object (leather) and the emitter was placed on top of the the radiative object and the heated object radiates the heat in the
chamber. To confirm the effect of chamber dimension, the different sizes enclosure, which causes the greenhouse effect. As the temperature of the
of chambers, applicable for 2 and 8-inch sized emitters were used for chamber entirely rises by the greenhouse effect, the JET achieves 4.9
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Fig. 5. (a) Schematic illustration (top) and photograph of measurement setup, designed in the shape of an automobile. (b) Temperature measurement of radiative
object for different emitters (i.e., C-RC and JET) with 8-inch and 2-inch size. (c¢) Measurements for two days and nights with different weather conditions of solar
intensity and ambient temperature.
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and 2.9 °C lower than C-RC in 8-inch and 2-inch groups respectively in
the heated chamber. The reason for the cooling temperature difference
between 8-inch and 2-inch groups is due to the larger Al wall absorbs
more heat than small chambers. Thus, the bigger chambers containing 8-
inch emitters get more heat than smaller chambers, which causes a
larger temperature difference between C-RC and JET. On the other hand,
JET achieves 0.7 and 0.6 °C than C-RC in 8-inch and 2-inch groups
respectively in the nighttime which means a similar cooling perfor-
mance. As there is no strong heat source (i.e., sunlight) to heat the
chamber, the temperature difference is much smaller than daytime.

Repeated measurements for two different days and nights demon-
strate the thermal managing property of JET (Fig. 5c¢). The detailed raw
data is shown in Figure S9. JET has better space cooling capability than
C-RC in several daytimes which have average solar powers of ~600 W/
m2. And JET has a similar cooling performance with C-RC in two nights.
Therefore, JET shows better cooling capability in the daytime and does
not provide undesired cooling in the night-time regardless of chamber
size, which proves the thermostat characteristic of JET.

3. Conclusion

In this study, the thermostat property of JET in enclosed space was
demonstrated in the case of hot and cold days by heat transfer calcula-
tion and outdoor experiments. As the bidirectional emission character-
istics help drawing the trapped heat to outer space, JET lowers the
temperature of hot enclosures than that of C-RC about 5 °C at maximally
in the daytime. On the other hand, JET lowers the temperature of cold
space than C-RC about <0.5 °C on average in the nighttime, which is a
negligible difference compared with daytime. These experimental re-
sults indicate that JET does not provide undesired cooling in the cold
enclosure when the cooling is avoided as the enclosure temperature is
similar to outer ambient temperature (i.e., night-time). The cooling
capability with the variation of structure parameters (i.e., width and
height of the enclosure) was also investigated. The cooling temperature
of emitters can slightly vary by width and height variation, however, the
thermostat characteristic of JET is still applicable regardless of the shape
of the chambers. These results indicate the versatility of JET in various
weather conditions which can be adapted to various applications such as
stationary automobiles.

4. Experimental Section/Methods

Optical simulation: To simulate the emissivity spectra of several
structures, rigorous coupled wave analysis-based commercial software
(DiffractMOD, RSoft Design Group, Synopsys, USA) was employed.
Absorption profiles were also simulated using this software. In all the
simulations, a 0.5 nm-square grid size was utilized to numerically
calculate the stable emissivity.

Characterization: The emissivity spectra were characterized by
measuring the reflectance spectra of the samples using a Fourier trans-
form infrared spectrometer (Spectrum Paragon, PerkinElmer, Inc., USA)
with an Au-coated integrating sphere to detect the diffuse reflection.
Because the infrared rays cannot pass through even a thin Al layer, the
emissivity spectra were derived from the measured reflectance spectra
(ie., E =1 - R). SEM (S-4700, Hitachi Hi-Technologies, Japan) was
utilized to observe the cross-section of the fabricated JET.

Heat transfer simulation: 2D steady-state thermal energy equation was
used for the enclosure with the natural convection inside the enclosure
due to the buoyancy-driven flow by the heater. The heat conduction
through the solid region was implemented by forcing the local velocity
to zero. Furthermore, the surface to surface radiation exchange based on
view factor was also included in the model. For the inner surface, only
the heater was assumed to be perfectly thermal insulated.
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