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Abstract. The determination of thermal insulation performance of thermal protection materials 
or structures is an indispensable and important step in the safety design of high speed flight 
vehicles. To obtain the temperature difference of the radiating surface for plate specimens 
under three different boundary conditions in heat insulation experiments (the specimens were 
placed either vertically or horizontally with the radiating surface facing down or horizontally 
with the radiating surface facing up), three thermal test setups were established to test the 
thermal insulation performance of light-weight ceramic specimens at different temperatures. 
The results show that the radiating surface temperature was the highest when the specimen was 
placed horizontally with the radiating surface facing down, while it was the lowest when the 
specimen was placed horizontally with the radiating surface facing up.The numerical 
calculation results agreed very well with the experimental ones, confirming the credibility and 
accuracy of the experimental results. The different thermal insulation performances of the plate 
specimens obtained under three different boundary conditions will provide important guidance 
for designers in the design of thermal protection systems for large cabins of high speed flight 
vehicles. 

1 Introduction 
With the continuous improvement of design speed for hypersonic vehicles, the high temperature 
environment resulting from aerodynamic heating becomes more and more harsh. Therefore, it is 
imperative to implement thermal protection measures to protect equipment inside the vehicles and 
ensure their safe operation. Because of the strict restriction on the weight and thickness of the thermal 
insulation materials, light-weight and high-efficiency thermal insulation materials are required to 
construct a thermal protection system. The determination of thermal insulation performance of 
thermal protection materials or structures is an indispensable and critical step in the safety design of 
high-speed flight vehicles. Therefore, the experimental investigation of thermal protection materials in 
high-temperature environments is receiving increasing attention. Based on the experimental results of 
the thermal insulation performance of ZrO2 ceramic fiber materials, J.J. Sun and Z.J. Hu et al.[1] 
analyzed the effect of sintering temperature, binder contents and other factors on the microstructure, 
linear shrinkage and thermodynamic properties of highly porous ceramic fiber materials and, thus, 
optimized the chemical composition and preparation process for the thermal insulation material. By 
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measuring the thermal conductivity of Al2O3 nanomaterials at different temperatures using the 
transient plane source method, J.N. Li and Z.J. Hu et al.[2]. investigated the high-temperature thermal 
insulation performance of Al2O3 nanomaterial sheets and their thermal stability. Based on the results 
of the thermal insulation experiments of porous wet-lay plate materials in high temperature 
environments, R. Figueiredo and J.J. Costa et al.[3] explored the effect of water content on the thermal 
protection performance of the porous material. Based on the aerodynamic heating numerical 
simulation and experimental test of a metallic honeycomb plate structure and by taking into account 
the coupling of heat conduction and radiation, Chen and Gao et al.[4] established a finite element 
model for the heat conduction of a metallic honeycomb plate and obtained the temperature distribution 
of the metallic honeycomb plate structure along the thickness direction in high temperature 
environments. Qing and Jiang et al.[5] built a quartz lamp-based infrared heating device to investigate 
the thermal insulation performance of plate-type thermal protection components in high speed flight 
vehicles. Because there are no experimental setups for the thermal insulation performance of high-
temperature plate materials or structures with uniform regulations on the market, researchers normally 
need to customize experimental systems for the simulation of aerothermodynamic experiments[6-11]. 
In the cabin structure of high-speed flight vehicles as shown in Figure 1, the directions of the radiating 
surfaces of the internal walls of the cabin are different. Thermal insulation performance experiments 
of plate materials or structures need to be simplified to the following three different experimental 
modes: (1) the specimen is placed vertically; (2) the specimen is placed horizontally with the radiating 
surface facing down; and (3) the specimen is placed horizontally with the radiating surface facing up. 
For the different thermal test modes, the boundary conditions of the specimens are also different. In 
fact, for the heat insulation experiments at high temperatures, researchers often only use one of the 
three modes. Among the three experimental modes, when the temperature of the radiating surface is 
the same, which mode has the highest radiating surface temperature? Moreover, which mode has a 
lower radiating surface temperature? What is the difference? These questions are very important to 
designers in the design of thermal protection systems for high-speed flight vehicles and the test 
scheme. 

   
Figure 1. Schematic of the heating of the cabin structure in a high speed flight vehicle 

Based on the three different thermal boundary conditions in the thermal insulation experiments of 
the plate materials, the corresponding experimental setups were established: the specimen was placed 
vertically; the specimen was placed horizontally with the radiating surface facing down; the specimen 
was placed horizontally with the radiating surface facing up. Test equipment with different heating 
directions were used for testing the thermal insulation performance of light-weight ceramic specimens 
to obtain the radiating surface temperatures of the plate specimens at different boundary conditions. In 
addition, numerical simulation was also performed to calculate the thermal insulation properties of 
light-weight ceramic materials. The calculation results were compared to experimental ones to 
confirm the credibility and accuracy of the experimental results. 

2 Thermal insulation test under different boundary conditions  

2.1 Specimen 

A light-weight porous ceramic material specimen is shown in Figure 2. It is mainly composed of 
Al2O3 and SiO2 particles. This material has characteristics such as high-temperature resistance, low 
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thermal conductivity, corrosion resistance, high strength and high hardness. The X & Y dimensions of 
the specimen are 150 mm × 150 mm, and the thickness is 20 mm. The density and porosity of the 
material are 330 kg/m3 and 85%, respectively. 

                
Figure 2. A specimen of the light-weight ceramic material           Figure 3. Thin metal plate 

2.2 Measurement of the radiating surface temperature 

For some light-weight thermal insulation materials such as ceramic fiber blanket, nanomaterials, and 
porous ceramic materials because of their high porosity, it is very difficult to blacken the heating 
surfaces. Because the surfaces of these materials are soft, it is difficult to keep the installed 
temperature sensors in place in high temperature environments. To accurately measure and control the 
radiating surface temperature of the light-weight fiber blanket, nanomaterials or porous ceramic 
materials, a high-temperature thin metal plate (1 mm thickness) as shown in Figure 3 can be firmly 
pressed on the heating surface of the specimen. The surface of the metal plate was blackened to reduce 
the undesired impact of local grayscale variation on the surface in high temperature environments on 
the uniformity of the temperature field of the heating surface. In this paper, to understand the impact 
of the addition of 1-mm-thick thin metal plate on the heating surface temperature of the ceramic 
specimen, a verification test was performed. First, temperature sensors were installed in the center of 
the front and back surfaces of the thin metal plate. A 20 mm thick soft ceramic heat insulation 
material was installed on the outside of the back surface. A computer automatic control system was 
used to control the front-surface temperature of the metal plate[12] in real-time and measure the back-
surface temperature of the metal plate. Figure 4 and Table 1 show the set temperature and the actual 
control temperature of the front surface of the 1-mm-thick thin metal plate, and the back-surface 
temperature of the metal plate. It can be seen from Figure 4 that the difference in the temperatures of 
the front and back surfaces of the metal plate was very small. It can be seen from the data in Table 1 
that in the temperature ascending stage, the relative error of the front and back surface temperatures of 
the metal plate was less than 1.6%. When the temperature entered the stable stage, the relative error of 
the front and back surface temperatures of the metal plate was within 0.2%. Therefore, the addition of 
the 1-mm-thick thin metal plate has very little impact on the heating surface temperature of the light-
weight ceramic specimen. 
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Figure 4. Measured front and back surface temperatures of the 1-mm-thick metal plate 
Table 1. Front and back surface temperatures, and the relative error of the 1-mm-thick metal plate 

   

2.3 Thermal boundaries of the specimen 

Figure 5 shows the schematic of the natural convection heat transfer of the radiating surface under 
three different boundary conditions in the heat insulation performance tests for the plates, and the 
picture of the quartz lamp-based radiation heating tests. Figure 5(a) shows the vertically placed 
specimen; Figure 5(b) shows the horizontally placed specimen with the radiating surface facing down; 
Figure 5(c) shows the horizontally placed specimen with the radiating surface facing up. To obtain a 
uniform temperature field, the quartz lamp heating arrays were densely arranged with an inter-lamp 
spacing of approximately 3-5 mm. The distance between the heating source and the plate specimen 
was approximately 100 mm. The radiating surface of the specimen has an open style. 

                
(a) Vertically placed 

   
(b) Horizontally placed with the radiating surface facing down 

 

 (c) Horizontally placed with the radiating surface facing up 
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Figure 5. The three installation modes for the plate tests 

2.4 Test temperature 

In testing the thermal insulation of the light-weight ceramic materials, different temperature 
conditions were set as shown in Figure 6 (1,000 °C, 800 °C, 600 °C, 400 °C and 200 °C). The heating 
process is as follows: the thermal control system heated the heating surface of the specimen to the set 
temperature in 60 seconds and then maintained the heating surface temperature constant; the duration 
of the whole heating process was 1,800 seconds. The temperature curves in Figure 6 show the 
excellent agreement between the measured temperature and the set temperature. Table 2 lists the set 
temperature and measured temperature values of the specimen when the steady-state temperature was 
1,000 °C. It can be seen from Table 2 that in the whole heating process, the relative error between the 
set temperature and actual control temperature was less than 1%, indicating that this test system can 
very well simulate steady-state or dynamic thermal environments.        

 
   Figure 6. Set temperature and actual control temperature curves of the specimen (vertically placed)  

Table 2. Set and actual values of the heating surface temperatures for the light-weight ceramic materials 

 

2.5 Test results 

Figure 7 shows the heat insulation results for the light-weight ceramic materials under three different 
boundary conditions when the heating surface temperature was 1,000 °C, 800 °C, 600 °C and 400 °C, 
respectively (because of overlap, the test results for the heating surface temperature of 200 °C were 
omitted). It can be seen from Figure 7 that for the different heating modes, even when the heating 
surface temperatures were the same, the radiating surface temperatures would be different. The 
radiating surface temperature of the Horizontally placed specimen with the radiating surfacefacing up 
(Figure (a)) was lower than that of the vertically placed specimen (Figure (b)). The radiating surface 
temperatures of the modes in Figure (b) and (c) were close. 

To further compare the heat insulation results of the light-weight ceramic materials under three 
different boundary conditions, Figure 8 shows the heating surface temperature curves of the 
specimens when the radiating surface temperature was 1,000℃, 800℃ or 200℃. In Figure 8, the 
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radiating surface temperature of the specimen for the three different modes was labeled as Tv, Td, and 
Tu, where Tv is the radiating surface temperature of the vertically placed specimen, Td is the 
temperature of the horizontally placed specimen with the radiating surface facing down, and Tu is the 
temperature of the horizontally placed specimen with the radiating surface facing up. 

                
(a) Horizontally placed with the radiating surface facing up  

  
         (b) Vertically placed             (c) Horizontally placed with the radiating surface facing down 

Figure 7. Thermal insulation test results for the ceramic materials under three different boundary conditions 

It can be seen from Figure 8 that among the three different thermal boundary conditions, Tu was 
significantly lower than Td, and Tv was close to Td.Table 3 lists the radiating surface temperatures of 
the light-weight ceramic materials under three different boundary conditions when the heating surface 
temperature was 1,000℃. It can be seen from Table 3 that at 1800 s, Td was the highest (301.6℃), 
and Tu was the lowest (242.2℃ with a temperature difference of 59.4℃ and a relative error of  
19.7%. This is because when the air near the radiating surface of the specimen was heated, its density 
decreased, and its volume increased. As a result, the hot air generated a lifting force. When the 
radiating surface of the plate specimen faced down, the ascending motion produced by the hot air was 
hindered, leading to the increase of heat accumulation on the specimen surface. As a result, the lost 
energy was less than the energy carried away by the hot air when the radiating surface of the specimen 
facedup.It can be seen from Table 3 that Tv is not much different from Td in that Tv is 2.3% lower 
than Td. 

       
     (a) Heating surface temperature of 1,000 °C             (b)Heating surface temperature of 800℃   
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     (a) Heating surface temperature of 1,000 °C             (b)Heating surface temperature of 800℃   
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                             (c) Heating surface temperature of 200℃ 
Figure 8. Thermal insulation effect of the ceramic specimen under three different boundary conditions 

   Table 3. Radiating surface temperatures of the ceramic plates under three different boundary conditions   
(heating surface temperature of 1,000 °C) 

 

3 Numerical calculation 

3.1 Finite element model 

                   
Figure 9. Element cutting method and finite element mesh generation 

The finite element model as shown in Figure 9 was established for the numerical calculation of the 
thermal insulation performance of the plate materials at three different boundary conditions.A 
rectangular-shaped block with a size of 10 mm × 10 mm × 20 mm was cut from the center of the plate. 
The cut block was subjected to mesh partition using the 6-plane, 8-node and Solid70 element to 
generate 16,000 elements and 18,081 nodes. Assuming that the temperature variation of the model in 
the plane was small, there was no need to consider heat exchange within the plane. The heat was 
mainly transferred along the thickness direction and can be considered as one-dimensional, transient 
heat transfer. The temperature T(x, t) along the thickness direction inside the material satisfies the 
following heat conduction equation in the Cartesian coordinate system[13] 

   
   

( )T Tc k
t x x

   


                               (1) 
where ρ is the density of the thermal insulation material, k is the thermal conductivity of the material, 
and c is the specific heat capacity of the material.The material parameters are the same as the light-
weight ceramic specimen. This experiment only used one-side heating. Because the temperature along 
the thickness of the material was different, thermal conductivity and specific heat capacity at different 
temperatures were used in the calculation. Table 4 lists the specific heat capacity and thermal 
conductivity of the light-weight ceramic materials in the temperature range of 30-1200 ℃. 
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Table 4. Physical parameters for the light-weight ceramic materials 

 

3.2 Boundary conditions  

Because the circumference of the light-weight ceramic specimen was installed with an insulation 
border, the circumferential boundary can be approximated as adiabatic. The boundary conditions of 
the rectangular-shaped block were mainly determined by the states of the front and back surfaces. 
Because the front surface temperature of the specimen was generated by the thermal control system 
based on pre-set values, the front surface temperature was a known value. Therefore, the boundary 
condition of the front surface is the Dirichlet boundary condition, i.e., the predefined temperature 
boundary condition. The heat transfer between the radiating surface of the specimen and outer space is 
mainly consisted of radiative heat transfer and natural convection. For the three different modes, there 
is little difference in the energy transfer due to radiation on the radiating surface. In contrast, the 
geometric distribution of the radiating surface has a decisive impact on the motion state of the fluid. 
The coefficient of the natural convection heat transfer for the radiating surface, h, can be calculated 
from the following equation  

 

uNh
H




                                  
(2) 

where λ is the thermal conductivity of air, H is the characteristic length of the light-weight ceramic 
specimen, and Nu is Nusselt number. Nu is determined by the experimental correlation of the natural 
convection heat transfer in the large space under the uniform wall temperature boundary condition: 

 
  nuN C Gr Pr

                             
(3) 

where Pr is the Prandtl number, and C and n are the constants determined by the air flow. Gr is the 
Grashof number and can be calculated from the equation below:  

 

3

2
( )wg T T H

Gr 






                            
(4) 

where α is the expansion coefficient of air, Tw is the back surface temperature, Tα is the temperature 
of the external space, and ν is the kinematic viscosity coefficient of air. 

For the three corresponding modes in Equation (3), their constant C values that represent air flow 
states are different and related to Gr. When the specimen was vertically placed, the Grashof number 
(Gr) for the radiating surface of the specimen calculated at different temperatures ranged from 2.6×
106~2.4×107. The gas flow state in the natural convection of the radiating surface belongs to laminar 
flow. Therefore, C is 0.59[13]. When the specimen was horizontally placed, the product of Gr and Pr 
calculated from Equation (4) at different temperatures ranged from 2.8×104~2.6×105. For the 
vertically placed specimen, when its radiating surface faced up, C is 0.54[14]; when its radiating 
surface faced down, C is 0.27[15]. 

4 Comparison of the calculated and experimental results 

Figure 10 shows the comparison curves of the heat insulation performance from the calculated and 
experimental results for the light-weight ceramic plate under three different boundary conditions. It 
can be seen from Figure 10 that the calculated and experimental results agreed very well with each 
other under the three different boundary conditions. Table 3 lists the calculated value, experimental 
value and relative error of the radiating surface temperature when the heating surface temperature was 
1,000 ℃, 800 ℃, 600 ℃, 400 ℃ or 200 ℃.The results in Table 5 show that the relative error between 
the calculated and experimental values was less than 5%. Therefore, the two had excellent agreement. 
The calculated results provide support to the credibility and accuracy of the test method and results.   
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(a)Vertically placed Specimen  

          
(b)Horizontally placed specimen                     (c) Horizontally placed specimen   

(radiating surface facing up)                       (radiating surface facing down) 

 Figure 10. Calculated and experimental radiating surface temperature curves 
Table 5. Calculated value, experimental value and relative error of the radiating surface temperature when the 

light-weight ceramic plate was vertically placed 
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5 Conclusion 
Based on the three different thermal boundary conditions in the thermal insulation experiments of 
plate materials, the corresponding experimental setups were established. The heat insulation test and 
numerical simulation were performed for the light-weight ceramic plates at different temperatures. 
The following conclusions were drawn: 
1) In the finite-plane radiation heating tests of thermal insulation materials, under the same heating 
surface temperature, the radiating surface temperature was the highest when the specimen was placed 
horizontally with the radiating surface facing down, while the radiating surface temperature was the 
lowest when the specimen was placed horizontally with the radiating surface facing down When the 
heating surface temperature was 1,000℃and the time was 1,800 s, the radiating surface temperature of 
the horizontally placed specimen with the radiating surface facing down was 301.6℃, while that of 
the horizontally placed specimen with the radiating surface facing up was 242.2℃; the relative 
difference was 19.7%. 
2) The radiating surface temperature of the horizontally placed specimen was lower than that of the 
horizontally placed specimen with the radiating surface facing down. In this experiment, when the 
heating surface temperature was 1,000℃ and the time was 1,800s, the radiating surface temperature of 
the vertically placed specimen was 2.3% lower than that of the horizontally placed specimen with the 
radiating surface facing down. 
3) The numerical calculation results agreed very well with experimental results, confirming the 
credibility and accuracy of the experimental results. 
The heat insulation results of the light-weight ceramic materials obtained under different boundary 
conditions in the present paper will provide valuable guidance for designers in their analysis of the 
temperature distribution inside the large cabins of high-speed flight vehicles and the final thermal test 
plan. 
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