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Recovering TPS Surface Heat Flux
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Recovering TPS Surface Heat Flux
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Hot-Wall Heat Flux Reconstruction Algorithm

» Obijective:

» Develop an algorithm to reconstruct the local hot-wall TPS heat
flux solely from collocated temperature and heat flux sensor
instrumentation.

» Two Components

1. Efficient thermal model of the TPS-Sensor system
» q—>Tand T — q in one (or few) step(s).

2. Mechanism to stabilize hot-wall heat flux recovery
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Thermal Model
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Thermal Model
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Thermal Model
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Thermal Model — Applied

. TPS TPS —» TPS Hot-wall
> Applled to the TPS properties Green’s function heat flux
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Thermal Model — TPS-Sensor System

TPS TPS - TPS Hot-wall
» TPS-sensor SyStem propertles Green’s function heat flux
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Thermal Model — TPS-Sensor System

» TPS-sensor system
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Thermal Model — TPS-Sensor System

» TPS-sensor system
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Recovering g

» Regularization used to stabilize inversion
» E.g., Tikhonov regularization

rnhl{
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Recovering g4, — TPS Challenges

» System condition is worsened due to

» TPS is significantly more insulating than most materials.
> E.g., SLA-561 (heritage): k ~ 0.05 W /m - K, a = 2x107" m?/s
» Temperature sensors are embedded under the TPS surface

31.5 mm

» Large values of 1 are needed to damp instabilities l
» loss of sharp solution features. %

a)
Alpert, H., et al. J
Spacecr Rockets
(2023)

15 Smyly, E. and Pears, C., NAS1-7732-1 (1971)
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Recovering gy — Regularization Surrogate

» Achieve stability by coupling g4y and gy

qaw = C(t)qcw
where C(t) is an arbitrary, but smooth, function
» Linear system becomes

v} =-— k:: |Grpsrps|[diag(qen)]{C}

16
AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS | AIAA.ORG




Recovering gy — Regularization Surrogate

> Solution of C is stabilized by penalizing the 2"d derivative

min {

» quw IS recovered via
{quw} = [diag(qcw)]{C}
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» 1D Model System

» Algorithm verification

» Convergence criteria

» Analysis of algorithm robustness
» Axisymmetric Model System

» Model verification

» Analysis of algorithm robustness
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» 1D Model System

» Algorithm verification

» (Convergence criteria

» Analysis of algorithm robustness
» Axisymmetric Model System

» Model verification
» Analysis of algorithm robustness
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Results — Axisymmetric Model System

» Axisymmetric model with convective boundary conditions
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Algorithm Verification
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Algorithm Verification
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Algorithm Robustness

> Real measurements will contain noise or errors.

» @Goal: Analyze the impact of varying 1, subject to different
iInput noise levels.

min {
23
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Algorithm Robustness — Measurement Noise

» FEA-generated measurements perturbed with noise.
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Varying A,

» Sweep of 1, performed for 3 levels of noise
» Sweeps repeated 50 times to generate distribution of results
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Varying A,

» Sweep of 1, performed for 3 levels of noise
» Sweeps repeated 50 times to generate distribution of results
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Comparison vs. Tikhonov Regularization
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Comparison vs. Tikhonov Regularization
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Comparison vs. Tikhonov Regularization
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Conclusions

» We have developed an algorithm to recover the TPS
surface heat flux from on-board thermal instrumentation.

» The algorithm can resolve sharp solution features in an
ill-conditioned TPS-sensor system.

» The algorithm demonstrates strong robustness to varying
iInput measurement characteristics.
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Temperature-Dependent Thermal Properties

» TPS-sensor system (Temp-dependent properties)

qQuw qu
o7 HFS

k=k(T) __, TIPS
C, = Cp(T)
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Temperature-Dependent Thermal Properties

» TPS-sensor system (Temp-dependent properties)
» Cole-Hopf transformation > T = f(8)

qQuw qiw
oT “
pCp(T)E—V'(k(T)VT) =0 oT HFS

1 06 TPS

- 9 _ k=k(T)
aar V=0 C, = C,(T) -
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Temperature-Dependent Thermal Properties

» TPS-sensor system (Temp-dependent properties)
» Cole-Hopf transformation > T = f(8)
> lIsolation of temp-dependence 2 a(T) = ay + a;(T)

qQuw qiw
oT ‘
pCp(T)E—V'(k(T)VT) =0 oT HFS
ia_H_VZQ = T y2g k=k(m) _—~ TP

ao at ao Cp = Cp(T)
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Temperature-Dependent Thermal Properties

» TPS-sensor system (Temp-dependent properties)
» Cole-Hopf transformation > T = f(8)
> lIsolation of temp-dependence 2 a(T) = ay + a;(T)

!/
> Inhomogeneous source term > g; = “Z(T) V20 qrw qu
0
o7 L
pCp(T) == =V - (k(T)VT) = 0 or | HES
ia_e_v20 :g’(x’t) k:k(T) > TPS

ao at A Cp — Cp(T)
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Temperature-Dependent Thermal Properties

» TPS-sensor system (Temp-dependent properties)
» Cole-Hopf transformation > T = f(8)
> lIsolation of temp-dependence 2 a(T) = ay + a;(T)

!/
T
> Inhomogeneous source term = % = “Z—UVZH
0

a
O(x,t) = j f matit HW(T)GTPS rps(X,t,x0,7) dSp dt _J j oS CW(T)GTPS,HFS(x' t, X, T) dSoy dt
S

rps ATPS Surs AHFS

j -]- OTPS g'}PS(xO T)GTPS Tps(x t, X0, T) dVo dt +j j_ OHFS g;{ps(-XO; T)GTPS,HFS(xJ L, X0, T) dVO dt

Vrps Arps Vurs Ayrs
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Temperature-Dependent Thermal Properties

» TPS-sensor system (Temp-dependent properties)
» Cole-Hopf transformation > T = f(8)
> lIsolation of temp-dependence 2 a(T) = ay + a;(T)

9" _ar(T) oo
» Inhomogeneous source term 2 - = ” V<o Effects of heat flux

/ boundary conditions

a a
O(x,t) = j f 0.TPS HW(T)GTPS rps(X,t,x0,7) dSp dt _J j oS CW(T)GTPS,HFS(x' t, X, T) dSoy dt
S

TPS Arps SHFES Anrs

j -]- OTPS g'}PS(xO T)GTPS Tps(x t, X0, T) dVo dt +j j_ OHFS g;{ps(-XO; T)GTPS,HFS(xJ L, X0, T) dVO dt

Vrps Arps Vurs Ayrs
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Green’s Function

» General Green’s function formulation

N
k m
6, (x,6,%7) =z 7 0 ()6 (1, )etnn ©D) | m = TPS or HFS
n=1

Xom

» Galerkin Eigenvalue Approximation

W _ 2 i Xj(l) | = TPS or HFS
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Eigenfunctions (First 3 Modes)
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