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Abstract The thermal protection performance of superalloy honeycomb structure
in high-temperature environments are important for thermal protection design of
high-speed aircrafts. By using a self-developed transient aerodynamic thermal
simulation system, the thermal protection performance of superalloy honeycomb
panel was tested in this paper at different transient heating rates ranging from
5°C/s to 30°C/s, with the maximum instantaneous temperature reaching 950°C.
Furthermore, the thermal protection performance of superalloy honeycomb struc-
ture under simulated thermal environments was computed for different high heat-
ing rates by using 3D finite element method, and a comparison between calcu-
lational and experimental results was carried out. The results of this research
provide an important reference for the design of thermal protection systems com-
prising superalloy honeycomb panel.
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With continuous improvement of the design speed of hypersonic vehicles, the problem of
aerodynamic heating is becoming increasingly serious. To avoid damage to the aircraft struc-
ture and internal devices due to high temperatures resulting from severe aerodynamic heating,
excellent thermal protection systems (TPSs) must be well designed for hypersonic vehicles.

Superalloy honeycomb structure is light in weight and has a strong resistance to deformation
under high temperatures with lower thermal conductivity and other advantages, which makes it an
ideal heat-resistant design for aerospace structures. Currently, superalloy honeycomb structures
are widely used in the field of aerospace. When applied to TPS, the heat-transfer characteristics of
superalloy honeycomb structures are very important for thermal protection design. Many scholars
have studied this problem.!~® At present, it is found in most heat-transfer studies of honeycomb
structure that the heat-transfer properties and effective thermal conductivity were computed us-
ing approximate numerical method or semi-empirical formulas. In contrast, few works report
the finite element calculation on the thermal protection performance using a 3D model, which
simultaneously considers the heat conduction in metallic materials, internal radiation, and air heat
transfer within a honeycomb core, and make a comparison against the experimental results. The
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experimental studies on the thermal protection performance of superalloy honeycomb panels sub-
jected to severe thermal shock conditions, with a high heating rate that occurs in the first stage of
the launching, rising and reentry period of high-speed air vehicles, have not been reported.

In this paper, a transient aerodynamic heating simulation system was established to investigate
the thermal protection performance of the superalloy honeycomb structure at different transient
heating rates ranging from 5°C/s to 30°C/s, with the maximum instantaneous temperature of up to
950°C. Furthermore, the thermal protection performance of the superalloy honeycomb structure
in simulated environments was determined for different high heating rates by using a 3D finite
element method (FEM), and a comparison between calculational and experimental results was
carried out to verify the reliability and validity of the numerical simulation and provide a basis for
the thermal protection design of high-speed air vehicles.

The schematic diagram and photograph of the superalloy honeycomb structure are shown in
Fig. 1. It can be seen that, the test specimen is a superalloy honeycomb panel structure consisting
of front and rear high-temperature alloy plates with honeycomb core structures welded together.
The square specimen has a side length of 200 mm and a total thickness of 7.82 mm, and the cir-
cumscribed circle of each honeycomb core unit has a diameter of 6 mm. The honeycomb core
is 7.5 mm in height, both front and rear surface plates are 0.16 mm in thickness. In this study,
the honeycomb core units were composed of trapezoidal corrugated board welded together. Each
hexagon core unit has two sides with a thickness of 0.152 mm which is twice of 0.076 mm, the
thickness of the other four sides of the hexagon core unit. The front and the rear panels are com-
posed of a Ni-based high-temperature alloy GH3039. It is single-phase austenite solid solution
reinforced alloy with excellent resistance to oxidation and high strength at elevated temperatures.
The honeycomb core, made of GH536, is a kind of superalloy with excellent oxidation resistance
in a high temperature environment of 1200°C.

GH3039 GH536  GH3039

Fig. 1. Schematic diagram and photograph of the honeycomb panel structure.

The K-type thermocouples were installed on the centers of both the front and the rear sur-
faces to control the thermal environment and measure the thermal protection performance of the
superalloy honeycomb structure at different temperatures during the experiment. By recording
and analyzing the temperature difference change between the front and rear surfaces, the thermal
protection performance characteristics of the superalloy honeycomb panel were obtained.

In this paper, a self-developed dynamic high-temperature environments testing system was es-
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tablished and the dynamic rapid thermal shock test on the front surface of superalloy honeycomb
structure was performed by this system. Figure 2 illustrates that the setup is a close looped control
system and is composed of quartz infrared radiators, temperature sensors, signal amplifier, A/D
converter, controlling computer, D/A converter, phase shift trigger, and high power voltage condi-
tioner. Considering the characteristics of the simulated high-speed thermal shock environments in
this test, an intelligent control strategy characterized by high adaptability to parameters changes,

fast dynamic response speed and excellent robustility!'%!!

was employed to realize the simula-
tion. The thermal control system can also achieve an accurate dynamic simulation of a rapidly
changing nonlinear thermal environment with a heating rate of 210°C/s, and the instantaneous test

temperature of the quartz lamp infrared radiation heater can reach 1550°C.'2

D/A converter Phase shift trigger Voltage conditioner

! f

Controlling computer Quartz infrared radiator

f !

A/D converter Signal amplifier Temperature sensor

Display

Printer

i

Fig. 2. Schematic diagram of the simulation system for infrared radiant aerodynamic thermal test.

Six transient thermal shock environments were established, denoted as T7, 1>, T3, Ty, Ts,
and Tg, with heating rates of 30°C/s, 25°C/s, 20°C/s, 15°C/s, 10°C/s, and 5°C/s, respectively
(Fig. 3). The front surface of the superalloy honeycomb panel was rapidly heated according to
its predetermined heating rate using the experimental system. To determine the thermal protec-
tion performance of the superalloy honeycomb panel in different thermal shock environments,
the temperature sensor welded on the rear surface of the panel was used to measure and record
the temperature changes of the rear surface during the entire process, while the thermal shock
environment of the panel’s front surface was controlled.

Figure 3 shows the actual results of the controlled surface temperature of the test piece where
the thermal condition with different heating rates were denoted as T}, T, T3, Ty, T¢, and T;. It
can be seen from Fig. 3 that the controlled temperature profiles on the front surface of honeycomb
structure agree well with the pre-set temperature profiles throughout the entire experiment.

Due to length limitations of this paper, only the pre-set temperature values and the actual
control results for the heating rate of 30°C/s at 5's, 10s, ..., 30 s are provided in Table 1. As
shown in the table, the relative errors between the actual and the pre-set temperature of all points
were less than 1.0%. This result proves that the experimental simulation can achieve a high
accuracy for tracking the control of transient thermal shock environments.

The test result curves on the rear surface of the honeycomb structure are illustrated in Fig. 4
when the front surface temperature curve was 71 (30°C/s). It can be seen that, for the superalloy
honeycomb structure test specimen, when the front surface was heated by a thermal shock with a
constant temperature rising rate, the rear surface temperature, denoted as 77y, in Fig. 4, increased
nonlinearly. Based on the rapid dynamic changes of the front and rear surface temperatures,
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Fig. 3. Pre-set and controlled temperature curves on the front surface of the superalloy honeycomb panel.

Table 1. Pre-set and controlled temperature on the front surface of the superalloy honeycomb panel at
heating rate of 30°C/s.

Time/s 5 10 15 20 25 30

Pre-temperature/°C 200 350 500 650 800 950
Control temperature/°C 198.5 349.7 498.7 649.5 801.4 947.5
Relative error/% —0.75 —0.09 —0.26 —0.08 0.17 —0.26

the thermal protection performance of the superalloy honeycomb structure was obtained at each
moment for different heating rates.

Figure 5 illustrates the temperature differences for the front and the rear surfaces of the super-
alloy honeycomb structure heated under six different heating rates. It shows that the temperature
differences between the front and rear surfaces changed quite rapidly during the first ten seconds,
then varied mildly gradually, and tended to stationary after 20 s. Moreover, the temperature dif-
ference of the superalloy honeycomb structure reached 372°C when the front surface reached
950°C, indicating that the superalloy honeycomb panel provides, to certain extent, an effective
thermal protection. The temperature differences at different heating rates obtained in this work
offer an important basis for the thermal protection design of superalloy honeycomb panels in
thermal shock environments.

Images of the deformed superalloy panel (200 mm %200 mm X 1.56 mm) and the deformed su-
peralloy honeycomb panel (200 mm x200 mm x 7.82 mm) after the high-temperature experiments
up to 950°C are shown in Fig. 6. The superalloy panel (Fig. 6(a)) becomes severely bent and
twisted after being exposed to a 950°C high-temperature environment. However, the flexure and
deformation of the superalloy honeycomb panel (Fig. 6(b)) was very slight after the 950°C high-
temperature thermal environment experiment. This test demonstrates that the superalloy honey-
comb panel was suitable as a structural component that requires light-weight and low-deflection
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Fig. 4. Temperature on the rear surface of superalloy honeycomb panel at heating rate of 30°C/s.
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Fig. 5. Temperature difference between the front and rear surfaces of honeycomb panel at different heating
rates.

properties on high-speed aircrafts which experience high-temperature aerodynamic heating.

The inner heat transfer of the superalloy honeycomb structure is very complicated and in-
cludes heat conduction in metal materials, heat radiation among the metal inner wall surfaces
and air heat convection in honeycomb cavity. The heat exchange between the rear surface of test
specimen and the surroundings includes air natural convection and radiation heat dissipation to
the surroundings. These three kinds of heat transfer, e.g., heat conduction, heat convection, and
radiation, should all be considered in the numerical simulation.

The planar dimensions of the superalloy honeycomb panel are 200 mmx200 mm, and its
total thickness is only 7.82 mm. The width to thickness ratio is 25.6. Therefore, the adiabatic
boundary on the four sides has little effect on the central region of the superalloy honeycomb
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Fig. 6. Distortion of high-temperature alloy panel and superalloy honeycomb panel after 950°C heating.

panel. As a result, one honeycomb unit was extracted from the honeycomb structure, as shown in
Fig. 7(a), to create a finite element model in the numerical simulation. The finite element model
is depicted in Fig. 7(b), and the figure shows that the wall thicknesses of the two welding sides
are 0.076 mm (28) and the thickness of the other four sides are 0.038 mm (J). The finite element
mesh is shown in Fig. 7(c), a hexahedral 8-node finite element was adopted in the numerical
simulation, and the honeycomb unit solid model was divided into 13 286 finite element units with

17 617 nodes in this numerical simulation.
g
I

(b

Fig. 7. Honeycomb unit model and finite element grid.

In the numerical simulation, the temperature on the front surface of the honeycomb model was
known and preset by the thermal test simulation in accordance with the predetermined temperature
curves, therefore, it is a boundary condition of the first kind applied on the front surface of the
superalloy honeycomb structure. Six temperature changes at various heating rates are shown as
curves 11—Tg in Fig. 3.

The heat exchange between rear surface and surroundings includes the natural convection and
radiation heat transfer. For the calculation of the heat flux in natural convection heat transfer as
well as the involved physical parameters of air, please refer to Ref. 13. The emissivity of the
internal wall surface of the enclosed honeycomb units and the rear surface involved the radiation
heat transfer are chosen to be 0.8.!3 The thermal conductivity and the specific heat capacity of
GH3039 and GH536 alloys at different temperatures can be found in Ref. 14.

The calculated results of heat transfer process for the honeycomb structure at 30 s are given
in this paper. Figure 8 illustrates the temperature distribution of the superalloy honeycomb unit
under 77, including the temperature distributions at + = 15 s and t = 30 s. The reason for the
selection of a time of # = 15 s was that it was the half-way point of the overall 30 s experiment,
and the = 30 s point was chosen because this was the moment when the temperature of the front
surface reached its maximum value.

The test and numerical simulation results curves on the rear surface corresponding to 71, 75,
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Fig. 8. The superalloy honeycomb panel unit temperature field at heating rate of 30°C/s.

T3, Ta, Ts, and Ty are presented in Fig. 9. It can be seen from Fig. 9 that, the calculated results
by the numerical method agreed well with the measured curves of temperature variation by the
thermocouples on the rear surface of the specimen during the experiment.
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Fig. 9. Calculated and experimental results on the rear surface at different heating rates.

Moreover, partial data of the measured and calculated results on the rear surface of the spec-
imen under six different heating rates are collected in Table 2. The slight relative difference
(C{ —C1)/C; between the calculated and measured results illustrated in Table 2 verifies the validity
of the present numerical simulation.

Using the self-developed dynamic high-temperature environments testing system, the dy-
namic rapid thermal shock test on the front surface of superalloy honeycomb structure was also
performed. The thermal protection performance of the superalloy honeycomb structure was ex-
perimentally investigated in transient thermal shock environments, and the heat insulation effects
of the panel at various heating rates were obtained (the maximum heating rate was 30°C/s and the
ultimate instantaneous temperature was 950°C).

The thermal protection performance of the superalloy honeycomb structure in simulated envi-
ronments was determined for different high heating rates by using the 3D finite element method.
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Table 2. Measured and calculated results on rear surface of superalloy honeycomb panel at heating rate of
30°Cls.

Time/s 5 10 15 20 25 30
Measurement C/°C 38.8 86.7 171.9 287.7 427.2 578.1
FEM C}/°C 38.7 83.4 172.6 294.5 437.3 581.7
(C— Cl)CfI/% —0.26 —3.81 0.41 2.36 2.36 0.62

The fact that the calculation results agrees well with the test results demonstrates the reliability
and validity of the numerical method and the test method. The good agreements also confirm the
feasibility to replace costly aerodynamic heating tests by numerical simulations.

The experiment reveals that after being subjected to a high-temperature load of 950°C, the su-
peralloy honeycomb panel still has a strong deformation-resistant capability, with its light-weight
characteristics as well as thermal protection performances. Thus the superalloy honeycomb panel
structure may have an important engineering application significance and a prospect of wide ap-
plication in the thermal protection design of high-speed aircrafts.
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