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Introduction

Arc-Jets

* Arc-jets are essential facilities
used in research, development
and evaluation of Thermal
Protection Systems (TPS) for
hypersonic vehicles.

* Arc-jets produce high-enthalpy
environments emulating
atmospheric planetary entry.

* NASA'’s facilities:
* NASA Ames Arc Jet Complex.

* Hypersonic Materials

Environmental Test System
(HYMETS).
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High-fidelity modeling of arc-jet testing
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Part 1
High-fidelity modeling of arc heaters

MHD + 3D radiative transfer
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High-fidelity modeling of the arc heaters

Variable gas mixture
Argon Argon

l l l l Argon Test gas l l l l
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ANODES CONSTRICTOR CATHODES

Internal magnetic drive Electrical ballast




ARCHeS: ARC Heater Simulator [1]

concept

Geometry OpenFOAM - ARCHeS

MHD + ballast BC 3D radiative transfer

Complex mesh Thermo/Transport/ Post-processing
generation Chemistry 1D/2D/3D




Modeling the plasma

FLOW CONDITION | U,y = 400 m/s P ~ 13 atm Tavg = 8000 K
ELECTROMAG. Lwg ~ 1200 A Bayg = 0.2 T Oavg ~ 0.1 5/m
B
S Lvga Nl 10_5 High Lundquist numbers indicate highly conducting plasmas.
- N n - Low Lundquist numbers indicate more resistive plasmas.
10~5 101 10% — 108 1020 Lundquist number scale
| | | | >
1 1 1 1
Arc jet Highly resistive Laboratory plasma Astrophysical
facility plasma experiments situations



Electromagnetic model

S = Lnﬂ = 107> — The magnetic convection is negligible
J]=o0E —> The Ohm’s law is simplified
d;, X B=1,] —> The displacement current is ignored (V, << c)
B= 0, XA —> The vector potential formulation ensures zero divergence of the B field
0x.J=0 —> Diverge of Ampere’s law gives the continuity of current
—6,2( A=y,] —> Rotational of Ampere’s law simplifies the equation
Ox. (—00xPi) =0

0% Ai — 11y00x¢; = 0

—> System of electromagnetic equations solved in ARCHeS




Multiphysics model

MASS 0ip + 04.(pu) =0

MOMENTUM 0:(pu) +0, . (puu) =-04,p +0,.T + |xB
ENERGY 9¢(pEy) +04 . (pHou) = 84 . (T .u+q®©) + 6|E|? + u.(JxB) — 9, . g
IMPOSED CURRENT 9,. (—00,p;)=0 E=—0,0; J=0E
IMPOSED MAGNETIC 02 A; — 1y00,0; =0 B;= 9, X Ai
P e
EXTERNAL MAGNETIC A, jg , B. = 0y X A,
4t | |[r — 1|
TOTAL FIELD B =B; + B, E=E J=]J

______________________________________________________________________________________________________________________________________________________________

RADIATION n.d, L (x,n) =k, (x)[B,(T) — L(x,n)]




Efficient Variable Mixture

P.O.C.: Sergio
Fraile Izquierdo

Multi-Band Radiation Model [2]

Two major approximations assumed:
* Medium in Local Thermodynamic Equilibrium (LTE)

* Scattering was neglected

NEQAIR was used to calculate the absorption
coefficients for variable LTE air-argon mixtures

M++ (equilibrium)
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Fig. 1 Spectral absorption coefficients for
LTE air and argon at 10,000 K and 1 atm
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Radiative Transfer Equation (RTE):

n-VI(X.n) = kX)) [ByT) - [i(X.n)]

Radiative Heat Flux:
(/(.i'.)=/ ‘/I,l(;i".lﬁl)ﬁ(/Q(/‘l
0 Q

The multi-band method: reduces the spectrum
into groups of wavelengths defining a mean
absorption coefficient for each group or band:

fl:A K1 B,( da
&y = kp, = ———— > Planck MAC
J,.} Bada
Al
) .i:: %4 4
Kp = KR, = W > Rosseland MAC
oo %

Kp = KPR, = \KP, KR, > Blended-PR MAC
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Efficient Variable Mixture
Multi-Band Radiation Model [2]

Variable Air-Argon mixture model:

Radiative Heat Transfer model:

« LBL: very accurate & expensive.

« Planck and Rosseland: high error at low
number of bands and cost-effective.

« Blended-PR: low error at low number of
bands and cost-effective.
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Fig. 1 Heat flux profiles for LBL and
different banding models at 10 atm

« Capability to compute variable Air-Argon
mixtures on the fly

P.O.C.: Sergio
Fraile Izquierdo

« Spectral properties of air-argon mixtures can
be estimated from air and argon’s data.
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Fig. 2 Heat flux profiles for air-argon mixtures
computed LBL and using the reduced model at 10 atm
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Efficient 3D radiative transport
advance order method
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Capturing the electric arc instabilities

1

cold gas \’

Thermal instability

L]
As\\ SR / \’
=R A

Kink instability

_o. Jlem S ARCHeS simulation with equilibrium
lﬁ : "-;'-‘i Hl R air chemistry. The color represents

o I iy the magnitude of the total magnetic field.
Iso-surface of the current density of 1 MA/mZ.

Sausage instability

Stable arc next to the electrode chambers.
Instablilities arise in the constrictor. 13




Temperature and radiation results

4-1-» q"® direction

_
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Hot electric arc core cools down and the surroundings warm up.
Importance of the 3D radiative transfer. 14




Current density and magnetic field intensity




Arc attachment at the electrode
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Argon mass fraction
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Impact of argon injection on arc stability




Experimental validation [3] P.O.C.: Magnus Haw

Measurement of Magnetic Kink Instability Fig. 2 (Left) Column mounted coil: rectangular coil with 100 turns of AWG 33 wire. 3D

printed mount matches curvature of column and thin lower lip fits into the gap between
the column and green tension bar. (Right) Coil mounted on Pack 3 of AHF 10 MW heater.
19

AHF TP3 Heater Column (10MW arcjet)



Part 2
High-fidelity modeling of
arc-jet aerothermal environments
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High-fidelity CFD ML

P.O.C.: Patricia

CFD/Machine Learning simulations [4] Ventura biaz

o =

1. Given m for each p; & h;

o o

w

2. Mutation++: Compute inflow variables

cCo——mNLRASO

(&)
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xIml xIml

Fig. 1 Mach number contours using Earth atmosphere.

3. DPLR: Stag. point CFD solution each q,, & p,,

4. Scikit-learn: Find [p; , h;] for qy exp & Pw exp £
3
5. Mutation++: Compute inflow variables ;Lz 5
Q 2:
. L T
6. DPLR: Stag. point CFD solution each q,, & 5 I o oo
= A jm—— J |~ Sienn| }
R T . A . W8 1 45T T2%
Radial 1distan<1:e [cm] Radial distance [cm]

7. BLAYER: Compute the BLE envi. Cy, h, & p,,

Fig. 2 Distribution of heat flux (left) and pressure (right).
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Part 3
High-fidelity material response modeling
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Porous material Analysis Toolbox based on OpenFOAM [5,6,7]

OpenFOAM

]

nite Volume

!

Complex mesh
generation

POINTWISE/GMSH

PATO overview

PATO: material response

Thermo/Transport/

Chemistry

MUTATION++

Optimization/
UQ/SA/PE

)> DAKOTA

DAKOTA

Post-processing

More info on PATO
PATO website:

http://www.pato.ac/

Private gitlab:

gitlab.com/PATO/PATO-dev

PATO module on PFE

module use -a
/u/jmeuriss/modulefiles
module load PATO/dev
module load dakota/6.7
module load cmake/3.9

1D, 2D, 3D tutorials on PFE

/u/jmeuriss/sharing/PATO/
PATO-dev/tutorials

P.O.C. Jeremie Meurisse

jeremie.b.meurisse@nasa.gov
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http://www.pato.ac/

Windside
outer flank
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MSL simulations using
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Coupling of the pyrolysis gas blowing [8]
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Circles: MISP4 flight data
Solid: PATO (Coupled)
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John
Thornton
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* PATO and DPLR coupling via the pyrolysis gas blowing.
* Environments up until 35 sec were provided from DSMC and were not coupled.
* Radiation computations from NEQAIR were added starting at 42 sec. 25



P.O.C.:

Coupling of the pyrolysis gas blowing [8] Johr
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7O/ Ps,v (1073/s)

Calibration of the pyrolysis gases [9]
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P.O.C.:

Inverse analysis using Dakota and PATO [10,11] ohn

TC1 driver
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-  Estimation of material properties
«  Shallowest MISP4 thermocouple

*  Imposed wall temperature

«  Equilibrium chemistry

«  Calibrated pyrolysis
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Estimation of surface convective heat
flux and char ablation rate

Calculated temperature and recession
using surface mass and energy balance
Material properties from TC1 driver

Thornton
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Sensitivity analysis using Dakota and PATO

Environment (MISP2 — TC2)

P.O.C.:
John
Thornton

Material properties (MISP2 — TC2)

—_—p _Cp_V
140/ h_r 50 kv
—— Ch — cp_cC
1201 — ke«
40/
c 1001 c
[(v] (o]
(O] (V]
= 80, = 30/
© ©
2 60 3
(@] ]
s 220
40
101
201
\
01 0.
0O 30 60 90 120 150 180 210 240 270 0O 30 60 90 120 150 180 210 240 270

Time [s]

Time [s]

* Sensitivity of MSL response temperature to environment and material properties.

* Morris method in DAKOTA with PATO material response simulations for each MISP.

* Aerothermal environments obtained using DPLR (continuum) and SPARTA (rarefied).

* 1D material response simulations using PICA material properties. 29



Comparison between FIAT and PATO for TACOT

pyrolysis gas in the mass and energy
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P.O.C.:

HyMETS test campaign — March 2019 [12,13]  srody

Bessire
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Generator ( | - Shell
e “
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Fig. 1 Schematic view of HYMETS test section. [4] Fig. 2 Baby-SPRITE model assembly. Fig. 3 Baby-SPRITE sample.
el
[W/cmZ] [kPa] [W/cmZ] [kPa]
PICA-N 1 Earth PICA-N Mars
PICA-N 2 Earth 140 5.6 PICA-N 8 Earth 60 3.9
PICA-N 3 Earth 140 5.6 PICA 9 Earth 140 5.6
PICA-N 4 Earth 60 4.1 PICA 10 N, 130 5.3
PICA-N 5 Earth 224 6.6 PICA 11 Earth 223 6.6
PICA-N 6 N, 131 5.3 PICA 12 Mars 126 5.3 31




Material response simulations: CO, [12,15,16]
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Fig. 1 Temperature and recession at 15 sec.
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Fig. 2 Evolution in time of the temperature. 32
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