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Foams, flexible felt and thermal barrier coatings are widely used in the thermal
insulation fields. This type of material has lower density and thermal conductivity,
as well as higher specific surface area and porosity, and is generally referred to
as the semi-transparent materials. The radiation heat transfer inside the semi-
transparent materials belongs to medium radiation, so the radiation thermal con-
ductivity is larger at high temperature. However, the metal radiation shields (MRS)
play an important role in weakening radiation heat transfer. In order to study the
effect of MRS on the thermal insulation performance of the semi-transparent ma-
terials, the numerical simulation of coupling heat transfer of heat conduction and
heat radiation is carried out. The effective thermal conductivity of the semi-trans-
parent materials with different extinction coefficient is calculated when the differ-
ent layers of MRS are evenly inserted into the semi-transparent materials at the
specific temperature, so that the influence of MRS on the thermal insulation per-
formance of the semi-transparent materials can be obtained. The simulation results
show that whether it is an optical thin medium or an optical thick medium, when
seven layers of MRS are inserted into the semi-transparent materials, the thermal
insulation performance is greatly improved. After that, the effective thermal con-
ductivity changes little with the increase of the layer of MRS.

Key words: semi-transparent materials, effective thermal conductivity,
MRS, numerical simulation

Introduction

Whether in the construction or industrial fields, high temperatures can cause equip-
ment damage [1]. Thermal insulation materials play a very important role in this respect. Foams,
flexible felt and thermal barrier coating are widely used in the thermal insulation fields [2-5].
This type of material has lower density and thermal conductivity, as well as higher specific
surface area and porosity, and is generally referred to as the semi-transparent materials [6, 7].

The semi-transparent materials are participatory medium for radiation heat, and the
radiation heat transfer inside the materials belongs to medium radiation [8, 9]. They have strong
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permeability to near-infrared radiation with wavelength of 3~8 pm at high temperature, which
leads to poor infrared radiation shielding ability at high temperature, and the radiation thermal
conductivity increases significantly with the increase of temperature, thus limiting the applica-
tion of the semi-transparent materials in the thermal insulation field [10-12].

In view of this shortcoming, most of the researches focus on the use of opacifier with
absorption and scattering effects on near-infrared radiation [13]. By using opacifier, the thermal
radiation inside the semi-transparent materials will be simultaneously absorbed and scattered.
The ability to suppress radiation heat in materials can be characterized by extinction coefficient
(extinction coefficient g = absorption coefficient x + scattering coefficient o), which is an in-
dicator for evaluating the overall absorption and scattering effects. However, for opacifier par-
ticles that inhibit radiation heat, diameters of opacifier particles are all in the order of microns.
The addition of micron-sized functional additives will enhance the heat transfer of the semi-
transparent materials because of high thermal conductivity of opacifier [14-16].

However, because the MRS play an important role in weakening radiation heat trans-
fer, it is widely used in engineering technology [17, 18]. In the steam turbine, in order to reduce
the radiation heat transfer between the inner and outer sleeves, a cylindrical MRS made of
stainless steel is installed between them to reduce the radiation heat transfer between the inner
and outer sleeves [19].

The aforementioned researches only focus on the application of MRS in engineering
technology, but no scholars have ever studied the influence of MRS on the thermal insulation
performance of the semi-transparent materials with different extinction coefficient. In this paper,
firstly, the effective thermal conductivity (ETC) of the semi-transparent materials with different
extinction coefficient at different hot surface temperatures is calculated without any MRS. Sec-
ondly, the ETC of the semi-transparent materials with different extinction coefficient at specific
hot surface temperature is calculated when different layers of MRS are inserted into semi-trans-
parent materials. Thirdly, the ETC of the semi-transparent materials is calculated at different
hot surface temperatures without MRS and with seven layers of MRS.

Methodology and model introduction

Methodology

In order to study the influence of MRS on the thermal insulation performance of the
semi-transparent materials, the following three calculation steps are carried out respectively.
Firstly, the numerical simulation of coupling heat transfer of heat conduction and heat radiation
is carried out to calculate the ETC of the semi-transparent materials with different extinction
coefficient at different hot surface temperatures, so as to obtain the ETC of different diathermic
media at different temperatures. Secondly, in order to reduce the ETC, at the specific hot surface
temperature, the ETC of the semi-transparent materials with different extinction coefficient is
calculated when different layers of MRS are inserted into semi-transparent materials. Thirdly,
under the specific extinction coefficient, the simulation calculation is carried out at different
hot surface temperatures. By calculating the ETC of the semi-transparent materials without any
MRS and with seven layers of MRS, the reduction percentage of ETC of the semi-transparent
materials with seven layers of MRS is quantitatively analyzed.

Firstly, the computational domain of the semi-transparent materials without any MRS
is shown in fig. 1, and the computational domain is a 3-D structure. The length, width and height
are 200 mm, 200 mm, and 10 mm, respectively. The side edges are in adiabatic state, and the
bottom and top surfaces are set as isothermal boundaries, that is, the cold surface temperature,
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Tc, and the hot surface temperature, T, respectively. The T¢, Tw, absorption coefficient, «, and
scattering coefficient, o, are shown in fig. 2 respectively.
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Figure 1. The computational domain; (a) front view and (b) top view
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Figure 2. Calculation condition of the computational domain without MRS

Based on the previous questions, 1-D Fourier steady-state thermal conductivity cal-
culation method is used to calculate the thermal conductivity of the semi-transparent materials,
which is called ETC [20, 21]. The energy equation of coupling heat transfer of heat conduction
and heat radiation and radiative transfer equation (RTE) are solved by finite volume method
(FVM), and discrete ordinates method (DOM), respectively, [22, 23]. Given the k, o, Tn (bound-
ary temperature) and Tc of 473 K, ETC can be calculated by:

9,0

;“eff AT (1)
where q: and AT are the total heat flux and temperature difference across the semi-transparent
materials and & — the overall thickness of the semi-transparent materials. The ETC obtained
from 1-D Fourier steady-state calculation method is regarded as the true thermal conductivity

of the semi-transparent materials [20, 21].
Secondly, the ETC of the semi-transparent materials with different layers of MRS is
calculated. The Tc, Th, , , and number N of inserted MRS are shown in fig. 3, respectively. It
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should be pointed out here that the overall thickness of the semi-transparent materials is 10 mm,
and the thickness of one layer of MRS is 0.01 mm. During the simulation process, the multi-
layer MRS are uniformly inserted into the semi-transparent materials, as shown in fig. 4, which
is a schematic diagram when one layer of MRS and four layers of MRS are inserted into the
semi-transparent materials, respectively.
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Figure 3. Calculation condition of the computational domain with MRS
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Figure 4. Number N of layers of MRS; (a) one layer of MRS and (b) four layers of MRS

Thirdly, when the x and ¢ are constant, the ETC of the semi-transparent materials
without any MRS and with seven layers of MRS at different Ty are calculated respectively, so
that the influence of MRS on the thermal insulation performance of the semi-transparent mate-
rials is quantitatively analyzed. The Tc, Tw, x, o, and N are shown in fig. 5 respectively.
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Figure 5. Calculation condition of the computational domain with
seven layers of MRS
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Model introduction

Computational domain and boundary conditions

The boundary conditions are adiabatic on the sides, and the cold and hot surfaces are
isothermal boundaries. The T¢ is set to 473 K, the Ty are set to five different values, and the «
and o are set to ten different values, respectively. The internal emissivity of the semi-transparent
materials is 0.85 for all cases, and the internal emissivity of MRS is 0.05. The thermophysical
properties of MRS and semi-transparent materials are shown in tab. 1.

Table 1. The thermophysical properties

Parameter Density, p Specific heat capacity, ¢p Thermal conductivity, A
Material [kgm] kg 'K [Wm K]
MRS 2719 871 202.4
Semi-transparent material 200 1000 0.02

Grid independence verification

0.0630
For the verification of grid independence,
— when no MRS is inserted into the semi-trans-
parent materials, the x and ¢ are set to 2000 m~
Land 1500 m1, respectively, the Ty and Tc are
set to 873 K and 473 K, respectively, and the
side is in adiabatic state, so as to calculate ETC.
The fig. 6 shows the change of the ETC with
— the number of grids, from which that when the
‘ . ] . number of grids reaches 857613, the ETC no
a00000 600000 00000 1200000 1500000 longer changes with the increase of the num-
) o Tha grid nuriber ber of grids. In the actual calculation process,
E:g‘#ligb;hsf";rri?;'on of ETC with the number of grids of 1101973 is finally se-

lected to calculate the ETC.

0.0620-

0.0615f-

Effective thermal conductivity [Wm 'K ’]

0.0610F

Numerical method and governing equations
Validation of numerical method

Governing equations

Taking the computational domain of the semi-transparent materials as an example,
the energy equation within the semi-transparent materials is:

oT o(,0r o(,0r) of,oT
pCp E = _Vqt = —ch —Vqr = &EA&J-F@L)VEJ‘FELZEJ—Vqr (2)

where q, gc, qr are total heat flux, conductive heat flux, and radiation heat flux, respectively.
The radiation heat flux is related to the radiative intensity within the materials, and the specific
calculation equations are:

q =09..68, +0d. 6, +q e, 3)

A, = | 1&d2 @)

0=4n
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where grx (€ = sindcose), qry (n = sindsing), and qr; (u = cos@) are the components of radiation
heat flux in x-, y-, and z-co-ordinates, respectively, & — the direction cosine along the x-co-
ordinate axis, n —the direction cosine along the y-co-ordinate axis, and u — the direction cosine
along the z-co-ordinate axis, respectively, 6 and ¢ are zenith angle and azimuthal angle, respec-
tively, 2 — the solid angle, and I — the radiative intensity.

Among them, qt, qc, gr in egs. (2) and (3) are all vectors, which can be divided into
components along x-co-ordinate axis, y-co-ordinate axis, and z-co-ordinate axis according to
the heat transfer model. The egs. (4)-(6) represent the components of radiation heat flux in x-,
y-, and z-co-ordinates, respectively, where the radiative intensity needs to be solved.

The radiative intensity within the semi-transparent materials is governed by RTE, and
the RTE is shown in eq. (7). The boundary wall of opaque, diffuse emission and diffuse reflection
is used in this calculation model, so the corresponding boundary condition is shown in eq. (8):

%z—ﬁl(r,s)ﬂclb(rﬂg J: I(r,s,)@(s;,5)dQ )
IW(S)=8WIb,W+1_;W [ 1.(s)In, -s]d 8)

where Ip(r) is the radiative intensity emitted by a black body, I(r,s) — the incident radiative
intensity of space position r and transmission direction s, @(si,s) — the scattering phase function,
which is the ratio of the scattering intensity in the s direction caused by incident radiation in the
si direction to the average scattering intensity in the 4 scattering space. Here, because RTE is
related to space and direction, I(r,s), I(r,si), and @(si,s) in the eq. (7) are all related to direction,
which are vectors. The ly is the radiation intensity of the wall, ew — the emissivity of wall, Ty —
the temperature of wall, and ny, — the normal vector of wall.

Numerical methods

It is necessary to know the radiative intensity to solve the heat flux filed within the
semi-transparent materials in eq. (2) which is relying on solving egs. (7) and (8). Meanwhile,
the heat flux field should be known to determine the radiative intensity field in eq. (7). There-
fore, egs. (2) and (7) should be solved alternately until consistency is reached between heat flux
filed and radiative intensity field at each time step. The energy equation and RTE are solved by
FVM and DOM, respectively.

In the DOM, radiation intensity needs to be discretized in direction and space. For the
calculation model, under the condition of 3-D space co-ordinate system (x, v, z), the RTE on
the discrete direction (£™, ™, u™) is shown in eq. (9). The boundary wall of opaque, diffuse
emission and diffuse reflection is used in this calculation model, so the corresponding boundary
condition is shown in eq. (10). Finally, the discrete formula in each direction is discretized again
in space by finite difference method, thus the radiation intensity is obtained:

égmﬁ_'_nmﬂ alm:—ﬂlm+K|b(r)+4£|:§wlllq)m’l:| (9)
T

+u"—
ox vy Y x
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where | and m represent the 1™ and m" solid angle of space direction, respectively, N2 — the
total number of solid angles with space direction of 4x, w' — the integral weight coefficient, and
@™ — the scattering phase function after discretization.

In this paper, the numerical simulation of CFD is performed to solve the governing
equations. The commercial software ICEM is used to generate the mesh, and egs. (2)-(8) are
solved by commercial software FLUENT 2022 R1. Both the energy equation and RTE are dis-
cretized using second order upwind scheme while the unsteady item of energy equation is dis-
cretized with second order implicit scheme. The iterative process will stop until the residuals
of energy equation and RTE is less than 1.0E-10.

Validation of numerical method

The semi-transparent materials are participatory medium of radiation heat, and the
radiation heat transfer inside the materials belongs to medium radiation. Lou et al. [24] pointed
out that due to the medium radiation of the semi-transparent materials, not only the radiation
thermal conductivity of materials at high temperature is larger, but also the test methods of
thermal conductivity have a large error.

On the one hand, for the test methods of the thermal conductivity of the semi-trans-
parent materials, Lou et al. [20] and Zhang et al. [21-23] conducted a series of numerical sim-
ulations of the coupling heat transfer of heat conduction and heat radiation for thermal conduc-
tion heating method to study the influence of medium radiation on the test results. Dai et al.
[25] also carried out numerical simulation of coupling heat transfer for three methods (thermal
conduction heating method, convection heating method and radiation heating method). At the
same time, Zhang et al. [26] conducted a series of experiments on the test methods, and the test
results showed that the temperature rise curve of the semi-transparent materials obtained by the
radiation heating method is higher than that of the convection heating method, which is similar

0.034 to the change trend of the simulation results ob-
el —%— Calculation results of this paper tained by Dai et al. [25], thus proving the accu-
Ealasads s racy of the numerical simulation.

0.030

On the other hand, the numerical simula-
tion of the coupling heat transfer of heat conduc-
tion and heat radiation of semi-transparent mate-
rials with different £ is performed by using the
numerical method of this paper, and the results
are compared with those calculated by Zhang et
- al. [21], as shown in fig. 7 (the model and calcu-
— lation conditions are the same). It can be seen

%00 1000 2000 soon oono =000 %00 from fig. 7 that the calculated results are the

Fxinetion coeffcent m] same as those calculated by Zhang et al. [21], so

the numerical method in this paper can also be
verified.

Based on the previous analysis, the numerical method (the energy equation and RTE
are solved by FVM and DOM, respectively) are widely used in the calculation process of the
semi-transparent materials [20-23, 25]. It can be seen in the references that the variation trend
of numerical results is similar to the experimental results [25, 26], and for the same model, the
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Figure 7. Validation of numerical method
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calculation results of this paper are also the same as the simulation results calculated by Zhang
et al. [21], which can prove the accuracy of the numerical method. Therefore, when studying
the influence of MRS on the thermal insulation performance of semi-transparent materials, the
numerical results obtained by the numerical method used in this paper are reliable.

Results and discussion

Calculation of effective thermal conductivity

When no MRS is inserted into the semi-transparent materials, the ETC of the semi-
transparent materials with different g changes with the Ty as shown in fig 8. In the calculation
model, the side surface is set to adiabatic state, the Tc is set to 473 K, and the hot surface is set
to various temperatures, thus calculating ETC.

The optical thickness of the semi-transparent materials with different g is the product
of # and characteristic thickness 6 of specimen (optical thickness T = 8 x &, the characteristic
thickness & of semi-transparent materials is 0.01 m). Theoretically, when the optical thickness
is much greater than 1, the semi-transparent material is called optical thick media, and con-
versely, they are called optical thin media.
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Figure 8. The variation of ETC; (a) variation of ETC at different Tn and
(b) increase percentage of ETC at different Tn

As can be seen from fig. 8(a), whether it is the optical thin medium or the optical thick
medium, ETC has an upward trend with temperature in different degrees. When the optical
thickness is 0.035, 0.35, 3.5, and 7, ETC increases greatly with temperature. While when the
optical thickness is large, ETC changes slightly with temperature compared to optical thin me-
dia. As shown in fig. 8(b), when the optical thickness is 0.035, compared to the ETC at 873 K,
the increase percentages of ETC at 1073 K, 1273 K, 1773 K, and 2073 K are 57.6%, 136%,
449%, and 733%, respectively. When the optical thickness is 350, compared to the ETC at 873
K, the increase percentages of ETC at 1073 K, 1273 K, 1773 K, and 2073 K are 28.1%, 66.5%,
219%, and 358% respectively.

As shown in fig 9, it is the temperature curve along the z-axis direction at the boundary
of the semi-transparent materials with different 5. The larger the g is, the trend of temperature
curve is the same as that of heat conduction.

The reason for this phenomenon is that the larger the optical thickness, the stronger
the suppression of thermal radiation. When the optical thickness is much greater than 1, the
material is called the optical thick medium, which assumes that thermal radiation penetrates



Lou, F., et al.: Numerical Simulation on the Influence of Metal Radiation ...
THERMAL SCIENCE: Year 2025, Vol. 29, No. 3B, pp. 2213-2224 2221

only a very short distance. In optical thick mate-
rials, the coupling heat transfer process of heat
| /} conduction and heat radiation inside the materi-
g als can be regarded as a heat diffusion process,
so the influence of radiation heat transfer is very
small. Therefore, when the optical thickness of
— the material is large, with the increase of the hot
—t-35 surface temperature, the increase of the ETC is
s smaller than that of the optical thin medium.
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Figure 9. Temperature curve along z-axis Through the steady-state calculation of
direction at boundary of semi-transparent numerical simulation, the Ty and Tc are set to
materials 873 K and 473 K, respectively, and the sur-
- T —— 0] rounding area is set as adiabat_ic state. '_rhe dif-
Y ——r-oss | ferent layers N of MRS are inserted into the
i semi-transparent materials to calculate ETC. As
——=1751  shown in fig 10, for media with small optical

- =23

—— =35 thickness, that is, optical thin media, as long as

— 1% | the MRS is inserted into the semi-transparent

1216 22——t=350 materials, the ETC will decrease, and the ETC

will decrease more with the increase of N. How-

ever, when N are seven layers, the change of
ETC is very small with the increase of N.

For optical thin media, the reduction per-

T AN S A AU NES centage of ETC is shown in fig. 11(a) when the

Figure 10. The influence of N on MRS are inserted into the semi-transparent ma-

the thermal insulation performance terials compared to the materials without MRS.

When the x and ¢ are 2 m~ and 1.5 m™, respec-

tively, that is, when the optical thickness is 0.035,

compared to the materials without MRS, the reduction percentage of ETC of the semi-transpar-

ent materials in layers of 1, 2, 3, 4, 7, 9, 12, 15, and 22 inserted are 91.2%, 93.6%, 94.4%,

94.8%, 95.4%, 95.5%, 95.6%, 95.7%, and 95.8%, respectively.

For optical thick media, when no MRS is inserted into the semi-transparent materials,
the ETC is much smaller than that of optical thin media. As shown in fig. 10, the thermal insu-
lation performance of the semi-transparent materials is not improved when fewer MRS are in-
serted into semi-transparent materials with larger optical thickness. However, when the N are
seven layers, the thermal insulation performance is greatly improved, and then the ETC is ba-
sically unchanged with the increase of N. As shown in fig. 11(b), when the optical thicknesses
are 0.035, 0.35, 3.5, 7, 17.5, 23, 35, 105, 175, and 350, respectively, the ETC decreases by
95.4%, 94.8%, 89.1%, 83.6%, 71.9%, 67.5%, 60.7%, 45.2%, 40%, and 36.1%, respectively,
when the seven layers of MRSs are inserted into semi-transparent materials compared to the
semi-transparent materials without MRS.

When the x and ¢ are 20 and 15, respectively, that is, the optical thickness is 0.35,
when different layers of MRS are inserted into the semi-transparent materials, the temperature
at center of semi-transparent material changes with the z-axis direction as shown in fig. 12.
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Figure 12. Temperature curve along z-axis
direction at center of semi-transparent material

has a greater impact. The function of the MRS is
to weaken the radiation heat transfer, so the ef-
fect of reducing the radiation heat transfer is
more effective when the MRS is inserted in the
optical thin medium than the optical thick medium.

For the semi-transparent materials with small extinction coefficient, when more MRS
are inserted into the semi-transparent materials, the radiation heat transfer can be greatly re-
duced, so the temperature distribution of semi-transparent materials along the z-axis direction
is a straight line with constant slope, which is similar to the temperature distribution calculated
when there is only heat conduction.

Quantitative analysis of the influence of N

The semi-transparent materials are generally the optical thick medium. In order to
guantitatively analyze the effect of MRS on thermal insulation performance of the semi-trans-
parent materials, the numerical simulation of coupling heat transfer of heat conduction and heat
radiation is performed. When the x and ¢ are set to 2000 m~* and 1500 m, respectively, the Tc
is set to 473 K, the surrounding area is set to adiabatic state, and the T are set to 873 K, 1073
K, 1273 K,1773 K, and 2073 K, respectively, the ETC of the semi-transparent materials without
any MRS and with seven layers of MRS are calculated, respectively.

As shown in fig. 13, when the Ty are 873 K, 1073 K, 1273 K, 1773 K, and 2073 K,
respectively, the reduction percentage of ETC is 60.7%, 70%, 76.6%, 85.6%, and 88.1%,
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respectively, when seven layers of MRS are inserted into the materials. With the increase of
temperature, the reduction percentage of ETC is greater, mainly because the higher the temper-
ature, the greater the proportion of radiation thermal conductivity. The MRS is mainly used to
reduce radiation heat transfer, so the reduction percentage of ETC is greater.

0.4 T
0.3/ No MRS

—— Seven layers of MRS
L=*= Reduction percentage of ETC

95

Conclusions

In this paper, the numerical simulation of
coupling heat transfer of heat conduction and
heat radiation is carried out to study the influ-
ence of MRS on the thermal insulation perfor-
mance of the semi-transparent materials.

vesi Y & [ Whether it is an optical thin medium or an
2 optical thick medium, the numerical simulation
3 Y results show that when seven layers of MRS are

inserted into the semi-transparent materials, the

1
1
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o
o
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+80

- 75
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2]
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Effective thermal conductivity [Wm
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@
=1

0.01 L L L - L 55 . - -
873 1000 1250 1500 1750 2000 thermal insulation performance of the semi-

_ R TR ISR transparent materials is greatly improved, and
Figure 13. Reduction percentage of ETC of then the ETC changes very little with the in-

materials with seven layers of

MRS at different T crease of the number of layers of MRS. When the

cold surface temperature and the hot surface
temperature are 473 K and 873 K, respectively, the optical thicknesses are 0.035, 0.35, 3.5, 7,
17.5, 23, 35, 105, 175, and 350, respectively, the ETC decreases by 95.4%, 94.8%, 89.1%,
83.6%, 71.9%, 67.5%, 60.7%, 45.2%, 40%, and 36.1% when the seven layers of MRS are in-
serted into the materials respectively.
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