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A B S T R A C T   

In various small modular reactor (SMR) designs currently under development, the conventional concrete 
containment building has been replaced by a metal containment vessel (MCV). In these systems, the gap between 
the MCV and the reactor pressure vessel is filled with gas or vacuumed weakly, effectively suppressing con
duction and convection heat transfer. However, thermal radiation remains the major mode of heat transfer 
during normal operation. The objective of this study was to investigate the heat-transfer mechanisms in integral 
pressurized water reactor (IPWR)-type SMRs under various gas-filled conditions using computational fluid dy
namics. The use of thermal radiation shielding (TRS) with a much lower emissivity material than the MCV 
surface was also evaluated. The results showed that thermal radiation was always the dominant contributor to 
heat loss (48–97%), while the conjugated effects of the gas candidates on natural convection and thermal ra
diation varied depending on their thermal and radiative properties, including absorption coefficient. The TRS 
showed an excellent insulation performance, with a reduction in the total heat loss of 56–70% under the rela
tively low temperatures of the IPWR system, except for carbon dioxide (13%). Consequently, TRS can be utilized 
to enhance the thermal efficiency of SMR designs by suppressing the heat loss through the MCV.   

1. Introduction 

The development of small modular reactors (SMRs) has recently 
attracted significant global interest as a promising solution for climate 
change [1]. The modularized design of SMRs [2] offers greater passive 
safety, flexible electricity production, and synergetic application with 
renewable energy sources [3–5], while the standardized and modular
ized SMR design allows multiple modules to be manufactured continu
ously using the same process facilities [5,6]. In addition, because SMRs 
are transportable by ship or truck from off-site factories, they can be 
assembled and installed on-site. Consequently, because the construction 
period can be reduced, long-term economic competitiveness is more 
likely be achieved. 

Many SMRs employ a design in which a metal containment vessel 
(MCV) surrounds the reactor pressure vessel (RPV) (Fig. 1). Acting as a 
substitute for a concrete containment building, which can be up to 1 m 
thick, this manufacturable MCV improves the modularity of the system 
and can withstand the pressure of steam released during an accident [7, 

8,62]. In addition, the long-term safety of SMR modules has been 
strengthened by utilizing the MCV as part of a passive safety system 
[7–11,62]. For example, in the emergency core cooling system of the 
NuScale Power Module (NPM), which is a representative integral pres
surized water reactor (IPWR)-type SMR, the MCV is designed to act as a 
condenser and a recirculation sump during a potential accident [7,8, 
10–12,62]. Due to the high thermal conductivity of the MCV, core 
cooling is maintained via coolant recirculation as long as sufficient 
external cooling is maintained. 

The gap between the RPV and MCV is typically filled with air [16, 
18], inert gas [13,14,17], or a weak vacuum [12,15,19]. The filling gas 
can be selected from numerous potential candidates based on its flam
mability [63,64] and condensation during an accident (Table 1) but, 
during normal operation, gas-filled or weak-vacuum gaps act as efficient 
insulators, effectively suppressing conductive and convective heat 
transfer. 

Although the gap suppresses heat transfer via conduction and con
vection during normal operation, radiative heat transfer is more domi
nant. Radiative heat transfer has primarily been considered significant 
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only for high-temperature applications exceeding 600 ◦C due to the 
proportional relationship with the fourth power of the surface temper
ature. For example, Liu et al. [20] and Chen et al. [21] investigated the 
radiative heat transfer in a passive residual heat removal system for 
molten salt reactors (MSRs), whose operating temperature exceeds 
600 ◦C, while Zhang et al. [22] developed a radiative heat transfer 
model for molten salts and confirmed the contribution of thermal radi
ation over a temperature range of 500–1000 ◦C. For high-temperature 
gas-cooled reactors (HTGRs), which operate at a maximum tempera
ture of 1000 ◦C, Frisani [23], Takamatsu [24], and Zhao et al. [25] 
conducted numerical evaluations of the heat-removal performance of 

reactor cavity cooling systems (RCCSs). Furthermore, Oh et al. [26] 
evaluated the heat-removal performance of an improved RCCS for an 
HTGR both numerically and experimentally. These studies demon
strated that, although radiative heat transfer is insignificant within the 
molten salt itself, it plays a significant role in gas-filled systems under 
high operating temperatures, accounting for up to 91.64% of the total 
heat transfer. 

However, radiative heat transfer in pressurized water reactors 
(PWRs), which operate at temperatures lower than 330 ◦C, has often 
been overlooked [27,28], even though several studies have reported that 
radiative heat transfer is still dominant even at lower temperatures. 

Abbreviation 

2d Two Dimensional 
CFD Computational Fluid Dynamics 
DCMS Direct Current Magnetron Sputtering 
DO Discrete Ordinates 
DOM Discrete Ordinates Model 
DTRM Discrete Transfer Radiation Model 
HTC Heat Transfer Coefficient 
HTGR High-Temperature Gas-Cooled Reactor 
IPWR Integrated Pressurized Water Reactor 
MCV Metal Containment Vessel 
MSR Molten Salt Reactor 
MC Monte Carlo 
NPM NuScale Power Module 
PMAC Planck Mean Absorption Coefficient 
PWR Pressurized Water Reactor 
RCCS Reactor Cavity Cooling System 
RCP Reactor Coolant Pump 
RCS Reactor Coolant System 
RPV Reactor Pressure Vessel 
RTE Radiative Transport Equation 
S2S Surface-to-Surface 
SMR Small Modular Reactor 
SST Shear Stress Transport 
SG Steam Generator 
y+ Y plus 
TRS Thermal Radiation Shielding 

Nomenclature 
A Heat transfer area [m2] 
a Absorption coefficient [m− 1] 
cp Specific heat capacity [J/kg•◦C] 
E Total energy [J] 
Gr Grashof number [− ] 
g Gravitational acceleration [m/s2] 
h Heat transfer coefficient [W/m2•◦C] 
hnc Natural convection heat transfer coefficient [W/m2•◦C] 
hair Heat transfer coefficient of air [W/m2•◦C] 
hcand Heat transfer coefficient of the candidate gas [W/m2•◦C] 
hrel Relative heat transfer coefficient [W/m2•◦C] 
I Radiation intensity [W/m2•sr] 
Is Radiation intensity on the surface [W/m2•sr] 
Ib Total blackbody radiation intensity [W/m2•sr] 
k Thermal conductivity [W/m•◦C] 
keff Effective thermal conductivity [W/m•◦C] 
Lc Characteristic length [m] 
Nr The number of cell division numbers in the radial direction 

[− ] 
Nx The number of cell division number in the axial direction 

[− ] 

Nθ The number of angular discretization in the polar angle [− ] 
Nθp Polar angle pixel number [− ] 
Nφ The number of angular discretization in the azimuthal 

angle [− ] 
Nφp Azimuthal angle pixel number [− ] 
Nu Nusselt number [− ] 
Nunc Natural convection Nusselt number [− ] 
n Refractive index [− ] 
ns
→ Normal vector [− ] 
p Pressure [Pa] 
Pr Prandtl number [− ] 
Prt Turbulent Prandtl number [− ] 
QR Radiative heat transfer rate [W] 
qin Incident radiative heat flux [W/m2] 
qrside Radiative heat flux on the sidewall [W/m2] 
Ra Rayleigh number [− ] 
r→ Position vector [− ] 
s Path length [m] 
s→ Direction vector [− ] 
s→′ Scattering direction vector [− ] 

sout
̅→ Outgoing direction vector [− ] 
Sh Volumetric heat source [W/m3] 
T Temperature of the medium [◦C] 
ΔT Temperature difference [◦C] 
Tref Reference temperature [◦C] 
TSG Temperature of the steam generator component [◦C] 
Tsurr Surrounding temperature [◦C] 
Tsurf Surface temperature [◦C] 
Tsurf,PRV Surface temperature of the reactor pressure vessel [◦C] 
Tsurf,MCV Surface temperature of the metal containment vessel [◦C] 
v→ Velocity vector [m/s] 

Greek letter 
β Expansion coefficient [◦C− 1] 
εs Surface emissivity [− ] 
η Wavenumber [cm− 1] 
φ Azimuthal angle [steradian; sr] 
θ Polar angle [sr] 
κ Turbulence kinetic energy [m2/s2] 
μ Dynamic viscosity [Pa•s] 
μt Turbulent viscosity [Pa•s] 
ρ Density [kg/m3] 
σ Stefan-Boltzmann constant [5.67 × 10− 8 W/m2•K4] 
σs Scattering coefficient [m− 1] 
τij Deviatoric stress tensor [Pa] 
φ Phase function [− ] 
Ω Solid angle [sr] 
ω Specific dissipation rate [s− 1]  
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Kumar et al. [29] reported that radiative heat transfer accounts for 
62.3% of the total heat transfer even at a temperature of 120 ◦C, while 
Yoo et al. [30] confirmed that radiation accounts for over 60% of the 
total heat transfer at 1.5 atm and 225 ◦C in a spent fuel storage system 
filled with inert gas. These studies suggest that the effect of thermal 
radiation in conjugated heat transfer is non-negligible even at temper
atures lower than 330 ◦C. Thus, when designing an MCV with sufficient 
thermal insulation, radiative heat transfer has to be considered. 

The effects of various system parameters, including radiation ab
sorption, internal pressure, and emissivity, on radiative heat transfer 
have been investigated in previous studies. Kumar et al. [31] and Dehbi 
et al. [32] have confirmed that the radiation absorption effect reduces 
the contribution of radiative heat transfer to total heat loss but enhances 
heat transfer via natural convection. In addition, Barforoush et al. [33] 
examined the impact of internal pressure, the emissivity of metal 
shields, and the heater temperature using experimental and numerical 
analysis, reporting that, to decrease heat loss due to thermal radiation 
and natural convection, the emissivity and internal pressure need to be 
lower. While previous studies have provided valuable insights into heat 
loss due to conjugated heat transfer, including thermal radiation 
[20–26,29–33], operating conditions such as the internal pressure, 
operating temperature, gas type, and geometry strongly affect 
heat-transfer mechanisms. Therefore, to evaluate the intrinsic heat-loss 
mechanisms for IPWR-type SMRs that employ MCVs, their specific ge
ometry and numeric modeling have to be included for analysis. 

The objective of this study was to analyze using computational fluid 

dynamics (CFD) the conjugated heat-transfer mechanisms, including 
radiation and natural convection, associated with the MCV in an IPWR- 
type SMR. Inspired by one of the previous studies [33], the effectiveness 
of thermal radiation shielding (TRS) in terms of reducing heat loss was 
also investigated. To identify the contribution of radiative heat transfer 
within the gap between the RPV and MCV, the heat-transfer mechanisms 
were investigated using ANSYS FLUENT 21.2 software. Various gap 
conditions, including the gas type, internal pressure, and surface emis
sivity, were considered in this analysis. In particular, air, argon, xenon, 
nitrogen, and carbon dioxide were tested as the filling gas and compared 
with the use of a vacuum. To achieve the objective of this study, the 
methodology section (Section 2) offers an outline of the reference reactor 
module and described anticipated heat transfer mechanisms, identifying 
candidates expected to influence them. In addition, the boundary con
ditions and model for CFD analysis are delineated. Among the radiation 
models, the discrete ordinates (DO) radiation model is validated and 
optimized through the benchmark problem because of its importance in 
this study. In the results section (Section 3), a mesh is chosen based on 
the mesh sensitivity analysis. In addition, the heat loss mechanisms in 
the MCV are analyzed, discussing the effectiveness of TRS from the 
insulation perspective. Finally, the findings of this study are summarized 
in the conclusion section (Section 4). 

2. Methodology for numerical analysis 

2.1. Description of reference reactor: innovative small modular reactor 

An innovative SMR (i-SMR), an IPWR-type SMR, currently under 
development in South Korea, was employed as the reference reactor in 
the present study to investigate the heat-transfer mechanisms. In the i- 
SMR design, the major components of the nuclear steam supply system, 
such as the 2.4-m core, top-mounted in-core instrument, pressurizer, 
four canned motor reactor coolant pumps (RCPs), and a once-through 
helical steam generator (SG), are modularized and integrated with the 
RPV. During normal operation, the operating temperature of the reactor 
coolant system (RCS) is 295.7–323.0 ◦C. To maintain a sufficiently 
subcooled state within this operating temperature range, the RCS pres
sure was designed to be 15.8 MPa. The thermal and electric power of the 
i-SMR was 540 MWt and 170 MWe, respectively. In order to replace old 
thermoelectric power plants and large commercial reactors whose 
electric power generation exceeds 600–1000 MWe, four to six reactor 
modules are planned to be installed within a single building. 

Fig. 2 presents the i-SMR reactor module installed in an open-top dry 
cavity. The cavity has been designed to allow air circulation, with a 
height of 28.7 m. The MCV of the reactor module contains an RPV. The 
base materials of the RPV and MCV are stainless steel and carbon steel, 

Fig. 1. A schematic of a metal containment vessel (MCV) with an integrated 
design consisting of small modular reactors. 

Table 1 
Gap filling gas and operating pressure for modern SMRs.  

Reactor Country Gap conditions 

Material Pressure (under normal 
operation) 

NuScale [12] US Weak 
vacuum 

0.067 bar 

BWRX-300 [13] Nitrogen 
gas 

1 bar 

IRIS [14] Nitrogen 
gas 

1 bar 

Westinghouse SMR 
[15] 

Vacuum Unknown 

mPower [16] Air 1 bar 
FLEXBLUE [17] France Inert gas 1 bar 
NUWARD [18] Air 1.5 bar 
Innovative SMR 

[19] 
Republic of 
Korea 

Vacuum To be determined  

Fig. 2. Schematic of the i-SMR module in an open-top reactor module cavity.  
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respectively, while their heights are 22.8 m and 26.7 m, respectively. 
The diameter of the MCV is 6 m at the bottom and 9 m at the top to 
promote the rapid accumulation of condensate to maintain a sufficient 
level of water during an accident. The diameter of the cavity is 12 m, 
meaning that the MCV is installed with a radial distance margin of 1.5 m. 
External insulation is not employed for the outer walls of each vessel 
because the MCV is cooled using an emergency coolant in an accident. 
Instead of insulation materials, a gap between the MCV and RPV is used. 
The important design parameters for the i-SMR are summarized in 
Table 2. 

2.2. Heat-loss mechanisms within the metal containment vessel during 
normal operation 

Fig. 3 illustrates the expected heat-transfer mechanisms within the 
MCV in accordance with the strategy used to fill the gap to the RPV. 
Conduction, natural convection, and radiation are depicted using green, 
red, and black-dotted arrows, respectively. The direction of each arrow 
indicates the heat transfer direction. Conduction occurs radially within 
solid structures such as the RPV and MCV. On the surface of the RPV and 
MCV, thermal radiation and natural convection occur. 

As shown in Fig. 3(a), in the gas-filled gap, both natural convection 
and radiation occur, but conduction can be ignored due to intrinsically 
low thermal conductivity. In contrast, as illustrated in Fig. 3(b), the 
vacuum allows only for radiative heat transfer because natural con
vection cannot occur in the absence of a heat transfer medium. Both 
natural convection and thermal radiation within the MCV are largely 
dependent on the wall temperature of the RPV and MCV. Accordingly, 
the conjugated heat transfer becomes more complicated because natural 
convection and radiation are expected to affect each other. 

To identify the effect of the gas species employed to fill the gap on 
natural convection, the dimensionless Nusselt number (Nu), Grashof 
number (Gr), Prandtl number (Pr), and Rayleigh number (Ra), which are 
often employed to evaluate convective heat transfer, were calculated. 
The Nusselt number (Eq. (1)) represents the characteristics of convective 
heat transfer compared to conductive heat transfer. For natural con
vection, the Nusselt number can be expressed as a function of the Ray
leigh number (Eq. (2)), where the constants C and m are determined by 
specific conditions such as the geometry, surface roughness, and flow 
regime of the interest area [34]. By reducing the Rayleigh number, a 
lower Nusselt number is achieved, indicating lower natural convection. 
Therefore, the thermal expansion coefficient (β), temperature difference 
(ΔT), density (ρ), specific heat capacity (cp), characteristic length (Lc), 
dynamic viscosity (μ), and thermal conductivity (k) were compared to 

predict heat transfer through natural convection. 

Nunc =
Convection
Conduction

=
hncLc

k
= CRam (1)  

Ra = PrGr =
gβcpρ2ΔTL3

μk
(2) 

For the same geometry, the characteristic length and gravitational 
acceleration (g) are constants. The temperature difference is determined 
by the result of the convective heat transfer, while the thermal expan
sion coefficient is determined by the inverse of the absolute tempera
ture, and this did not differ between the candidate gases at the same 
temperature. Accordingly, to predict the natural convection depending 
on the filling gas, the change of the Rayleigh number according to the 
specific heat capacity, density, viscosity, and thermal conductivity of the 
candidates was estimated. 

To compare natural convection effects, a weak vacuum, air, and ni
trogen were selected as gap candidates because they have been 
employed in several state-of-the-art SMRs (Table 1). In terms of flam
mability control, carbon dioxide, a representative diluent protecting 
against hydrogen combustion [35], was also tested. In the present study, 
the weak vacuum was simulated using the thermal properties of air at a 
pressure of 0.067 bar, which is referenced in the NPM design [12], while 
the properties of the other gases were obtained under an atmospheric 
pressure of 1 bar. The thermal properties of the gases were referenced 
from the NIST database [36]. However, as shown in Fig. 4, except for the 
density of the weak vacuum, there was not much variation in the ther
mal properties between air, carbon dioxide, and nitrogen. Therefore, 
xenon and argon were also considered as inert gas candidates. Xenon has 
distinct thermal properties, such as a higher density and viscosity and a 
lower heat capacity and thermal conductivity, while argon exhibits 
thermal properties that are between xenon and the other gas candidates. 

The radiative heat transfer rate (QR) can be calculated using Eq. (3) 
based on the surface (Tsurf ) and surrounding (Tsurr) temperature, the heat 
transfer area affected by the geometry (A), and the Boltzmann constant 
(σ). Thus, to reduce radiative heat transfer without changing the design 
parameters, reducing the surface emissivity (εs) is important [34]. The 
emissivity of an object, which indicates how much radiation is emitted 
compared to the surface of the black body, is determined by its material 
and surface properties. A lower emissivity is indicative of lower radia
tive heat transfer. 

QR = εsσA
(

T4
surf − T4

surr

)
(3) 

For the i-SMR, the emissivity of the carbon steel RPV was confirmed 
to be 0.7, while the emissivity of the stainless steel MCV was found to be 
0.4 [37]. To reduce radiative heat transfer, the TRS of the present study 
assumed the arrangement of a replaceable-thin aluminum layer with an 
emissivity of 0.04 coated using the direct current magnetron sputtering 
(DCMS) [38]. As described in experimental studies [39,40], the 
aluminum coating layer deposited through the DCMS can maintain the 
intrinsic low emissivity in the thermal radiation range as well as has 
various advantages such as precise thickness control, material homo
geneity, scalability over large areas, and reliable adherence strength to 
substances compared to the evaporation process. Because the RPV had 
the higher surface emissivity than the MCV, the stronger reduction in 
heat loss was expected when the TRS was applied. However, due to the 
more complicated structure of the outer wall surface of the RPV 
compared with the MCV, it was difficult to position the TRS on the RPV. 
Accordingly, the TRS was applied to the inner wall of the MCV. Emis
sivity can also be influenced by the wavelength, but the emissivity of the 
vessel materials used in the present study remains relatively stable and 
exhibit little change depending on wavelength [37]. Therefore, in this 
study, the emissivity values of vessel surfaces were set as constants to 
simplify the simulation. Furthermore, the additional thermal resistance 
caused by the aluminum layer was neglected under the assumption that 

Table 2 
Design parameters of the i-SMR.   

Parameter Value 

Reactor Core Thermal power 540 MWt 
Electrical power 170 MWe 
Inlet/outlet 
temperature 

295.7 ◦C/323 ◦C 

Pressure 15.8 MPa 
Fuel UO2 

Reactor Cavity Bulk temperature Room temperature 
Inner diameter 12 m 
Cavity height 28.7 m 

Metal Containment 
Vessel 

Outer diameter 9 m (upper)/6 m (lower) 
Height 26.7 m 
Thickness 0.1 m 
Material Stainless steel 316 

Reactor Pressure Vessel Outer diameter 2.26 m (pressurizer region)/ 
4.7 m (steam generator 
region)/ 
3.8 m (downcomer region) 

Height 22.88 m 
Thickness 0.23 m 
Material Carbon steel (SA508)  
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it was sufficiently thin. 
The radiative transport equation (RTE) presented in Eq. (5), which is 

derived from Eq. (4), was used to calculate the radiative heat transfer for 
the CFD analysis [41]. The RTE takes into account the variation in the 
radiation intensity (I) due to absorption, emission, and scattering at a 

specific position ( r→) in each direction ( s→) for a unit path length (ds) 

(Fig. 5). The left-hand side of the RTE (dI( r→, s→)

ds ) represents the rate of 
change in the radiation intensity per unit path length, while the 
right-hand side considers the attenuation ( − (a + σs)I( r→, s→)) in 

Fig. 3. Predicted heat-transfer mechanisms within the gap between the MCV and RPV when filled with (a) a gas and (b) a vacuum.  

Fig. 4. Thermal properties of gap-filling gas candidates as a function of temperature.  
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radiation intensity due to absorption (a) and scattering (σs), the radia
tion absorbed by the medium (an2σT4

π ), and the incident radiation present 

at position r→ due to background scattering (σs
4π
∫ 4π

0 I( r→, s→′)φ( s→, s→′)dΩ′). 
As illustrated by the RTE, the absorption coefficient (a) of the target 
medium influences the radiative heat transfer via absorption. For this 
reason, carbon dioxide, a polar molecule, was expected to exhibit 
distinguished not only bulk temperature but also performance of 
convective heat transfer compared to the other filling gas candidates. On 
the other hand, the absorption effect of the small amount of vapor steam 
in the air was ignored by assuming that the air used in this analysis was 
dry. 

dI = I(s + ds) − I(s) (4)  

dI( r→, s→)

ds
= − (a + σs)I( r→, s→) + an2σT4

π +
σs

4π

∫ 4π

0
I( r→, s→′)φ( s→, s→′)dΩ′

(5)  

2.3. Computational fluid dynamics analysis 

To conduct accurate CFD simulations, it is important to generate a 
reasonable geometry and establish appropriate boundary conditions. 
Therefore, this study generated a simplified i-SMR using the vessel ge
ometry described in Table 2. To reduce the computational burden, a 
two-dimensional axisymmetric geometry was generated using ANSYS 
SpaceClaim 2021.R2 (Fig. 6). While radiation transfer fundamentally in 
three dimensions, some studies have demonstrated that in simple- 
symmetrical geometries it can be uniformly observed along with the 
azimuth angle [42] and accurately predicted as in three-dimensional 
simulations [42,43]. Therefore, adopting a 2d-axisymmetric geometry 
to simulate the simplified i-SMR could be an efficient way to ensure 
accuracy while reducing computational costs. To ensure stable compu
tational convergence, the circulation of the water inside the RPV was not 
simulated, and the inner wall of the RPV was discretized to reflect the 
temperature of specific regions, such as the pressurizer, steam generator, 
and downcomer. Protruding components such as valves and pumps were 
not considered in the geometric model. 

The boundary conditions for the CFD simulations are presented in 
Fig. 7. Temperatures of 323.0 ◦C (red), 295.7–323.0 ◦C (yellow), and 
295.7 ◦C (blue) were assigned from top to bottom, respectively, repre
senting the temperature of the descending coolant in direct contact with 
the RPV during normal operation. The coolant temperature of the sol
uble boron-free i-SMR may exhibit small fluctuations of approximately 

10 ◦C, even though there is a 50% power output variation during the 
load follow-up operation [44]. Therefore, setting the boundary condi
tions at constant temperatures is reasonable. The temperature of the 
steam generator region was set to increase linearly as the height 
increased (Eq. (6)), while the temperatures of the other regions were 
fixed. The x-axis (gray) was set as the center line for the axisymmetric 
model in accordance with the FLUENT code manual [41]. In addition, 
the top was modeled as a pressure outlet (violet) to reflect an open 
cavity. Because the i-SMR module is initially employed at room tem
perature, the cavity wall was assumed to be 26.85 ◦C (green). In addi
tion, heat was not transferred through the lower wall, which was defined 
as adiabatic (black). 

TSG (◦C) = 295.7 + 3.592⋅(x − 7.55) (6) 

Heat transfer analysis relies on the accurate input of relevant pa
rameters. In general, thermophysical properties, including density, 
specific heat capacity, and thermal conductivity are temperature- 
dependent variables. In the present study, the properties of the vessel 
materials were calculated using constants and polynomial functions of 

Fig. 5. Variation in the radiation intensity along a unit path length.  

Fig. 6. 2-D axisymmetric geometry of the i-SMR.  
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temperature (Table 3). For metal density, constant values were 
employed at 310.05 ◦C and 100 ◦C, which were the average temperature 
of the boundary conditions of the RPV inner wall and the anticipated 
temperature of MCV, respectively. On the other hand, specific heat ca
pacity and thermal conductivity were set to vary with temperature as 
illustrated in Fig. 8 [45,46]. Concerning thermal radiation, the entire 
solid surfaces were set as an opaque condition to prevent the trans
mission of thermal radiation. 

For gas materials, thermal properties, including density, were eval
uated using the polynomial functions (Table 4). Concerning thermal 
radiation within gas media, while the scattering of radiation was ignored 
in all cases to simplify the CFD analysis, the absorption was considered 
in a specific medium. At low temperatures, i.e., target temperature range 
of this study, nitrogen, argon, and xenon are inert gases with chemical 
stability. In addition, dry air has been deemed a non-absorption medium 
in the infrared region because nitrogen and oxygen (99.9% of the dry 
air) feature a single fundamental band and no permanent dipole moment 
[47]. Therefore, this study assumed the four candidates as transparent 
media [41,48]. However, carbon dioxide exhibits a distinct character
istic related to radiation absorption. Although the FLUENT database 
provided an absorption coefficient of 0.43 (m− 1) for carbon dioxide 
[41], the reliability of this constant value may be questioned because it 
is wavelength-dependent within the infrared range [49]. Therefore, the 
Planck mean absorption coefficient (PMAC), defined as Eq. (7), was 
utilized for the carbon dioxide. The correlation of PMAC, provided by 
RADCAL [50,51], is described in Table 5 and plotted in Fig. 9. This 
model is generally recognized to be accurate up to a temperature of 600 
K [52]. 

PMAC =

∫∞
0 aηIbηdη
∫∞

0 Ibηdη
=

1
Ib

∫ ∞

0
aηIbηdη =

1
Ib

∑N

i

∫ ∞

0
aiηIbηdη (7) 

where Ib, η, i, and N are the total blackbody intensity, wavenumber, 
specific number of the spectral line band, and total band number, 
respectively. 

The solver settings are summarized in Table 6. Because the target 
scenario in the present study is normal operation, where the inlet and 
outlet temperatures do not change, we conducted the simulations under 
steady-state conditions. To simulate the natural convection flow 
generated near the walls, the k-omega shear stress transport (SST) model 
was adopted as the turbulence model because it has been widely used in 
many previous studies [29,31,32,53,54]. The k-omega SST model was 
developed by Menter [55], in which the standard k-omega model and 
the k-epsilon model are combined using a blending function. The stan
dard k-epsilon model and the standard k-omega model have exhibited 
good performance in the freestream region and the near-wall region, 
respectively. Therefore, this study ensured accuracy and reliability in 
predicting natural convection flows by utilizing the k-omega SST model, 
which integrates the strengths of both models. The discrete ordinates 
model (DOM) was utilized to calculate the RTE due to its moderate 
computational costs and the availability of all-optical thickness ranges 
[29,32,54]. A benchmark problem to ensure efficiency and accuracy, 
along with a brief description of the DOM, was addressed in Section 
2.3.1. For spatial discretization, the body force weighted scheme was 
employed as the pressure scheme to simulate buoyancy-driven flow 
where the body force is dominant in the momentum equation. This 
method evaluates the face pressure with an assumption of a constant 
normal gradient of the difference between pressure and body force. In 
addition, the second-order upwind scheme was used for momentum, 
energy, and DO intensity to evaluate them with high-order accuracy 
through a Taylor series expansion of the cell-centered solution. Finally, 
pressure-velocity coupling was conducted using a coupled algorithm 
because it represents a robust and efficient single-phase implementation 
for steady-state flows. In this study, all model constants related to the 
models were set to default values, as detailed in the Fluent theory guide 
[41]. 

2.3.1. The radiation model: discrete ordinates model 
In the FLUENT, five radiation models were provided for solving the 

RTE: P-1, Rosseland, Discrete Transfer Radiation Model (DTRM), 
Discrete Ordinates Model (DOM), Surface-to-Surface (S2S), and Monte 
Carlo (MC) model [41]. Choosing the most suitable radiation model for a 
given analysis is essential. In this section, the reason was described 
based on the distinctive features of each model. The analyzed conditions 
and the corresponding unsuitable models are described below. 

First, a wide range of optical thicknesses from transparent media to 3 
or more was covered in the present study because various gases, 
including carbon dioxide, were used as a gap filler. Therefore, the P-1 
and Rosseland models, known to be valid only in optically thick media, 
were considered inadequate. Conversely, the S2S model was deemed 
unsuitable for analysis that included absorption effects, as its funda
mental assumption is the neglect of all interactions within the medium. 
Second, the MC model, only provided for three-dimensional geometry in 
FLUENT, was unsuitable for this study using a two-dimensional 
axisymmetric geometry. Finally, the DTRM has a low computational 
efficiency associated with the limitations of parallel calculation. 
Consequently, the DOM was adopted as the only appropriate model to 
conduct more accurate and efficient calculations for this analysis. 

The DOM solves the RTE by discretizing a finite number of non- 
overlapped solid angles based on the global Cartesian system (x, y, z). 
For each solid angle associated with the discrete direction vector ( s→), 
the RTE of DOM, represented as Eq. (8) due to the absence of radiation 
scattering, was calculated. In the DOM, each octant was subdivided into 
NθNφ control angles, Nθ and Nφ are the number of polar and azimuthal 

Fig. 7. Boundary conditions for the CFD simulations.  

Table 3 
Properties of the vessel materials.   

RPV (carbon steel) [45] MCV (stainless steel 316) 
[46] 

ρ (kg/ 
m3) 

7760 (T = 310.05 ◦C) 7920 (T = 100 ◦C) 

cp (J/ 
kg⋅K) 

49.8497 + 2.1722 (T) − 0.00355 (T2) +
2.3E-6 (T3) 

458.9848 + 0.1328 (T) 

k (W/ 
m⋅K) 

12.19836 + 0.15383 (T) − 0.000241 (T2) 
+ 1.08E-7 (T3) 

9.248 + 1.57E-2 (T) 

εs (− ) 0.7 0.4 (reference)/0.04 
(shielding)  
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angles division, respectively. In two-dimensional geometry, the sym
metric geometry of the azimuthal angle reduces the total number of 
octants from eight to four, making the total number of control angle 
4NθNφ. When solving the RTE in the unstructured meshed, the control 
angles may not align with the control volume face, causing the angular 
overhang problem where partially incoming and partially outgoing ra
diations. To solve this, the control angle should be subdivided more into 
Nθp Nφp pixels, having smaller partitions in each overhang control angle. 

∇⋅(I( r→, s→) s→) = − a(T)I( r→, s→) + a(T)n2σT4

π
(8) 

The radiation behavior on the surface is determined by the boundary 
conditions. The boundary conditions on the diffusion-gray opaque wall 
are expressed through Eq. (9), showing each interaction in Fig. 10. The 

Fig. 8. Specific heat capacity (Left) and thermal conductivity (Right) of stainless steel 316 (black line) and carbon steel (red line).  

Table 4 
Thermal properties of the gas candidates expressed as polynomial functions.   

ρ (T) [kg/m3] cp (T) [J/kg⋅K] k (T) [W/m⋅K] μ (T) [kg/m⋅s] a 
(m− 1) 

Air 2.50385–0.00577 (T) + 4.32036 × 10− 6 (T2) 955.29798 + 0.15243 (T) 0.00722 + 6.52146 × 10− 5 (T) 6.68893 × 10− 6 + 4.05979 ×
10− 8 (T) 

0 

Vacuum 0.17281–3.97733 × 10− 4 (T) + 2.97726 ×
10− 7 (T2) 

953.00806 + 0.15603 (T) 0.00717 + 6.5265 × 10− 5 (T) 6.67086 × 10− 6 + 4.06154 ×
10− 8 (T) 

0 

Carbondioxide 3.83869–0.00889 (T)+6.6789 × 10− 6 (T2) 640.53806 + 0.74252 (T) − 0.00806 + 8.29598 × 10− 5 (T) 2.30234 × 10− 6 + 4.32413 ×
10− 8 (T) 

PMAC 

Xenon 11.45532–0.02652 (T) + 1.99277 × 10− 5 (T2) 160.89063 − 0.00418 (T) 9.3991 × 10− 4 + 1.56429 ×
10− 5 (T) 

3.53329 × 10− 6 + 6.6087 ×
10− 8 (T) 

0 

Argon 3.45492–0.00796 (T) + 5.96338 × 10− 6 (T2) 522.18085− 0.00289 (T) 0.00547 + 4.23091 × 10− 5 (T) 6.94653 × 10− 6 + 5.40 × 10− 8 

(T) 
0 

Nitrogen 2.42107–0.00558 (T)+4.17704 × 10− 6 (T2) 1001.67309 + 0.11324 
(T) 

0.00759 + 6.26869 × 10− 5 (T) 6.58123 × 10− 6 + 3.87872 ×
10− 8 (T) 

0  

Table 5 
Polynomial fit of the Planck Mean Absorption Coefficient for carbon dioxide 
(Pressure: 1 [atm]) [50,51].  

Planck mean absorption coeffcient (PMAC)[m− 1]

Format 
C0 + C1

(
1000

T

)

+ C2

(
1000

T

)2
+ C3

(
1000

T

)3
+ C4

(
1000

T

)4
+

C5

(
1000

T

)5 

Coefficient C0 = 18.741,C1 = − 121.31,C2 = 273.5,
C3 = − 194.05,C4 = 56.31,C5 = − 5.8169  

Fig. 9. Planck mean absorption coefficient of carbon dioxide as a function of 
temperature. 
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incident radiation (indicated by the black arrow) was partially absorbed 
according to the surface emissivity (qinεs), while the remaining was 
diffusely reflected from the wall ((1− εs)qin

π ). Reflection and absorption 
were indicated by the red and green arrows, respectively. In addition, 
the emission of radiation was generated (blue arrows) from the wall 
based on its temperature (n2εsσT4

s
π ). 

Is,out

(
Ω→
)
=

n2εsσT4
s

π −
(1 − εs)

π

∫

Is,in sout
̅→⋅ns

→dΩ′,when sout
̅→⋅ns

→ < 0 (9)  

where, sout
̅→ and ns

→ are the outgoing direction vector and normal vector, 
respectively. 

As described above, the total solid angle is subdivided into the 
number of 4NθNφ control angles. An increase in the control angle is 
essential for an accurate evaluation of radiative heat transfer, but the 
increase in computational cost should be considered. Therefore, the 
validation by the benchmark problem was conducted to determine 
appropriate discretization strategies of the DOM in FLUENT 21.2. The 
representative benchmark problem provided an exact solution of the 
normalized radiative heat fluxes (qrside/σT4

ref ) on the side wall for a cy
lindrical enclosure under the constant absorption coefficients (0.1, 1, 5 
m− 1) [56]. The boundary conditions and geometry for the benchmark 
problem are illustrated in Fig. 11(a). All enclosure surfaces were set 
black bodies (εs = 1) and cold walls (0 K), and the cylinder was filled 
with the isothermal air of 100 K [57]. In addition, as shown in Fig. 11(b), 
the 2d axisymmetric cylinder geometry was discretized into the number 
of cell divisions in the radial (= Nr) and axial direction (= Nx), 20 and 
40, respectively. The strategies of angular discretization and pixelation 
are summarized in Table 7. In the angle discretization conditions, pix
elation was set equally to 10 by 10, while the angle discretization con
ditions were set equally to 10 by 10 in the pixelation conditions. 

According to the approach of some studies [58], considering the 
discretization for azimuthal angles in 2d-axisymmetric geometry was 
not imperative in theory. However, as shown in Fig. 12, considerable 
underrate heat fluxes were observed in Case C. Thus, Case C was 

unsuitable for this problem compared with Case B, even with the iden
tical number of control angles. In addition, Case A was also judged to be 
inappropriate due to its error of over 1%. Furthermore, even though 
Case D demonstrated a minimal error among the cases, the increasing 
computational cost surpassed the improvement in accuracy. Conse
quently, Case B was selected as a suitable angular discretization among 
the strategies of this study. 

The pixelation effect was also confirmed for the selected angular 
discretization. As depicted in Fig. 13, there was no pixelation effect 
because the global coordinate aligns with the control volume faces in the 
well-structured rectangular grid, resulting in the absence of the over
hang problem. However, in this study, the global coordinate may be 
non-aligned with the control volume faces due to the unstructured 
meshes. Therefore, pixelation was set to 3 × 3 according to the recom
mendation of the FLUENT manual for the symmetry condition [41]. 

In the present study, to ensure sufficiently reliable CFD analysis, the 
convergence of the residual values was confirmed. The convergence 
criteria for the residuals were set at 10− 4 for the continuity, turbulence 
kinetic energy (k), and specific dissipation rate (ω), and at 10− 6 for the 
energy and discrete ordinate intensity. 

After conducting the simulations under the established conditions, 
the results for the axial velocity, temperature, and density were 
extracted at a height of 22 m (Fig. 14; black line) and at a radius of 2.7 m 
(Fig. 14, red line). In the steady-state calculations, the heat transfer rate 
for the inner and outer walls of the MCV was equal. Therefore, to analyze 
the heat-transfer mechanisms within the gap while confirming the final 
heat loss, heat transfer along the inner wall of the MCV (Fig. 14; Blue 
line) was analyzed. 

Table 6 
Solver and model settings.  

Turbulent Model k-omega SST 
Radiation Model (Gray rad.) Discrete ordinates model 
Density Model (For gases) Expressed using polynomial functions 
Pressure–Velocity Coupling Coupled 
Spatial Discretization Gradient Least-squares cell based 

Pressure Body force weighted 
Momentum 2nd order upwind 
Energy 2nd order upwind 
DO intensity 2nd order upwind  

Fig. 10. Boundary conditions on the opaque wall.  

Fig. 11. (a) Cylinder geometry [56] and adopted boundary conditions [57] of 
the benchmark problem, and (b) a generated 2d axisymmetric mesh for 
benchmark simulation. 

Table 7 
Angular discretization and pixelation conditions.   

Nθ Nφ Nθp Nφp 

Angular discretization 
Case A 5 5 10 10 
Case B 10 10 
Case C 100 1 
Case D 20 20 
Pixelation 
Case B1 10 10 10 10 
Case B2 10 1 
Case B3 1 10 
Case B4 1 1  
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3. Results and discussion 

3.1. Mesh sensitivity analysis 

To ensure a sufficient mesh quality while minimizing the computa
tional burden, five different mesh sizes were investigated. The meshes 
were generated using the ANSYS mesh tool. The mesh generation op
tions and total element number are summarized in Table 8. The distri
butions of temperature and axial velocity at a height of 22 m, the total 
heat transfer rate on the MCV, and the contribution of radiative heat to 
total heat loss were compared between the meshes in a system with 
xenon-filled gap characterized by the highest mass flow rate and y plus 
(y+) value (Fig. 15). The top three meshes having a larger element 
number exhibited sufficient mesh independence by producing a minor 
difference of less than 1%. Thus, for the CFD simulations, the medium- 
sized mesh with 416,995 elements was adopted (Fig. 16). This mesh 
design ensured the accurate evaluation of the flow and heat transfer 
rates near the wall, including the viscous sub-layer (y+ < 5) where the 
large gradients of velocities were observed, by ensuring a high resolu
tion indicated that the y+ of the first layer near the wall remained below 
2.0 with a xenon-filled gap. 

3.2. Analysis of heat-transfer mechanisms within the gap 

3.2.1. Effects of the radiation model on CFD analysis 
The effects of the radiative heat transfer model on the CFD analysis 

were confirmed by comparing the results such as the total heat transfer 
rate and radial temperature distribution with and without the model. 
Fig. 17 shows the convective heat transfer rates for the candidate gases 
without the radiation model, while Fig. 18 illustrates the conjugated 
heat transfer rate including radiation and natural convection. The 
radiative heat transfer rate and convective heat transfer rate are denoted 

by the red and black bars, respectively. At least 4.3 times increases in the 
total heat loss were observed when the radiative model was considered 
due to the two times higher radiative heat (86–97% of total heat) 
compared with convective heat while, in carbon dioxide, only three 
times increase in total heat loss was observed with a contribution of 
48%. Despite the same boundary conditions, except for carbon dioxide 
(increase rate: 56%), the natural convective heat transfer rates tended to 
go half (reduction rate: 40–57%) when the radiation model was 
considered. Within the enclosure, the temperature difference between 
the vessels, a parameter of the Rayleigh number [59,60]. Therefore, the 
smaller temperature differences observed as the temperature of the RPV 
wall decreases along with the increase of the MCV wall temperature due 
to additional heat transferred by radiation have strong effects on the 
reduction of convective heat transfer. The insulation performance of the 
candidate gases changed from an order of (from best to worst) the 
vacuum, xenon, argon, nitrogen, air, and carbon dioxide in the absence 
of radiative heat to an order of carbon dioxide, vacuum, xenon, argon, 
air, and nitrogen in the presence of radiative heat. 

Fig. 19 shows that there was also a considerable difference in the 
temperature distribution with and without the radiative heat transfer 
model. In both cases, the overall bulk temperature within the gap was 
intermediate between the RPV and MCV temperatures. However, with 
radiative heat transfer included, more heat was transferred to the MCV, 
leading to a notable increase in the bulk temperature, indicating that the 
fundamental reason for the greater heat loss was radiation. Considering 
that such a high bulk temperature can cause material integrity problems 
with thermal fatigue such as the blue brittleness in metal components in 
accident situations, it suggests that heat loss should be effectively 
reduced for the safety of RPV. In addition, except for carbon dioxide, the 
smaller discrepancy in the bulk temperature between the candidates 
when radiative heat was considered led to similar heat losses, while 
distinct differences were observed in the absence of radiation, i.e., when 

Fig. 12. Comparison of dimensionless heat flux on the sidewall between the strategies of angular discretization with different absorption coefficients: 5 m− 1 (blue 
box), 1 m− 1 (red box), and 0.1 m-1 (green box), respectively. 
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heat was only transferred through natural convection. However, carbon 
dioxide was unique in that the lowest heat loss was observed even when 
the bulk temperature increased. In addition, as depicted in Fig. 20, in the 
case of carbon dioxide, dissimilar to the tendency in transparent media, 
a notable axial temperature gradient was observed even when consid
ering the radiation model. It was attributed to a high absorption coef
ficient, reaching 37 m− 1, acting as a shield of thermal radiation, causing 
insufficient heating of the MCV. Collectively, these results suggest that 
thermal radiation plays a dominant role in the heat-loss mechanisms 
within the reactor module and significantly affects the temperature 

Fig. 13. Comparison of the dimensionless heat flux on the sidewall between the strategies of pixelation with different absorption coefficients: 5 m− 1 (blue box), 1 
m− 1 (red box), and 0.1 m-1 (black box), respectively. 

Fig. 14. Positions of the extraction line for the results.  

Table 8 
Mesh generation conditions.  

Default face size 
(m) 

Gap face size 
(m) 

Inflation Element 
number 

0.03 0.05 First layer thickness: 
0.0003 m 

The number of layers: 10 

152,910 
0.03 240,972 
0.02 416,995 
0.015 631,255 
0.01 1,288,072  
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distribution. Therefore, it is essential to consider conjugated heat 
transfer in order to more precisely evaluate heat loss patterns. 

3.2.2. Convective heat transfer within the metal containment vessel 
The observed overall flow patterns were consistent with those 

described in Section 2.2. Additionally, a weak flow in the vicinity of the 
RCP region due to restrictions on the gas inflow caused by its vertical 
shape was also observed for all candidate gases. Fig. 21 displays the 
streamlines of axial velocity in fluid regions. Despite the similarity in the 
flow pattern near the wall, a distinct difference was observed in the 
vacuum and carbon dioxide cases where the relatively strong convection 

flow velocity. In these cases, the flow behavior in the bulk region of the 
gap consisted of a single large flow field, while the flows were separated 
into two flow fields in the rest of the cases. 

In addition to the differences in flow behavior, as illustrated in 
Fig. 18, the convective heat transfer differed depending on the thermal 
properties of the candidate gases. To verify the calculated convective 
heat transfer, the heat transfer coefficients (HTCs) of the candidate gases 
were compared based on their thermal properties. To express the HTC 
(h) as a function of thermal properties, this study utilized a well-known 
correlation (Eq. (10)) [34]. In the same geometry, different from the 
Nusselt number, the HTC reaches a higher value when the thermal 

Fig. 15. Mesh sensitivity with a xenon-filled gap: (a) axial velocity and (b) temperature distribution in the gap and cavity at a height of 22 m and (c) total heat 
transfer rate and the contribution of radiative heat transfer to total heat transfer with 1% error bars. 
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Fig. 16. Selected mesh based on the mesh sensitivity analysis (416,995 elements).  

Fig. 17. Comparison of the convective heat transfer rate on the inner wall of 
the MCV without the thermal radiation model in CFD analysis for the candi
date gases. 

Fig. 18. Comparison of the conjugated heat transfer rate on the inner wall of 
the MCV (ε = 0.4) for the candidate gases. 
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conductivity is higher. In addition, an extremely low density plays a 
crucial role in reducing the convective performance. Using Eq. (11), the 
relative HTC, defined as the ratio of the convective heat transfer rate of 
the candidate gas to that of air, was evaluated. For most candidates, 
except for carbon dioxide, properties exhibited a similar trend with air, 
resulting in slightly decreased slopes for the relative HTCs. However, as 
summarized in Table 4, the slopes of thermal conductivity and specific 
heat capacity of carbon dioxide are as high as 5 and 1.3 times than those 
of air, respectively. These higher slopes caused a significant enhance
ment in the relative HTC of carbon dioxide. Consequently, within the 
temperature range of interest, the order of convective heat transfer was 
consistent with the order of the relative HTC (Fig. 22). In addition, the 
calculated convective heat transfer rates corresponded well to the 
relative HTC values, except for carbon dioxide. Because the relative HTC 
did not consider radiation parameters, the performance of convective 
heat especially for carbon dioxide did not match exactly. Nevertheless, 
the consistency of order and specific values between the calculated 
natural convective heat transfer rates and the relative HTC implied that 
the simulation results for convective heat transfer were reasonable. 

hnc = Nunc
k
Lc

∝Ra
1
3

(
k
Lc

)

∝

(
c

1
3
pρ2

3k2
3

μ1
3

)

(10)  

hrel =
hcand

hair
(11) 

The possible reasons for the difference in the convective heat transfer 
performance were also investigated. Fig. 23 present the temperature 
distribution in the gap for the candidate gases. In all cases, high- 
temperature gases were present in the top region, and relatively low- 
temperature gases were located at the bottom of the gap due to natu
ral convection. Within the vacuum, the gap was thermally stratified near 
the upper wall of the RPV, which was ascribed to the inferior natural 
convective heat transfer of a vacuum. In the vacuum, the convective 
heat loss (21.8 kW) was only approximately half of that for xenon, which 
was the most effective convection insulator among the candidate gases. 
Except for its density, the other thermal properties affect to the HTC are 
very similar to air, but the convective heat transfer rate was much lower 
than air. Therefore, little convective heat transfer appeared to be mainly 
due to the low mass flow rate, resulting from the extremely low density 
of the vacuum. 

Fig. 24 illustrates the axial velocity and effective thermal conduc
tivity. From the convective heat transfer equation in the k-epsilon model 
(Eq. (12)), we tried to select a variable that can represent convective 
heat transfer performance. E, keff , τij, and Sh are the total energy, the 
effective thermal conductivity, the deviatoric stress tensor, and the 
volumetric heat sources, respectively. Among the variables, the effective 
thermal conductivity, defined in Eq. (2), includes turbulent viscosity 
(Eq. (3)), μt, a variable that sufficiently considers the density and 

Fig. 19. Comparison of the temperature distribution in the (a) presence and (b) 
absence of the radiation model. 

Fig. 20. Comparison of the axial temperature distribution (y = 2.7 m) in the (a) 
absence and (b) presence of the radiation model. 
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turbulence effect. In addition, since the effective thermal conductivity 
also includes specific heat capacity and thermal conductivity of medium, 
we selected it as a representative parameter for the natural convective 
heat transfer performance and compared it. As shown by Fig. 24(a) and 
(b), although the axial velocity was the highest under a vacuum, the 
effective thermal conductivity was the lowest due to the extremely low 
density. Consequently, due to the lack of a mixing effect due to the 
absence of a sufficient medium, the radial temperature distribution 
continuously decreased instead of experiencing a sharp drop near the 
wall and became more stratified. 

∂
∂t
(ρE) + ∇⋅[ v→(ρE + p)] = ∇⋅

[

keff
∂T
∂xj

+
(

v→⋅τij
)
]

+ Sh (12)  

keff = k +
cpμt

Prt
(13)  

μt =
ρkt

ω
1

max
[

1
a∗
,
SF2

a1ω

]
(14)  

where, S and F2 are the strain rate magnitude and blending function, 

Fig. 21. Streamline of the axial velocity within the fluid region when (a) the flow velocity is relatively strong (vacuum and carbon dioxide) (b) or not (the rest cases).  

Fig. 22. Theoretical calculations of the relative heat transfer coefficients of the candidate filling gases (lines with various colors) and calculated convective heat 
transfer rates (bold letters). 

G.H. Lee et al.                                                                                                                                                                                                                                   



Nuclear Engineering and Technology 56 (2024) 3043–3066

3058

respectively. 
In addition, model constants a* and a are 1 and 0.31, respectively. 
Relatively large effective thermal conductivity than argon was 

observed in xenon due to its approximately three to four times higher 
density and similar axial velocity compared with the other candidates, 
excluding from vacuum (Fig. 24(b)). However, the thermal conductivity 
and specific heat capacity were only about one-fourth and one-sixth of 
the other candidate gases respectively. The very low thermal conduc
tivity suppressed the transfer of heat from the RPV to the xenon, 
resulting in the sharpest temperature drop near the RPV wall (Fig. 19 
(b)). Because the specific heat capacity is directly related to enthalpy (i. 
e., the internal energy at a constant volume), the temperature was 
maintained at its lowest level due to the lowest internal energy. Fig. 25 
presents the distribution of the static enthalpy within the gap, which was 
significantly lower when xenon was used. Consequently, xenon exhibi
ted the lowest convective heat transfer (48.2 kW) due to its low thermal 
conductivity and because it had the lowest internal energy of the gas- 
filled candidates due to its low specific heat capacity. 

Because approximately 70% of air is composed of nitrogen, the total 
and convective heat transfer rate (air: 98.3 kW; nitrogen: 96.7 kW), axial 
velocity, and bulk temperature in the gap were very similar between 
nitrogen and air, though air was slightly higher. In addition, carbon 
dioxide, which had the highest bulk temperature, produced the highest 
convective heat transfer (280.8 kW), representing 2.9 times of air. 
However, considering the relative HTCs (Fig. 22) between the candi
dates, the amount of difference in the natural convection heat transfer 
rate between carbon dioxide and air was too large. In this study, this 
excessive convective heat transfer rate of carbon dioxide was deter
mined to be the result of an increase in the internal energy and the 
effective thermal conductivity due to the effect of the absorption coef
ficient [31]. Argon exhibited an intermediate bulk temperature and 
convective heat transfer (71.5 kW) due to its intermediate thermal 
properties, especially the thermal conductivity and specific heat 
capacity. 

3.2.3. Radiative heat transfer between the metal containment vessel and the 
reactor pressure vessel 

As shown in Eq. (3), except for the participating medium, in an 
equilibrium state with the same emissivity and area, the amount of 
radiative heat transfer is solely determined by the temperatures of the 
RPV and MCV, which themselves were influenced by the continuous 
interaction between natural convection and radiation. In all non- 
absorbing candidates except argon, superior convective heat transfer 
led to a higher surface temperature for the MCV, resulting in a relatively 
small temperature difference between it and the RPV. Thus, the order of 
the candidates in terms of performance of radiative heat transfer was the 
inverse of that of convective heat transfer. Due to the complementary 
effect of these mechanisms, there was only a slight difference of 9.6% in 
the total heat loss between the vacuum and non-absorbing medium, i.e., 
nitrogen (Fig. 18). In carbon dioxide, characterized by the absorption 
coefficient, even 14% lower total heat loss than in vacuum was 
observed, showing the best insulation performance. The observation of a 
comparable level of total heat loss when a vacuum was used represented 
a noteworthy finding. Consequently, despite the conventional assump
tion that a vacuum has excellent insulation advantages, these findings 
suggest that gas, i.e., carbon dioxide, can be used as a replacement for a 
vacuum. 

Table 9 presents the surface temperature of the RPV and MCV at a 
height of 22 m under a steady state. A similarly high RPV temperature of 
over 306 ◦C among the gas candidates made it possible to predict a 
significant contribution of radiative heat transfer within the gap. In 
addition, the low temperature of the MCV strengthened the radiative 
heat transfer. As a result, radiative heat transfer led to larger heat loss in 
the order of the vacuum (613.39 kW, contribution of 97%), xenon 
(600.24 kW, 93%), nitrogen (599.70 kW, 86%), air (597.10 kW, 86%), 
argon (594.6 kW, 89%) and carbon dioxide (263.4 kW, 48%). In the case 
of argon, it is confirmed that the amount of radiative heat transfer rates 
has a small value that deviated from the tendency (from 599 kW to 600 
kW). However, the contribution of radiative heat transfer rate to the 
total heat loss, which means the reduction potential in Section 3.3, was 
89%, showing a consistent tendency. Overall, more than 48% of the total 

Fig. 23. Temperature distribution within the gap for different filling conditions.  
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Fig. 24. (a) Contours of the axial velocity distribution across the gap and module cavity and (b) contours of the effective thermal conductivity distribution within 
the gap. 
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heat loss was due to radiation across all candidates, highlighting the 
dominant role of radiative heat transfer. These results strongly suggest 
that reducing the radiative heat transfer is a promising approach for 
enhancing insulation performance. To confirm this, the present study 
investigated the effectiveness of TRS using a layer of aluminum foil on 
the inner wall of the MCV (see Section 3.3). 

Due to its high absorption coefficient, the contribution of radiation 
was significantly lower when carbon dioxide was used as the filling gas 
than with the other gas candidates, even though the RPV temperature 
was the highest. The carbon dioxide absorbed a portion of the thermal 
radiation emitted by the outer wall of the RPV and the inner wall of the 
MCV. The remaining thermal radiation reaching the wall on the other 
side was either reflected back or absorbed and re-emitted. In this pro
cess, the high absorption coefficient of carbon dioxide strongly limits 
heat transfer by radiation as it absorbs a large portion of incident 

radiation with only a short path length [31], as shown in Fig. 26. Fig. 26 
(a) and (b) compare the radiation-absorbing medium with a represen
tative transparent medium, i.e., vacuum, for the incident radiation heat 
flux. In addition, the distribution of the absorption coefficient in carbon 
dioxide is illustrated, as shown in Fig. 26(c). The incident radiative heat 
flux in the carbon dioxide exhibited significant dependence on the ab
sorption coefficient, showing further sharp decreases near the MCV 
walls, dissimilar to the vacuum. In particular, the contour lines of the 
radiative heat flux near the RPV wall were seen in a vertical shape rather 
than a lateral direction observed in a vacuum and seemed to be a 
convective flow. These results suggest that most of the radiative heat 
flux was absorbed as soon as it occurred on the MCV wall and then 
released from the gas. Overall, thermal radiation reaching RPV was 
judged to be radiative heat emitted from carbon dioxide at relatively low 
temperatures near RPV rather than the surface of MCV at higher tem
peratures, so much less radiant heat was transferred throughout the 
inner wall of MCV (Fig. 26(b)). This radiative behavior by the absorption 
coefficient is called a blocking effect in the present study. Consequently, 
due to the blocking effect, carbon dioxide was exhibited as the best 
insulator despite the highest natural convection heat transfer 
performance. 

3.3. Effect of thermal radiation shielding on the heat-transfer mechanisms 

A layer of aluminum foil with an emissivity of 0.04 was employed as 
TRS on the inner wall of the MCV to reduce the radiative heat transfer. 

Fig. 25. Contours of the static enthalpy within the gap for the various candidate gases.  

Table 9 
Surface temperature (◦C) of the vessels and the radiative and total heat transfer 
(kW) for the various gas candidates.   

Air Vacuum Carbon 
dioxide 

Xenon Argon Nitrogen 

Tsurf,RPV(
◦C) 308.0 309.1 312.4 306.2 308.5 308.5 

Tsurf,MCV(
◦C) 145.0 131.4 143.9 137.9 138.4 144.5 

Qrad (kW) 597.1 613.4 263.4 600.2 594.6 599.5 
Qtotal (kW) 695.4 635.2 544.2 648.5 666.1 696.2  
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The effect of this TRS was assessed by comparing the total heat transfer 
both without (εs = 0.4) and with the TRS (εs = 0.04) (Fig. 27). 

The use of TRS reduced the heat loss by 70% for the vacuum, 64% for 
xenon, 63% for argon, 56% for air, 56% for nitrogen, and 13% for car
bon dioxide. This order was primarily determined by the reduction po
tential, which was indicated by the contribution of radiative heat 

transfer in the absence of TRS. However, the specific reduction rates 
were determined by the interaction between natural convection and 
radiation. 

Because the emissivity was reduced from 0.4 to 0.04, only one-tenth 
of the radiation was absorbed compared with the previous case, while 
the remaining portion was reflected back, despite the radiation reaching 

Fig. 26. (a) Comparison of radiative heat flux on the gap between (Left) the vacuum condition and (Right) carbon dioxide, (b) radial distribution of that at the height 
of 22 m, and (c) the calculated absorption coefficient distribution of the carbon dioxide-fill. 

G.H. Lee et al.                                                                                                                                                                                                                                   



Nuclear Engineering and Technology 56 (2024) 3043–3066

3062

the MCV remaining the same. Consequently, the MCV was not suffi
ciently heated, resulting in a fall of the average bulk temperature to the 
intermediate level between that of with radiation and without radiation, 
except when carbon dioxide was used (Fig. 28). In the case of carbon 
dioxide, the bulk temperature increased rather than having a median 
value because it more actively absorbed not only the radiation emitted 
from RPV but also the radiation reflected more on the inner wall of MCV. 
The increased temperature when using the TRS may impose further 
thermal fatigue on the metal structures than without TRS. It underscored 
that the design direction used carbon dioxide may not be suitable for 
achieving the desired structure integrity and insulation performance. 

In terms of the radiative heat transfer, a significant reduction was 
observed when using the TRS. In most cases, the radiation heat transfer 
decreased by about 76%, except for carbon dioxide, for which the 
reduction was even higher (86%). The difference in the reduction rate 
with carbon dioxide was possibly due to the radiation absorption effect. 
Although the reduction rate was higher than the other gas candidates, 
the actual amount of radiative heat reduced was the lowest (225.3 kW) 
because carbon dioxide had the lowest reduction potential. On the other 

hand, the largest reduction in the radiative heat transfer occurred when 
a vacuum was used (466.0 kW) because it had the highest reduction 
potential. 

The extent of the increase in the convective heat transfer when TRS 
was applied differed depending on the filling gas used. The convective 
heat transfer increased by 157.2 kW for carbon dioxide, 69.3 kW for 
nitrogen, 69.2 kW for air, 42.6 kW for xenon, 31.6 kW for argon, and 
23.0 kW for the vacuum. This large increase for carbon dioxide can be 
attributed to the radiation absorption effect. Figs. 28 and 29 show that, 
when applying TRS, the temperature within the gap only increased for 
carbon dioxide, while it decreased for the other candidates. When the 
TRS was applied to the inner wall of the MCV, more radiation was re
flected, which led to increased radiation absorption by carbon dioxide. 
As a result, an increase in convective heat transfer was observed based 
on the increased enthalpy (Fig. 30). Along with the further-higher 
temperature distribution, carbon dioxide is thus not recommended as 
a gap-filling gas because of the possibility that the effect of TRS may be 
limited. 

As presented in Table 1, some SMR designs fill the gap between the 
RPV and MCV with a gas such as air or nitrogen. Therefore, demon
strating that higher insulation performance was achieved compared to a 
vacuum when TRS was employed highlights the importance of TRS in 
these designs. To verify this, we compared the results for the use of a low 
internal pressure with those for TRS. The gas-filled gaps with TRS 
demonstrated superior insulation performance compared to the low- 
pressure vacuum case without TRS, even when using air and nitrogen. 
In these cases, air and nitrogen exhibited low heat losses of up to 48.6% 
and 48.4%, respectively, in comparison to the vacuum. This suggests 
that suppressing the radiative heat transfer using a low-emissivity sur
face is more effective for improving the insulation performance 
compared with suppressing natural convection using a low internal 
pressure. 

4. Summary and conclusion 

This study aimed to analyze the heat-transfer mechanisms within an 
MCV to reduce heat loss by evaluating the effect of various parameters, 
including thermal properties, radiation absorption, and surface emis
sivity. This analysis was conducted using CFD simulations, with the i- 
SMR used as the reference reactor. Based on the results, the following 
conclusions could be drawn: 

Fig. 27. Comparison of the heat loss with and without thermal radiation 
shielding (TRS). 

Fig. 28. Temperature distribution when TRS is applied.  

G.H. Lee et al.                                                                                                                                                                                                                                   



Nuclear Engineering and Technology 56 (2024) 3043–3066

3063

⁃ A mesh sensitivity analysis was conducted on five different meshes 
with varying sizes within the gap between the MCV and the RPV. To 
ensure suitable mesh independence, the threshold for differences in 
major results such as temperature distribution, total heat transfer 
rate, the contribution of radiative heat transfer was not to exceed 1%. 
The analysis led to the selection of a mesh with 416,995 elements for 
the CFD simulations.  

⁃ The results for the natural convective heat transfer differed between 
the cases when radiation was and was not considered, suggesting 

that there are complex interactions between the heat-transfer 
mechanisms. As a result, a more precise evaluation of the heat-loss 
mechanisms in CFD analysis requires the inclusion of a radiation 
model.  

⁃ Radiative heat transfer, which accounted for 48–97% of the total 
heat loss, was the driver for significant total heat loss under all gap 
conditions. The insulation performance was highest for carbon di
oxide, followed in order by vacuum, xenon, argon, air, and nitrogen. 
However, due to the complex complementary effect between natural 

Fig. 29. Temperature contours for the candidate gases when TRS is (right) and is not (left) applied.  
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convection and radiation, the differences between the non-absorbing 
candidates were less than 9.6%. In addition, carbon dioxide, an ab
sorption medium, was found to have a 14% lower total heat loss than 
vacuum, the best insulator among non-absorbent media.  

⁃ Since at least 48% of the heat loss was due to radiation, TRS was 
considered to have significant potential for improving the insulation 
performance of IPWR-type SMRs. This was confirmed by the signif
icant reduction in the total heat loss with the use of TRS, ranging 
from 56% for air to 70% for a vacuum. However, only a 13% 
improvement in carbon dioxide was confirmed due to the increase in 
natural convection heat transfer by absorption coefficient. Therefore, 
carbon dioxide is not recommended as the gap condition in the TRS 
design. 

By confirming that radiative heat transfer was the dominant mech
anism within the operating temperature range for IPWRs, this study is 
able to recommend strategies that are most likely to be effective in 
reducing heat loss. By demonstrating that heat loss can be effectively 
mitigated with the use of a low-emissivity coating such as an aluminum 
layer, it is possible that other options rather than a vacuum can be 
considered to ensure an acceptable insulation performance, assuming 
that fire hazards can be prevented. In particular, we suggest that the 
vacuum could be replaced with the gases at a pressure of 1 bar, thus 
avoiding the additional maintenance costs associated with a vacuum. In 
addition, to avoid the oxidation of the TRS, the gap should be filled with 
inert gases because the emissivity of aluminum can be significantly 
increased by generating an oxide layer on the surface. For this purpose, 
we suggest carbon dioxide with an absorption coefficient and inert gas 
with low heat transfer characteristics, i.e., argon, as a practical alter
native for IPWR design with and without TRS, respectively. Xenon, 

which showed the lowest natural convective performance, was excluded 
from the practical alternative candidate due to its high cost. Although 
condensation performance remains a limitation in the event of an ac
cident, they may also secure sufficient cooling performance through the 
hydrophobic coating on the TRS with high thermal conductivity [61]. In 
the future, the dominant role of radiative heat transfer confirmed in this 
study will be precisely demonstrated using more advanced computa
tional analysis and a scaling experiment. 
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D. Boroughs, H. Ninokata, D.T. Ingersoll, F. Oriolo, The design and safety features 
of the IRIS reactor, Nucl. Eng. Des. 230 (2004) 151–167, https://doi.org/10.1016/ 
j.nucengdes.2003.11.022. 

[10] M. Santinello, M. Ricotti, Long-term decay heat removal in a submerged SMR, Ann. 
Nucl. Energy 131 (2019) 39–50, https://doi.org/10.1016/j.anucene.2019.03.016. 

[11] J.N. Reyes Jr., NuScale plant safety in response to extreme events, Nucl. Technol. 
178 (2017) 153–163, https://doi.org/10.13182/NT12-A13556. 

[12] J.N. Reyes Jr., J.T. Groome, Evacuated containment vessel for nuclear reactor, US 
8,588,360 B2, Filed: Mar. 4, Date of Patent: Nov. 19, 2013. URL: https://patents. 
google.com/patent/US8588360, 2009. 

[13] GE-Hitachi Nuclear Energy Americas, LLC, BWRX-300 containment performance, 
Final safety evaluation for GE-HITACHI licensing topical report, Enclosure 2: 
NEDO-33911-A, Revision 3, ML22007A024, URL: https://www.nrc.gov/docs/ 
ML2200/ML22007A024.pdf, 2022. 

[14] M.D. Carelli, International reactor innovative and secure, final technical progress 
report, No.: STD-ES-03-40, United States, URL: https://www.osti.gov/servlets/ 
purl/816832-CfMBvk/native/, 2003. 

[15] N. Shulyak, Westinghouse small modular reactor (SMR) programe, in: 10th 
International Conference on Nuclear Option in Countries with Small and Medium 
Electricity Grids, Jun, 2014, pp. 1–4. Zadar, Croatia. 

[16] R. Martin, E.S. Williams, J.G. Williams, Thermal-hydraulic design of the B&W 
mPowerTM SMR, Babcock & Wilcox mPower, Inc, Trans. Am. Nucl. Soc. 109 
(2013) 2269–2272. 

[17] G. Haratyk, V. Gourmel, Preliminary accident analysis of Flexblue underwater 
reactor, EPJ Nucl. Sci. Technol. 1 (2015) 6, doi:10.1051/epjn/e2015-50030-x. 

[18] Z. Cheng, Safety analysis of a compact integral small light water reactor, in: Degree 
of Master of Science in Nuclear Science and Engineering, Massachusetts Institute of 
Technology, 2020. 

[19] Innovative Small Module Reactor (i-SMR) Technology Development Project Group, 
Korea Energy Information Culture Agency (accessed June 16, 2023), https://e-po 
licy.or.kr/info/list.php?admin_mode=read&no=10631&make=&search=&prd_ca 
te=1.. 

[20] M. Liu, D. Zhang, C. Wang, S. Qiu, G.H. Su, W. Tian, Experimental study on the 
heat transfer characteristics of fluoride salt in the new conceptual passive heat 
removal system of molten salt reactor, Wiley Energy Res. 42 (2017) 1635–1648, 
https://doi.org/10.1002/er.3959. 

[21] K. Chen, C. Yan, Z. Meng, X. Wu, S. Song, Z. Yang, J. Yu, Experimental analysis on 
passive residual heat removal in molten salt reactor using single cooling thimble 
test system, Energy 112 (2016) 1049–1059, https://doi.org/10.1016/j. 
energy.2016.07.004. 

[22] S. Zhang, X. Sun, Convective and radiative heat transfer in molten salts, Nucl. 
Technol. 206 (2020) 1721–1739, https://doi.org/10.1080/ 
00295450.2020.1749481. 

[23] A. Frisani, T.A. Hassan, Computation fluid dynamics analysis of the reactor cavity 
cooling system for very high temperature gas-cooled reactors, Ann. Nucl. Energy 
72 (2014) 257–267, https://doi.org/10.1016/j.anucene.2014.04.039. 

[24] K. Takamatsu, R. Hu, New reactor cavity cooling system having passive safety 
features using novel shape for HTGRs and VHTRs, Ann. Nucl. Energy 77 (2015) 
165–171, https://doi.org/10.1016/j.anucene.2014.11.011. 

[25] H. Zhao, Y. Dong, Y. Zheng, T. Ma, X. Chen, Numerical simulation on heat transfer 
process in the reactor cavity of modular high temperature gas-cooled reactor, Appl. 
Therm. Eng. 125 (2017) 1015–1024, https://doi.org/10.1016/j. 
applthermaleng.2017.05.205. 

[26] C.H. Oh, G.C. Park, C. Davis, RCCS experiments and validation for high- 
temperature gas-cooled reactor, Nucl. Technol. 167 (2009) 107–117, https://doi. 
org/10.13182/NT09-A8855. 

[27] A. Hamdani, S. Abe, M. Ishigaki, Y. Sibamoto, T. Yonomoto, Unsteady natural 
convection in a cylindrical containment vessel (CIGMA) with external wall cooling: 
numerical CFD simulation, Energies 13 (14) (2020) 3652, https://doi.org/ 
10.3390/en13143652. 

[28] Y. Dong, B. Sosna, O. Korup, F. Rosowski, R. Horn, Investigation of radial heat 
transfer in a fixed-bed reactor: CFD simulations and profile measurements, Chem. 
Eng. J. 317 (2017) 204–214, https://doi.org/10.1016/j.cej.2017.02.063. 

[29] G. Vijaya Kumar, M. Kampili, S. Kelm, K. Arul Prakash, H.-J. Allelein, CFD 
modelling of buoyancy driven flows in enclosures with relevance to nuclear reactor 
safety, Nucl. Eng. Des. 365 (2020) 110682, https://doi.org/10.1016/j. 
nucengdes.2020.110682. 

[30] H.S. Yoo, S.H. Yoo, E.S. Kim, Heat transfer enhancement in dry cask storage for 
nuclear spent fuel using additive high density inert gas, Ann. Nucl. Energy 132 
(2019) 108–118, https://doi.org/10.1016/j.anucene.2019.04.018. 

[31] P. Kumar, G. Chanakya, N. Bartwal, Investigations of non-gray/gray radiative heat 
transfer effect on natural convection in tall cavities at low operating temperature, 
Int. Commun. Heat Mass Transfer 125 (2021) 105288, https://doi.org/10.1016/j. 
icheatmasstransfer.2021.105288. 

[32] A. Dehbi, S. Kelm, J. Kalilainen, H. Mueller, The influence of thermal radiation on 
the free convection inside enclosures, Nucl. Eng. Des. 341 (2019) 176–185, 
https://doi.org/10.1016/j.nucengdes.2018.10.025. 

[33] M. Sadegh Motaghedi Barforoush, S. Saedodin, Heat transfer reduction between 
two finite concentric cylinders using radiation shields: experimental and numerical 
studies, Int. Commun. Heat Mass Transfer 65 (2015) 94–102, https://doi.org/ 
10.1016/j.icheatmasstransfer.2015.04.014. 

[34] Y.A. Cengel, A.J. Ghajar, Heat and Mass Transfer, fourth ed., McGraw Hill 
Education, Korea, Korean, 2012, pp. 513–538. ISBN 978-89-6055-246-3. 

[35] Joongoo Jeon, Wonjun Choi, Sung Joong Kim, A flammability limit model for 
hydrogen-air-diluent mixtures based on heat transfer characteristics in flame 
propagation, Nucl. Eng. Technol. 51 (2019) 1749–1757, https://doi.org/10.1016/ 
j.net.2019.05.005. 

[36] P.J. Linstrom and W.G. Mallard, Eds., NIST Chemistry WebBook, NIST Standard 
Reference Database Number 69, National Institute of Standards and Technology, 
Gaithersburg MD, 20899, https://doi.org/10.18434/T4D303 (accessed June 16, 
2023).. 

[37] G. Cao, S.J. Weber, S.O. Martin, K. Sridharan, M.H. Anderson, T.R. Allen, Spectral 
emissivity of candidate alloys for very high temperature reactors in high 
temperature air environment, J. Nucl. Mater. 441 (2013) 667–673, https://doi. 
org/10.1016/j.jnucmat.2013.04.083. 

[38] Engineering ToolBox, Emissivity Coefficients Common Products. https://www. 
engineeringtoolbox.com/emissivity-coefficients-d_447.html (accessed June 08, 
2023).. 

[39] Paul Schmitt, Sven Stempfhuber, Nadja Felde, V. Adriana, Szeghalmi, 
Norbert Kaiser, Andreas Tünnermann, Stefan Schwinde, Influence of seed layers on 
the reflectance of sputtered aluminum thin films, Opt Express 29 (2021) 
19472–19485, https://doi.org/10.1364/OE.428343. 

[40] J. Gu, X. Zhao, F. Ren, H. Wei, S. Liang, C. Geng, H. Guan, X. Zhang, S. Dou, Y. Li, 
Investigation on solar absorption and thermal emittance of Al films deposited by 
magnetron sputtering, Coatings 12 (1) (2022) 17, https://doi.org/10.3390/ 
coatings12010017. 

[41] ANSYS, Inc, Ansys Fluent Theory Guide 2021 R2, U.S.A., 2021. http://www.ansys. 
com. 

[42] Isabel S.O. Barbosa, Ricardo J. Santos, Madalena M. Dias, Joaquim L. Faria, 
Cláudia G. Silva, Radiation models for computational fluid dynamics simulations of 
photocatalytic reactors, Chem. Eng. Technol. 46 (6) (2023) 1059-1077, doi: 
10.1002/ceat.202200551. 

[43] E.M. Heisler, Exploring alternative designs for solar chimneys using computational 
fluid dynamics, in: Degree of Master of Science in Mechanical Engineering, Virginia 
Polytechnic Institute and State University, 2014. URL: https://vtechworks.lib.vt. 
edu/items/e8db707f-ad4f-4768-9d85-71037b07e656 (accessed: December. 12, 
2023). 

[44] Ahmed Amin E. Abdelhameed, Haseeb ur Rehman, Yonghee Kim, A Physics Study 
for Passively-Autonomous Daily Load-Follow Operation in Soluble-Boron-Free 
SMR, Proceedings of 2017 international congress on advances in nuclear power 
plants (ICAPP2017), Fukui and Kyoto, Japan., URL: https://inis.iaea.org/search/ 
search.aspx?orig_q=RN:49033618.. 

[45] M.C. Smith, S. Bate, P.J. Bouchard, Simple benchmark problems for finite element 
weld residual stress simulation, Proceeding of the ASME 2013 Pressure Vessels and 
Piping Conference, Paris, France, 2013, doi:10.1115/PVP2013-98033. 

[46] C.S. Kim, Thermophysical properties of stainless steels, United States, ANL, 1975, 
pp. 1-24. ANL-75-55, doi:10.2172/4152287. 

[47] Xuan Bach Nguyen, Didier Saury, Denis Lemonnier, Coupled natural convection 
and radiation in a cubic cavity filled with an air-H2O mixture in the presence of a 
heated obstacle, Prog. Comput. Fluid Dynam. Int. J. 22 (3) (2022) 139–158, 
https://doi.org/10.1504/PCFD.2021.10042895. 

[48] Michael F. Modest, Sandip Mazumder, Radiative Heat Transfer, fourth ed., 
Academic Press of Elsevier, ISBN 978-0-323-98406-5, 127–153. 

[49] D.K. Edwards, Absorption by infrared bands of carbon dioxide gas at elevated 
pressures and temperatures, J. Opt. Soc. Am. 50 (1960) 617–626. URL: https: 
//opg.optica.org/josa/abstract.cfm?uri=josa-50-6-617. 

[50] R.S. Barlow, A.N. Karpetis, J.H. Frank, J.-Y. Chen, Scalar profiles and NO formation 
in laminar opposed-flow partially premixed methane/air flames, Combust. Flame 
127 (3) (2001) 2102–2118, https://doi.org/10.1016/S0010-2180(01)00313-3. 

[51] Grosshandler, W. L., RADCAL: A Narrow-Band Model for Radiation Calculations in 
a Combustion Environment, NIST Technical Note 1402, United States, (1993). 
URL: https://nvlpubs.nist.gov/nistpubs/Legacy/TN/nbstechnicalnote1402.pdf.. 

[52] Hongmei Zhang, F. Michael, Modest, Evaluation of the Planck-mean absorption 
coefficients from HITRAN and HITEMP databases, J. Quant. Spectrosc. Radiat. 
Transfer 73 (2002) 649–653, https://doi.org/10.1016/S0022-4073(01)00178-9. 

G.H. Lee et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1738-5733(24)00122-0/sref3
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref3
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref3
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref3
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref3
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref3
https://doi.org/10.1016/j.rser.2021.111638
https://doi.org/10.1016/j.pnucene.2021.103672
https://doi.org/10.1016/j.rser.2014.11.011
https://doi.org/10.1016/B978-0-12-823916-2.00005-9
https://doi.org/10.1016/B978-0-12-823916-2.00005-9
https://doi.org/10.1016/j.nucengdes.2003.11.022
https://doi.org/10.1016/j.nucengdes.2003.11.022
https://doi.org/10.1016/j.anucene.2019.03.016
https://doi.org/10.13182/NT12-A13556
https://patents.google.com/patent/US8588360
https://patents.google.com/patent/US8588360
https://www.nrc.gov/docs/ML2200/ML22007A024.pdf
https://www.nrc.gov/docs/ML2200/ML22007A024.pdf
https://www.osti.gov/servlets/purl/816832-CfMBvk/native/
https://www.osti.gov/servlets/purl/816832-CfMBvk/native/
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref15
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref15
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref15
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref16
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref16
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref16
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref18
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref18
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref18
https://e-policy.or.kr/info/list.php?admin_mode=read&amp;no=10631&amp;make=&amp;search=&amp;prd_cate=1
https://e-policy.or.kr/info/list.php?admin_mode=read&amp;no=10631&amp;make=&amp;search=&amp;prd_cate=1
https://e-policy.or.kr/info/list.php?admin_mode=read&amp;no=10631&amp;make=&amp;search=&amp;prd_cate=1
https://doi.org/10.1002/er.3959
https://doi.org/10.1016/j.energy.2016.07.004
https://doi.org/10.1016/j.energy.2016.07.004
https://doi.org/10.1080/00295450.2020.1749481
https://doi.org/10.1080/00295450.2020.1749481
https://doi.org/10.1016/j.anucene.2014.04.039
https://doi.org/10.1016/j.anucene.2014.11.011
https://doi.org/10.1016/j.applthermaleng.2017.05.205
https://doi.org/10.1016/j.applthermaleng.2017.05.205
https://doi.org/10.13182/NT09-A8855
https://doi.org/10.13182/NT09-A8855
https://doi.org/10.3390/en13143652
https://doi.org/10.3390/en13143652
https://doi.org/10.1016/j.cej.2017.02.063
https://doi.org/10.1016/j.nucengdes.2020.110682
https://doi.org/10.1016/j.nucengdes.2020.110682
https://doi.org/10.1016/j.anucene.2019.04.018
https://doi.org/10.1016/j.icheatmasstransfer.2021.105288
https://doi.org/10.1016/j.icheatmasstransfer.2021.105288
https://doi.org/10.1016/j.nucengdes.2018.10.025
https://doi.org/10.1016/j.icheatmasstransfer.2015.04.014
https://doi.org/10.1016/j.icheatmasstransfer.2015.04.014
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref34
http://refhub.elsevier.com/S1738-5733(24)00122-0/sref34
https://doi.org/10.1016/j.net.2019.05.005
https://doi.org/10.1016/j.net.2019.05.005
https://doi.org/10.18434/T4D303
https://doi.org/10.1016/j.jnucmat.2013.04.083
https://doi.org/10.1016/j.jnucmat.2013.04.083
https://www.engineeringtoolbox.com/emissivity-coefficients-d_447.html
https://www.engineeringtoolbox.com/emissivity-coefficients-d_447.html
https://doi.org/10.1364/OE.428343
https://doi.org/10.3390/coatings12010017
https://doi.org/10.3390/coatings12010017
http://www.ansys.com
http://www.ansys.com
https://vtechworks.lib.vt.edu/items/e8db707f-ad4f-4768-9d85-71037b07e656
https://vtechworks.lib.vt.edu/items/e8db707f-ad4f-4768-9d85-71037b07e656
https://inis.iaea.org/search/search.aspx?orig_q=RN:49033618
https://inis.iaea.org/search/search.aspx?orig_q=RN:49033618
https://doi.org/10.1504/PCFD.2021.10042895
https://opg.optica.org/josa/abstract.cfm?uri=josa-50-6-617
https://opg.optica.org/josa/abstract.cfm?uri=josa-50-6-617
https://doi.org/10.1016/S0010-2180(01)00313-3
https://nvlpubs.nist.gov/nistpubs/Legacy/TN/nbstechnicalnote1402.pdf
https://doi.org/10.1016/S0022-4073(01)00178-9


Nuclear Engineering and Technology 56 (2024) 3043–3066

3066

[53] M. Ali, A.K. Sharma, Investigation of turbulent natural convection combined with 
radiation in a square enclosure with a partition, 1st International Conference on 
Sustainable Materials, Manuf. Energy Technol. (2022) 810–819, https://doi.org/ 
10.2139/ssrn.4159611. 

[54] M.J. Nyaga, Investigating Turbulent Convection in a Rectangular Enclosure Using 
Shear Stress Transport K-ω Model, Degree of Masters of Science in Applied 
Mathematics in the School of Pure and Applied Sciences, Kenyatta University, 
2020. http://ir-library.ku.ac.ke/handle/123456789/21738 (accessed: June 09, 
2023). 

[55] F.R. Menter, Two-equation eddy-viscosity turbulence models for engineering 
applications, AIAA J. 32 (8) (1994) 1598–1605, https://doi.org/10.2514/3.12149. 

[56] S.S. Dua, P. Cheng, Multi-dimensional radiative transfer in non-isothermal 
cylindrical media with non-isothermal bounding walls, Int. J. Heat Mass Transfer 
18 (1975) 245–259, https://doi.org/10.1016/0017-9310(75)90157-X. 

[57] M.Y. Kim, S.W. Baek, Modeling of radiative heat transfer in an axisymmetric 
cylindrical enclosure with participating medium, J. Quant. Spectrosc. Radiat. 
Transfer 90 (2005) 377–388, https://doi.org/10.1016/j.jqsrt.2004.04.009. 

[58] M.C.W. Dordevich, Heat transfer analysis of a lab scale solar receiver using the 
discrete ordinates model (Order No. 1551021), Available from ProQuest 
Dissertations & Theses Global. (1497024709). Retrieved from URL: https://www. 
proquest.com/dissertations-theses/heat-transfer-analysis-lab-scale-solar-receiver/ 
docview/1497024709/se-2, 2013. 

[59] K.M. Kim, J. Hwang, S. Wongwises, D. Jerng, H.S. Ahn, Design of A scale-down 
experimental model for SFR reactor vault cooling system performance analyses, 
Nucl. Eng. Technol. 52 (2020) 1611–1625, https://doi.org/10.1016/j. 
net.2020.01.005. 

[60] Y. Bae, S. Hong, Y. Kim, Scaling analysis of PMR200 reactor cavity cooling system, 
Nucl. Eng. Des. 271 (2014) 523–529, https://doi.org/10.1016/j. 
nucengdes.2013.12.027. 

[61] Taeseok Kim, Doyoung Shin, Jaemin Lee, Sung Joong Kim, Effect of layer-by-layer 
assembled carbon nanotube coatings on dropwise condensation heat transfer 
associated with non-condensable gas effect, Int. J. Heat Mass Tran. 175 (2021) 
121345, doi:10.1016/j.ijheatmasstransfer.2021.121345. 

[62] Jae Hyung Park, Jihun Im, Hyo Jun An, Yonghee Kim, Jeong Ik Lee, Sung Joong 
Kim, Development of an on-demand flooding safety system achieving long-term 
inexhaustible cooling of small modular reactors employing metal containment 
vessel, Nucl. Eng. Technol. (2024), doi:10.1016/j.net.2024.02.012. 

[63] Joongoo Jeon, Doyoung Shin; Wonjun Choi, Sung Joong Kim, Identification of the 
extinction mechanism of lean limit hydrogen flames based on Lewis number effect, 
Int. J. Heat Mass Tran. 174 (2021) 121288, doi: 10.1016/j. 
ijheatmasstransfer.2021.121288. 

[64] Yeon Soo Kim, Joongoo Jeon, Chang Hyun Song, Sung Joong Kim, Improved 
prediction model for H2/CO combustion risk using a calculated non-adiabatic 
flame temperature model, Nucl. Eng. Technol. 52 (12) (2020) 2836–2846, doi: 
10.1016/j.net.2020.07.040. 

G.H. Lee et al.                                                                                                                                                                                                                                   

https://doi.org/10.2139/ssrn.4159611
https://doi.org/10.2139/ssrn.4159611
http://ir-library.ku.ac.ke/handle/123456789/21738
https://doi.org/10.2514/3.12149
https://doi.org/10.1016/0017-9310(75)90157-X
https://doi.org/10.1016/j.jqsrt.2004.04.009
https://www.proquest.com/dissertations-theses/heat-transfer-analysis-lab-scale-solar-receiver/docview/1497024709/se-2
https://www.proquest.com/dissertations-theses/heat-transfer-analysis-lab-scale-solar-receiver/docview/1497024709/se-2
https://www.proquest.com/dissertations-theses/heat-transfer-analysis-lab-scale-solar-receiver/docview/1497024709/se-2
https://doi.org/10.1016/j.net.2020.01.005
https://doi.org/10.1016/j.net.2020.01.005
https://doi.org/10.1016/j.nucengdes.2013.12.027
https://doi.org/10.1016/j.nucengdes.2013.12.027

	Analysis of heat-loss mechanisms with various gases associated with the surface emissivity of a metal containment vessel in ...
	1 Introduction
	2 Methodology for numerical analysis
	2.1 Description of reference reactor: innovative small modular reactor
	2.2 Heat-loss mechanisms within the metal containment vessel during normal operation
	2.3 Computational fluid dynamics analysis
	2.3.1 The radiation model: discrete ordinates model


	3 Results and discussion
	3.1 Mesh sensitivity analysis
	3.2 Analysis of heat-transfer mechanisms within the gap
	3.2.1 Effects of the radiation model on CFD analysis
	3.2.2 Convective heat transfer within the metal containment vessel
	3.2.3 Radiative heat transfer between the metal containment vessel and the reactor pressure vessel

	3.3 Effect of thermal radiation shielding on the heat-transfer mechanisms

	4 Summary and conclusion
	Declaration of competing interest
	Acknowledgments
	References


