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Abstract: In this work, a detailed investigation into the development of a high heat flux sensor
to improve the Thermal Protection System of spacecraft is presented. The research employs a
comprehensive approach that integrates both experimental and numerical methodologies.
Experimental trials are conducted in a Kinetic heating simulation facility, exposing the Carbon
Silica Carbide (CSiC) material to varying heat flux levels and recording its thermal response.
CSiC is a composite material composed of carbon fibers embedded in a silica carbide matrix
which gives exceptional thermal conductivity, high-temperature resistance, and lightweight
properties, making it an ideal candidate for aerospace applications. Subsequently, numerical
simulations analyze temperature gradients within the CSiC specimen over time, yielding a
partial differential equation that is solved using the finite difference method of both implicit
utilizing the Tridiagonal Matrix Algorithm method (TDMA) and explicit methods. Python
programming is utilized to implement the numerical solution, predicting the thermal
characteristics for three distinct heat flux values (SW/cm?, 10W/cm?, 15W/cm?). Furthermore,
ANSYS Thermal Workbench is employed to provide a comprehensive understanding of the
material's thermal behavior and its interaction with the spacecraft environment. The results of
experimental and numerical analyses for different heat flux conditions are meticulously
compared, focusing particularly on back wall temperatures. Interestingly, the numerical
methods employed for the 5 W/cm? heat flux condition yielded superior accuracy and reliability
in predicting the thermal behavior of the CSiC material, showcasing the effectiveness of the
numerical approach in this specific scenario.

Keywords: Thermal protection system (TPS), high heat flux sensor, thermocouple, kinetic
heating simulation facility, finite difference method (FDM), tridiagonal matrix algorithm

(TDMA).
Nomenclature
q :  Input heat flux
k :  Thermal conductivity
Emissivity
:  Thermal diffusivity
TO : First node temperature
T1 :  Second node temperature
Tsur  :  Surrounding temperature

I. INTRODUCTION
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In the field of space exploration, the reliable design and operation of space vehicles during re-
entry demand a thorough understanding of the challenges posed by high heat flux encounters.
As spacecraft descend through Earth's atmosphere, they undergo an intense thermal
environment characterized by exceedingly high temperatures and aerodynamic forces. These
conditions pose significant threats to the structural integrity of the vehicle and necessitate
meticulous engineering solutions to ensure a safe and successful re-entry.[1]

The critical phase of re-entry is characterized by the development of shockwaves, boundary
layer transitions, and thermal radiation, all of which contribute to the generation of high heat
flux.[2]

The effective management of this extreme thermal environment is paramount to the
preservation of mission-critical components and the overall success of space missions.[3]
Utilizing technologies such as thin-film thermocouples, infrared thermography systems, and
heat flux gauges, these sensors provide real-time data on temperature distribution, heat transfer
rates, and thermal gradients.[4]-[5] The engineering of high heat flux sensors requires
resilience against extreme environmental conditions, including thermal gradients, aerodynamic
loads, and vibrations.[2] Using cutting-edge materials and calibration methodologies, these
sensors withstand the harsh re- entry environment, delivering precise and reliable
measurements crucial for advancing space vehicle technology.[2]

Carbon silica carbide, a composite material made up of carbon fibres within a silicon carbide
matrix, has exceptional properties, making it a top choice for enduring the severe thermal
conditions of re-entry. This material is used for high heat flux sensor applications due to its
excellent thermal conductivity, low thermal expansion coefficient, and high-temperature
stability.[24] These properties allow it to withstand the intense heat experienced during re-
entry. It’s lightweight nature helps reduce the overall mass of the sensor, a critical aspect in
space missions where weight limitations are crucial.[5] [6]

High heat flux sensors for re-entry vehicles incorporate carbon silica carbide as the thermal
face or leading edge due to its exceptional ability to withstand and efficiently dissipate intense
heat during atmospheric penetration.[25] The manufacturing process involves intricate
techniques like chemical vapor infiltration and pyrolysis to ensure an even distribution of
carbon fibers within the silicon carbide matrix.[7] This meticulous approach enhances the
sensor's accuracy and reliability, crucial for measuring extreme temperatures encountered
during re-entry.

This research focuses on developing and characterizing high heat flux sensors tailored for re-
entry vehicles. By combining advanced numerical methods with experimental trials, our study
aims to address challenges related to extreme thermal environments with precision. The
strategic use of numerical simulations allows us to predict and optimize sensor performance
under varying heat flux conditions, providing valuable insights for enhancing the safety and
efficiency of space missions during atmospheric re-entry.

I1. EXPERIMENTAL ANALYSIS OF TRANSIENT THERMAL BEHAVIOUR OF
CSiC MATERIAL

The experimental setup for high heat flux sensor development includes a radiating heat source
using quartz-enveloped tungsten filament IR lamp modules in an Argon gas environment for
stability. Thyristors regulate the lamp array for uniform heat distribution, while a water-cooled
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reflector and cooling system prevent overheating. Additionally, compressed air channels
effectively dissipate excess heat, maintaining operational efficiency. During the mapping
phase, the heat flux profile is calibrated using thermal sensors and side heat flux gauges to
ensure uniformity and accuracy. Any differences are promptly corrected to achieve precise heat
flux simulation. The testing phase subjects specimens to controlled heat flux conditions for
transient thermal analysis. Thyristors regulate lamp power in real-time, ensuring consistent
heat flux values for accurate experimentation. The setup's sophisticated data acquisition system
continuously monitors and records temperature profiles and thermal behavior.

4

Figure 1: Experimental Testing
The sample made of CSiC material with fibres arranged in the thickness direction. A stepped
structure is considered which ensures the placement of the CSiC material as high heat flux
sensor on the TPS incorporating a K-type thermocouple for the measurement of temperature in
a blind hole at a specific depth from the back wall. The carbon fibers provides strength and
stiffness, while the silicon carbide matrix enhances heat resistance and thermal conductivity.[§8]
This combination of properties makes CSiC an ideal material for applications requiring high
thermal performance.

Figure 2: Dimensional details of test specimen

The mapping phase in the high-performance radiant heater facility confirms the heat flux
profile for subsequent testing. This step involves replacing the specimen with a thermal sensor
and strategically placing a side heat flux gauge to mimic testing conditions. Any variation in
heat flux distribution are promptly corrected. The data collected undergoes analysis to align
with anticipated values, allowing adjustments to lamp power for the setup as needed.
Successful completion ensures accurate replication of the intended heat flux profile, facilitating
controlled thermal conditions for precise material behavior observation.
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The testing phase involves replacing the thermal sensor used during mapping with the specimen
housed within the silica tile and holder, positioned in the radiant heater facility for thermal
analysis. The IR lamps, configured for uniform heat distribution, are activated to simulate a
specified heat flux of 5W/cm2 for 250 seconds, with an initial 25-second ramping period to
ensure uniform temperature distribution. The power supplied to the IR lamps is controlled and
regulated by integrated thyristors, which monitor and adjust the power to maintain consistent
heat flux values. This real-time feedback mechanism ensures precise alignment of the heat flux
applied to the specimen, which is crucial for accurate transient thermal analysis. The data
acquisition system continuously monitors temperature readings from the CSiC specimen, side
heat flux gauge, and thyristor- controlled lamp power. After the 250-second testing period, the
acquired data, including temperature profiles and thermal behaviour are compiled for detailed
analysis, providing insight into material response under controlled heat flux conditions. In
addition, the back-wall temperature of the specimen, measured using a thermocouple, is
analysed to understand its response to the applied heat flux.

III. NUMERICAL THERMAL ANALYSIS OF CSiC MATERIAL
The heat conduction equation serves as the mathematical framework to predict temperature
changes over time and space in CSiC material.[9] This equation incorporates thermal
diffusivity, time, and spatial dimensions to simulate the temperature distribution within CSiC
under varying thermal conditions. By numerically solving this equation with appropriate initial
and boundary conditions, heat propagation through the CSiC structure over time is modeled.
The Governing Equation is given by:

ou 02u

=a

at ox?

The numerical method involves an implicit finite difference formulation, specifically forward
time and centred space.[10] While computationally more expensive than explicit methods due
to solving equations at each time step, it offers unconditional stability in time and distance
within the thermal field, enabling robust simulations without time-step restrictions.[23] The
computational domain spans a length of 6d, with the analysis focused on the nodal temperature
at 2.5d from the front wall. Thermophysical properties, including thermal conductivity and

specific heat, are crucial inputs derived from empirical data.[22]
The equations formed using Finite difference method after applying the initial and boundary
conditions for implicit code are:

Internal nodes: (conduction only)
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While implicit methods are favoured for their robustness, explicit finite-difference methods
offer valuable insights into temperature distribution within CSiC.[19] An explicit finite
difference method is also implemented to simulate the temperature distribution within CSiC
material. In the explicit method, the heat conduction equation is discretised in time and space
with FDM. Internal nodes, boundary conditions, and computational parameters are key
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considerations in implementing the explicit finite difference method to accurately model
temperature changes in CSiC material.[11]
The equation used for explicit code are:

(for internal node)
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The transient thermal analysis using ANSY'S aims to simulate the behaviour of CSiC heat flux
sensor embedded in a silica tile [12]. The model captures the sensor's cross-section, with
computational parameters to ensure accuracy and reliability. Simulations are carried out across
various heat flux values, with boundary conditions. The resulting outcomes include back-wall
temperature acquisition and temperature distribution maps, providing valuable insights into the
sensor's thermal performance under different operating conditions.

T
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Figure 3: Computational domain and grid

IV.  RESULTS & DISCUSSION
The results obtained from code, transient thermal simulations using ANSY'S and experimental
findings are compared for three different heat flux conditions.

Figure 4: Schematic diagram of heat transfer

The result of the heat equation when discretised implicitly and solved using TDMA is shown
in Figure 5. To account for the different heat-conducting properties of silica tiles and CSiC
materials in the code, we adjust the input heat flux by multiplying it by a factor of 1.54,
determined by trial and error. This adjustment ensures accuracy when comparing results with
Ansys and aligns with the theoretical expectations that CSiC is cooler than silica tiles.
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Figure 5: Thermal response of implicit code.

The heat equation was also discretised explicitly, yielding thermal responses for the three
different heat fluxes.
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Figure 6: Thermal response of explicit code.

Temperature contour pallets were obtained at 250 seconds for different heat fluxes,
demonstrating minimal temperature variation in the lateral plane of the thermocouple location.
The thermal responses of CSiC at the thermocouple location for different heat flux values

obtained using ANSYS as shown in Figure 7 indicate temperature variations for different heat
fluxes.
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Figure 7: Thermal response as obtained using ANSY'S

However, the slight variation in the code stemmed from the inability to accurately predict the
heat flow from the silica tile to the specimen, which resulted in the consideration of a constant
factor. Moreover, surface porosity and other roughness factors were not implemented in the
numerical methodologies. Additionally, the heat conductivity of the silica tile also plays a role
in the accuracy of predictions, as the correct quantity of heat transfer from the silica tile to the
specimen cannot be precisely determined because of variations in heat conductivity.
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Temperature profile comparisons for various heat fluxes as shown in Figures 8,9 and 10 reveal
close matches among experimental data, implicit code simulations, and ANSYS results.
However, slight deviations were noted in the outcomes of explicit code simulations, indicating
the influence of additional factors.

—— Experimental code (implicit)

ANSYS code (explicit)

Figure 8: Comparison of the temperature profile for SW/cm2
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Figure 9: Comparison of the temperature profile for I0W/cm2
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Figure 10: Comparison of Temperature profile for I5W/cm2

The comparison results can be attributed to several factors, including surface roughness, the
use of cera -blanket as an isothermal boundary for the specimen during the experiment.[13]
Additionally, the ramping stage proved difficult to interpret during the ANSYS simulations.
Furthermore, heat loss during the experimental phase, which cannot be implemented in other
methods, also contributed in the obtained comparison.[14]

CONCLUSION

In conclusion, this paper aimed to characterise high heat-flux sensor materials for re-entry heat
flux measurements using an aerothermal heating facility. Experimental analyses are carried
out for three different heat flux values (5W/cm?, 10W/cm?, 15W/cm?) along with numerical
analyses.

Numerical simulations were conducted utilizing Python code developed in-house, employing
both implicit and explicit methods, in addition to transient thermal analysis conducted using
commercially available software. The comparison between different heat flux conditions
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revealed encouraging outcomes, demonstrating close alignment, particularly in the reliability
of our numerical methodologies.

To address specific conditions, such as those related to the silica tile, a correction factor derived
from Ansys analysis was introduced into the code. This adaptation improved the alignment
between experimental and numerical results, demonstrating the effectiveness of our approach
in characterizing sensor materials.

Overall, this paper successfully provided insights into material responses under different heat
flux conditions, paving the way for further advancements in re-entry heat flux measurements.
By addressing future scope areas such as conducting analyses for higher heat fluxes and
incorporating additional effects, we aim to enhance the understanding and application of high
heat flux sensors in re-entry scenarios.
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