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• Aerodynamic heating at the leading edges cause overheating and may
damage interior components in hypersonic vehicles.

• Objective: Analyze the temperature distribution of a heat-pipe based TPS
(Thermal Protection System) to redistribute heat from high-flux areas.

Expected outcomes:

• A 2D transient heat conductionmodel for the leading edge.

• Optimize thermal behavior by comparison of different materials and
geometry.

Project Overview and Objective
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Wedge-shaped heat pipe (leading edge)
Cross-section of a cylindrical heat pipe 

Heat
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Schematic representation of domain and boundary

conditions
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𝐑𝐚𝐝𝐢𝐚𝐭𝐢𝐨𝐧 𝐚𝐧𝐝 𝐂𝐨𝐧𝐯𝐞𝐜𝐭𝐢𝐨𝐧 (out of top Surface)

• Wedge-shaped heat pipe redistributes the heat along the leading edge.   
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Physical domain:

Stagnation point

• Heat is removed and redistributed from the

stagnation point to lower temperature areas

through heat pipes via evaporation-condensation

mechanisms.

• This effect reduce thermal stresses and avoids hot

spots on the stagnation point.
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𝐁𝐨𝐮𝐧𝐝𝐚𝐫𝐲 𝐂𝐨𝐧𝐝𝐢𝐭𝐢𝐨𝐧𝐬:
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Transformation of the Grid

Physical Space Computational Domain

Linear Approximation:



Energy Balance
Inner Nodes: (i,j)

Top wall: (H,1)



Finite Difference Formulations
Gauss-Seidel Successive Over-Relaxation 

(SOR) Equation:
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Where, 

ω is the relaxation factor

A=
αΔ𝑡

Δ𝑥2
is the contribution from neighbors in x-direction

B=
αΔ𝑡

Δ𝑦2
is the contribution from neighbors in y-direction

C=1+2A+2B is the normalization coefficient

Boundary Conditions:
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Laplace Smoothing:
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Comparing the two methods

Energy Balance FDM



Non-linearity
• Conductivity and Specific heat for Inconel 718 are Temperature Dependent!

• Becomes a non-linear problem

• Convergence criteria to be met at every time step!!

Linear Non-Linear



Insulation

Max 
Temperatu
re Without 
Insulation 
(K)

Max 
Temperatu
re With 
Insulation 
(K)

Reduction 
(%)

Material

1554 981 37 INC-718

1325 960 28 C-103

2465 2027 18 AISI-304

• Comparing max temperatures for varying 

insulation thickness (INC-718)

• Comparing max temperatures with and 

without insulation

Thickness (mm) Max Temperature (K)

1 1300

2 1100

3 981



Trying different materials…



Grid Independence Test



Grid and Time Independence 

• Grid independence achieved for a grid 

size of 61 x 61

• Normalized L2 Norm and absolute 

temperature difference are used to 

analyze time independence

• Since an implicit method is used, a 

larger time step was possible. 

• However, the implicit method is still not 

unconditionally stable since the problem 

is non-linear.

• Therefore, for dt=0.001, the L2 Error is 

1e-9 and the absolute error reaches 1e-
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Conclusion

What was achieved:

• C-103 and INC-718 material was the best.

• Steel couldn’t withstand the high heat fluxes

• Achieved grid independence!

Scope for improvements:

• Curved geometry

• Heat pipe not considered
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Sample Python Script
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Sample Python Script
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