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Project Overview and Objective

* 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 conduction model for the leading edge.

* Optimize thermal behavior by comparison of different materials and

geometry.
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Schematic representation of domain and boundary
conditions

+ Wedge-shaped heat pipe redistributes the heat along the |
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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.

Radiation and Convection (out of top Surface)
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Transformation of the Gri

Computational Domain
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Energy Balance

Inner Nodes: (i.j)
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Finite Difference Formulations

Gauss-Seidel Successive Over-Relaxation Boundary Conditions:
(SOR) Equation:
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w is the relaxation factor ar _
ax x=L

A=Z—3AC: is the contribution from neighbors in x-direction

L aplace Smoothing:

At . I . . N
B=Z—y§ is the contribution from neighbors in y-direction

C=1+2A+2B is the normalization coefficient Tn"'1 ( i+1,j + Tln lJ+ ] 1)
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Comparing the two methods

Energy Balance
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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!!

Alloy Equation (7'in °C, k in W/mK)
IN718 L= { 10.803 +0.0162949 T— 2.53206 x 1077 T* T < 1093°C
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Insulation

« Comparing max temperatures with and
without insulation

Temperature Distribution on Wedge-Shaped Grid For Inconel-718 with Insulation
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« Comparing max temperatures for varying
insulation thickness (INC-718)

Thickness (mm) Max Temperature (K)
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Temperature Distribution on Wedge-Shaped Grid For C-103 with Insulation
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Trying different materials...

0.03 0.04 0.05
X (Physical Space) [m]

1 1 5
526.727 — 0.0476148 T — 8.92138 x m
C = —133.240+4T)(399965.—711.241 T4+T?)
2711 é?s,w +I)
725

c - {269.0-53 +0.0323504 T + 9.79386 x 107¢ T*
P b

b= { 10.803 +0.0162049 T— 2.53206 x 10~7 T*
- 28.31

k=432

T < 507°C
507 < T< T87C
T > 787°C

1000°C
1000°C

[y

<
>

\ T < 1093°C
T> 1093°C

=3
=}
@

544

[138]

[139]

[143]

[139]

Temperature (K)

Y (Physical Space) [m]

Temperature Distribution on Wedge-Shaped Grid For Steel with Insulation
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Grid Indenendence Test

Grid Independence Study
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Grid and Time Independence

Grid Independence Study
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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-
4



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

| |import numpy 2= np 1
2 |import matpletlik.pyplat as ple pe

3 a1

1 as T 300 RERRIER BRREREIERIIREIEE n

5 |k_stesl=16.2 o

6 |alpha_stesl=1 04 |#5olve the heat conduction en re
7 : 95 | for iter in rangs (mex_iter):

B | ##dEsiddd#EIFIDREL of L L T PR 94 old=T. copy ()

9 f0a. tharn 7 i i inl

10 |def cpinciT nge (1,My-1)

1 if Te=(507+273): for j in ranga(l,Mc-1):
12 return 526.727-0.04761488« (T-2T3)-8.52138a6/ (T4+Z) fosafficiants for

3 Glif (507+273)<Te=(T87+2731: lgha_ine(TI4, 3]
14 273y + {399965.0- —273) +(T-273) 4421 £ (Te42) 1gha_ine (T[4, 311+

+2entZen
mewli, jl=tomegas (Re (T_nawli+l,

313 +Be (T_nawli. F-1D+TIL, F1)/C+(1-omegal «T_naw

18 | daf k_inc(T):
if T<=(10934273

Ee1las (=714 T-2T3)0s2
alse 1
mturn 28 1
12
cho_inc=2180 3
14 7 undary: Mixe
daf alpha_inc(Ti: 15 =split_indec=int (D.065
seturn k_inc(T)/{rho_incaCp_iac(T)} 16

#avarage tamparatura
T_avg=TO01 #xals

e

FEEEEEERIERE

FEEEERIIRIAEE

j in ranga (sp
mturn 311 . i

1=
Tsur

rho_c103=8B50 fKg/m"3

daf alpha c103(T)
metumm k_c103(T)/ (the_c103.Cp_c1l

#Thermal resist
R_com LI
R_rad-1/ (spsilan, infinitye.2)s(T_susE+T_infinity)]
F_total boundary=R conv«R_rad/ (R_sonv4R_rad] #oonb i £

FEEEEEEEEFIIR I} IEFFactiva Cond)
k_eff=50 #W/mK

d ra

or

1
of gr “ I
dix, dy=Tx/ (Nx-1), Ly/ (Hy-1} “ R_total=R_total boundary
N £ ough th
#1In aliza tempar grid -d o througl 1 a @l
e o t iy ) 4 infinity) /R total
T_naw=T. capy {1 5 temperatore
51 +(q_Fluxady/k_inciTl-Z,
P

argan:

e-31 #cConv.
max_itor=200000 fMax

angle=6
L_flat=32.3e-3

*_flux=TLx/np.cos (ap. radians (angle) -1_flat

ians(angle) )-x_fluxanp. sin(np. radians (angle) )
lux+1_£lat) +np. sin{np. radians (2ngls) }

mporatura to the boundary

#car

o wadge-shaped grid for vi zation 3
ical=np.linspace (0, Lx, Hx) 66 if irark1000
¥_physical=np.zaros{(Ny, Bx)) print ("1
for i in rangs(by):
eta = if [(Hy-1) _

by =i t]=atas (H1+x_physicales (H2-HL)/Lx)

torations", itaer Tor®, arror}

if error<tol:s

d from

in renge(amecth
smoothed old

ig_iterations):
smoathed. copy (1
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Sample Python Scri

for i in range{l, Ry-1):
for j in ramge(l, N

#Lapl
I_smo

smoothad
smoothed[:,
=moothed[d,
smaothed[-1

Mo A A

{Craate a mashgri

x_physical_2d,

f5aving the
np.savar (f 1

plt .contaos
plt .colaorba
plt .xlabal

plt.titla ("Ta
plt . show (}

[Labal
("X (Phy
plt .ylabzsl{®"¥ (Bhy
paraty

aca o

othed[1,
smoothad
smoothad
smoothad
smoothad

1]=T.
t]=T_=moothead|

d for x_ph 1
np.meshgridix_physical, np.linspace {0, 1, Hyi)l

T_smoothed, x_dom=x_physical_ 2d, y_dom=y phy=sical)

without insulation®)
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