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Gas-surface interactions: in-depth ablation

> Numerical simulations (Schrooyen et al., 2016) of the NASA side-arm
experiments (Panerai et al., 2014) showed the importance of volume
ablation in porous materials for such flow conditions

Flow-tube [o) S
Hot ar : - [ -2 Volume ablation vs. surface
; ; Co, ablation = Thiele number
Sample
1 [ L
- b, C=10) Th = ——
= Deff/(kaf)

» The simulation tool, although suitable for studying volume ablation, is

shown here to reproduce also VKI Plasmatron experiments where surface
ablation dominates
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Materials for TPS design

> Ablative thermal protection materials (TPMs) will allow future sample
return missions and high speed re-entries!

> Investigated here: lightweight, highly porous ablative materials (like PICA
in the US, Asterm in the EU)

Carbon preform Carbon/phenol composite

Credit: Mersen Scotland ) Credit: Airbus DS

» Carbon/phenol material = Carbon preform + phenolic resin
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Pyrolysis-ablation problem

» When heated, the TPM is transformed and removed by two phenomena

» pyrolysis = thermal decomposition
» ablation > gas-solid reactions and transport of products,
sublimation, spallation
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Credits: (left) Stackpoole et al. (2010)
(right) Lachaud et al. (2008)
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Pyrolysis-ablation problem

» When heated, the TPM is transformed and removed by two phenomena

» pyrolysis = thermal decomposition: tomorrow (TP-04, Ablation II)
» ablation = gas-solid reactions and transport of products: today

Pyyolysis gas

A

4. Partially ablated
3. Charred
2. Partially pyrolyzed

1. Virgin material

Credits: (left) Stackpoole et al. (2010)
(right) Lachaud et al. (2008)
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Strategies for studying gas-surface interaction

Ground test facilities

VKI Plasmatron test on carbon-phenolic
B. Helber, 2016

Numerical simulations

Unified flow-material approach
P. Schrooyen, 2015
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Numerical simulations

Unified flow-material approach
P. Schrooyen, 2015

Numerical approaches for studying ablation

CFD code with ablative @ Material response code with (@) Loosely coupled approach (@ Unified approach
boundary conditions heat transfer coefficients
e
b l Schrooyen (2015)
Exchange ol
Nompelis et al. (2009) Lachaud et al. (2008) BC Martin, Boyd (2015)
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Strategies for studying gas-surface interaction

Numerical simulations

Unified flow-material approach
P. Schrooyen, 2015

Numerical approaches for studying ablation

@ Unified approach

* Schrooyen (2015)

5/18



Table of Contents

@ Methodology

o Mathematical model

5/18



How to treat multiphase flows?

) » Navier-Stokes equations for
Flow field . .
L~1m multicomponent flows valid
everywhere in the fluid phase

. » Chemical reactions with the solid
Porous medium
Lc~le-6m phase

Q@ S @ - Resolution too costly!

g) @FI%: -> Coupling the solid phase(s) with
’ CFD not easy!

> Perform local volume averaging for a “more homogeneous” description
(mesoscopic scale)

> New set of PDEs valid everywhere in the domain: Volume-Averaged
Navier-Stokes (VANS) equations and chemical reaction laws
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VANS equations for non-pyrolyzing media

Mass

Ot (eg{pide) + divx (eg(pi)e(u)e)
—diva(Ji) + (W) 4 (W) (1)
Bi(ps) = —(@™") (2)

Momentum

O(eg(pu)g) + divx(eg(p)g(u)g(u)g) =
—2¢V(p)g + divx(T) + Fgs (3)

Energy

Ot{pFrot) + divk(ee(p)e(H)g(u)g)
= divk(keg V{(T)) + divk ({7 - u)) 4)

Porous medium

e Volume fractions
Ve
Va

e Intrinsic average operator

€g = es=1—¢g
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Heterogeneous chemical reactions

. 1 1,C(s)
(W) = - k" pi)es  dS
AV Jaq, 4 £
constant along fiber surface
i,C(s) 1
=k (pides = ds
! AV Joa,
=Ay/dV=Sy

Cylindrical recession
2
Sf = —4/E5,0s
Tf,0
Non-constant fiber reactivity

Aw
Tav
(see Schrooyen et al., 2016)

Sy =
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Numerical modeling

» DGAblation module of Argo
> Space discretization: Discontinuous Galerkin Method (DGM)

FEM inside elements

u= Z::o U;N;

> Local conservation of physical
quantities

FV
between elements

> High order of accuracy

» Low numerical dissipation and
dispersion

p + 1 dof
per elements

> Fully implicit

3} OO @& o o o

L 1
I 1
element n element n 4 1

Hillewaert (2013), Schrooyen (2015).
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Weak formulation of the convection-diffusion-reaction problem

du?n
Yv €V, Vm € Ny, vllm(u)dQ =0= Qe

FEM inside elements

p + 1 dof
per elements

'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
T
t

7 ° Py
4
T

element n

Schrooyen et al. (2016)

element n + 1

Qe€eN”
T,
_ Z / F;l”(u)dfl +Z% v] 'n ’Hm(u ,u~ ,m)dS
Qeen
Cy C;

ov Bun
S (PR (w)a. Z% Dk, ) )k as

Dy

4927{(135,5"% [wm] ds+a2% [0]* [wm]® dS

r,er” i 1€l
Dy Dy
Z / vS(u, Vu)dSe
Qe
S")
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VKI 1.2 MW Plasmatron wind tunnel

» Most powerful inductively-coupled plasma facility in the world

Test chamber Test on a carbon-phenolic

> Test case under consideration: carbon preform sample (Helber, 2016)

Test name gas  ps Gew T Tw $ m
hPa KW/m? s K pm/s  mg/s

HS-A2a air 200 1050 91.2 ‘ 1975 45+14 53.2
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Definition of BC and material properties

» Plasmatron 200 hPa, 1 MW/m? experiment

Material properties

>

vV v.v Yy

Carbon preform

Hemispherical shape
(R =25 mm)

Porosity = 0.9
Permeability = 1.45e-10
Tortuosity = 1.1
Emissivity = 0.86

Credit: Mersen Scotland

Slip-wall (far-field)

Subsonic Subsonic
inlet outlet
Adiabatic
walls

Symmetric condition

“ Boundary conditions

> Inlet: Uy, =37 m/s, T, = 6088 K, Airs
(O, O3, N, No, NO) at T3,

» Outlet: poys = 200 hPa

» Holder: adiabatic walls
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Surface recession and temperature

Nb of Nb of Nb of Nb of CPU
time steps elemts DOFs threads time
17100 2644 2644 x 10 X 2 4 ~ 2 days
(= 158640)

Temperature and vector flow field
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Surface recession and temperature

Nb of Nb of Nb of Nb of CPU Time =0.0000 s
time steps elemts DOFs threads time 1
1
ME 150 1
17100 2644 2644 x 10 X 2 4 ~ 2 days > !
(= 158640) = i
> 100

@
S 1
o 1
T 50 i
9 1

0
1
1

0
-5 25 0 25 5

Surface position, m (><1074)

Time =0.0000 s
2000
X
g
El
2 1500
I3
a
£
£ 1000
8
8 [—Argo (interface at 50 %)
5 500 [—Argo (interface at 80 %)
n [oExperimental
0 2 4 6 8
Temperature and vector flow field Injection time, s
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Surface recession, mass loss and material flow field

» Comparison with experimental data

Surface recession, mm

0.4

o
w

o
N

o
o

7
o
4
-7
4
Numerical -
(Argo) g
// Experimental
2 (linear approx.)
/-
<
a
2 4 6 8

Time from injection, s

Sample mass, g

15

14.8

14.6

14.4

Numerical
(Argo)

~a
Experimental ~.
(linear approx.) -~

2 4 6 8

Time from injection, s

> Analysis of the flow field inside the porous material (t = 8 s)

0

Velocity, m/s

0

Velocity, m/s

e (.00 15
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Mass fractions along stagnation line

0.8

0.6

0.4

Mass fraction, -

0.2

Discussion

Time =0.0000s

NO,

CO

.05 0

Distance from surface, m

0.05

> Production of CO mainly at the surface of the material (oxidation with
fibers) = surface limited ablation

» Experiments showed also a peak of CN in front of the material and it is
therefore suggested to study more products of ablation
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Comparison of ablation regime

c %107
! 4 Current surface
- position (t=8s)
s L L
£ L / Destjspyy  labl
2 2 0
§ Surface-limited ablation

1

Th > 50
NO. O2
0
0.35 0.4 0.45 05

Distance from initial surface, mm

‘Experimental Numerical
Th ‘ 360 200

> Surface ablation correctly predicted

> Sensitivity analysis: which definition of the surface position? (50%, 80%,
...of max. density)
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> Volume ablation experiments were correctly simulated
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Conclusion and outlook

Previous work:

» Volume-Averaged Navier Stokes solver, fully implicit, discontinuous Galerkin

» Volume ablation experiments were correctly simulated

In this presentation:

Reproduction of a Plasmatron experiment on a carbon preform test
sample by means of the unified approach:

v

Surface limited ablation regime reproduced accurately

v

Good agreement with experimental data for surface recession

v

Good agreement for mass loss (slight underestimate)

v

Surface temperature sensitive to the definition of surface position
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Conclusion and outlook

Outlook:

> Sensitivity analysis of surface position and uncertainty quantification of
other input parameters

» Simulation of different ablation regimes

» Comparison with other classical approaches
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Mathematical model

Multicomponent diffusion

=

Dz,m Wz
(T = —eglpdy " G VX + eolpidy Y

> X, mole fractions, Y; mass fractions, W molecular weight
> D, ,, average diffusion coefficient of one species in the mixture

> 1 tortuosity: measures the geometric length ratio between the real trajectory
of a particle between two points in the porous medium and a straight line.
This parameter depends on the architecture of the porous medium and the
mean free path
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Mathematical model

Drag term

(—P'I+7)ndS = %62<u>g

Fdrag = g

1
dv' Jaav

> 1 dynamic viscosity,

> k permeability: measures the ability of a fluid to flow through the porous
material and depends on the microstructure of the material

21/18



Mathematical model

Homogeneous chemical reactions
N N,
hom ! ~”Jl',k ~V§fk
=W Z —vie) | krw [T 67" = kor [T 75
j=1 j=1

> W, molecular weight
> 1, stoichiometric coefficient
> k¢, ko i forward and backward reaction rates

Homogeneous reaction rates are computing using the Mutation++ library
developed at VKI

J. B. Scoggins and T. E. Magin, “Development of Mutation++: Multicomponent Thermodynamic and Transport Properties for

lonized Plasmas written in C++", In 11th AIAA/ASME Joint Thermophysics and Heat Transfer Conference, 2014.
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Mathematical model

Heterogeneous chemical reactions

1 .

- het 7,C(s)

SNy = — k i) s d
<wz > % fg , f <p >g S

constant along fiber surface

1
T ds

—_———
=A,/dV=8;

i,C(s
=K )

Cylindrical recession
2
Sf = —4/E5,0s
Tf.0
Non-constant fiber reactivity

_ A
~Tav
(see Schrooyen et al., 2016)

Sy
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Preliminary analyses

> Residual history
1 1

At = 1e-07 1 At = 5e-05 ]
1

L bl

% 1¢-6 N 5¢-2 6e-2
» Analysis of the speedup (VKI cluster ClusterVision)

150
12}
» '

ool n
e

o

ﬂ)

50f g
" 4

% 10 20 30 40 0 40

10 20
nThreads nThreads
» Summary of the test case

CPU time,

Test Nb of Nb of Nb of Nb of CPU

Case time step elemts DOF CPUs time
HS-A2a 198000 1457 1457 X 3 X 10 12 ~ 3 weeks
oarse mesl
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Mixture properties and chemical reactions

>

>

v

v

6-components mixture: N, O, NO, Nj, Oy, CO

Transport and thermo. properties: multicomponent model using
Mutation++ as an external library

Homogeneous reactions > Heterogeneous reactions
€ €
€ (3
N+ O+ Ny = NO + N, > 2C) + 02 > 2CO
> C) + 0 — CO
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HSA2a Results

» Surface temperature

Surface temperature Velocity gradient

2500 1080.05
2000) A

— -
@ |

a 54003
& 3
1000 ©

2900 5 z [W] 15 20 z[m] 013 0.18

> Experimental results available (Helber, 2016): Stag. surface temperature,

mass loss, recession rate, length of ablation
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HSA2a Results

> Temperature

u[m/s]

Axial velocity along stagn. line Temperature along stag. line

40,

6000
30
20 ]
X
10 3009
% 0.05 o [mf 0.15 “20.05 z[A] 0.05

Experimental results available (Helber, 2016): Stag. surface temperature,

mass loss, recession rate, length of ablation
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Thermal decomposition of the solid phenolic resin

> During pyrolysis, resin matrix converts into carbon (~ 60 %), releasing
gaseous products (~ 40 %)

PO — Pg T Pc Y

> Goldstein (1969): pyrolysis of the phenolic takes place in two major reactions

d —pe\™
L _ _k;exp(—Er/RT) (’”) , I=ADB
dt Po

» Trick, Saliba, Sandhu (1995, 1997): 4 heterogeneous reactions in the
process!
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Evolution of matrix volume fraction

> Thermal decomposition of solid species

APy ) m pi —pi\™ —E;
GNPmm _ 4w (P Pi
ot P\ P\ BT

» Advancement of pyrolysis reaction ¢

¢ = pi — pi
=
pi = P

» Matrix fraction evolves as a linear comb. of resin and charred
Em{Pim)m = (1= &) {04 ) mEmy + EPL)mErmy
» Mass loss fraction during pyrolysis and charred fraction

i

6mv<p:)>m = F;<pv>m5mv
E:n'u <plc>m = Fé<pv>m5mv
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Evolution of matrix volume fraction

> Tacot assumption

Z<p;n>m = <pm>m = <pmv>m = <pmc>m

3

» Summing over all the species

Em{Pm)m = Emv (Z le;<1 = &)+ Z&Fcl>

> Porosity

e=1l—¢g5r—¢epn
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Permeability

> Linear with temperature (from virgin to charred and preform), TACOT
properties

> Improvement: TACOT properties for virgin and charred, Carman-Kozeny for
preform
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Tortuosity
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Thermal conductivity

» TACOT properties
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Gaseous species production
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Emissivity of the surface
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Material properties for unified flow approach

> No thermodynamics properties for the pure solid phase are available in open
literature

- Adaptation of the usual TACOT properties using Mutation++ with air

=== : Modified virgin properties mmm  : Vrigin TACOT properties
-m : Modified charred properties -m : Charred TACOT properties

6e+06f

o

3e+06f

Enthalpy, J/Kg

Thermal conductivity, W/m/K

7000 2000 3000 2e+0) 7000 2000 3000
Temperature, K Temerature, K
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