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Design for demise with conposite systens

= Rising integration of advanced conpositesin the space sector

= Muilti-level advantages of carbon fiber reinfarced polymer - CHRP

= But End-of-Life managenent issues \

Hgh reentry survivability \
- Hgh Ground Castalty Risk ®

Orew-1 trunk, Australia, 2022

nzherald.co.nz

Ariane 6 ultra-light upper stage Phoebus

concept, major use of CFRP
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o

Credits: esa.int
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Chtical conposite elements and mitigation studies

Qurrent FRPs demise perfarmance obstacles:

Use of continuous critical
fibers (CF, glass)

A J

Unidirectional Woven-Twill

Several mitigation approaches underwork :

’
reinforcenment stacking

Hgh variahility of demise behaviour Low experimental testing
linked to large material selection predictions
Laminate thickness effect

GLARE (Alu/GFRP)

2]

=> Mix melting + layer
pallation il

Specific material conbination nodelling

carrelation fromexperimental testing

=PrL

Ul PaganA, IRS Stuttgart (2017), Bperimental Investigation of Material Deanisability in Uncontralled Brth Re-entries
4 Greene BR and OstromC.L, NASA (2021), Byrdysis rate and yield strength redtiction in carbon fiber and glass fiber canpasites under reentry heating conditions
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Matenal-level nodelling

-> Synergic reactions between the matrix and fibers

Melting tenperature
Specific melting heat
Oxide formation heat

= Char dynamic+oxidation
= Pyrdyss
* Pyrdysisgases +interaction +convective blockage




Alexandre A. Looten

Orect approach Experiment-to-nodel method
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ESA-DRAMA
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DEBRIS RISK ASSESSMENT
AND MITIGATION ANALYSIS

DRAMA demise model equations Experimental data
CFRP material model TGA, DMA, MDSC, Static reentry chamber, PWT

A Ve
@\ MATLAB

Data and model fitting process
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DEBRIS RISK ASSESSMENT
AND MITIGATION ANALYSIS

New material parameters



SARA reentry tool conposite matenal nodel

ESA-DRAMA

T = CRAMACFRP-nrodel based on 1Dablation model B

DEBRIS RISK ASSESSMENT
AND MITIGATION ANALYSIS

DRAMA demise model equations Heat balance terms

CFRP material model 1 Hasrra |nﬂGN
2 Surface axidation

Heating

3. Mhterial heat dissipation

4. Pyrdysis reaction Codling

5. Suface reradiation
6. Pyrolysis gas blowing factor
1. Pyrdysis gas flowthrough char

i I (kar‘ dp JT

o el il 5;) Jthyr‘a_ﬁmgCP»x'g
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Mass loss terms

A Matrix pyroysis

B Spallation - Pyralysis gas char blowing
C Char/fiber axidation

Mass flow of
pyrolysis gases

Heat flow of the
inflow

Abstrahlung | ==

Surface decline due to S
oxidation and / \ . L r
sublimation Char layer pyrolysis zone pristine CFRP

E P F L B3 Kuch M, Thesis, TUBraunschwieig (2011), twickiung eines Medélls fii die ablative Zerstérung van Keblefaser-Gooxy Kerposites beim Wokereintritt



Hackbox reverse engineering

A HRrdt iteration

3
ESA-DRAMA » Pyroysisreaction with 3 terms F= . A;e RT
& = Char reaction =2 (based onMKuch thesis®)
DEBRIS RISK ASSESSMENT B m itapatim

AND MITIGATION ANALYSIS

* Pyrdyssreactionwithlterm  F =4, e®r7

DRAMA demise model equations Experimental data _
CFRP material model TGA, DMA, MDSC, Static reentry chamber, PWT =  Charreaction=2 | at d
nplement jon of DRAMA
C Thirditerati - -
diteration Aerothermval history in Matlab code
= Pyrdysisreactionwith1term
»  (Charreaction=0 o
/ MATLAB A Frst iteration
Data and model fitting process o B Second iteration
ySasanEra C Third iteration
&
; ) ‘600 Front Torg\panlun ’;‘;A 011 -
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% | AND MITIGATION ANALYSIS E - A “ | i | | -
2 New material parameters ’ S T z
< = DRAMA model uses only single term Arrhenius pyrolysis reaction | Eaand A
EPFL = Clear understanding of the displayed parameters of DRAMA Ul 7




' Specific conposite matenal demse parameters

= Thermogravimetry analysis - TGA
Thermal conductivity analysis - LFA Hot disc
Modulated differential scanning calorimetry - MOSC
Emissivity measurement facility - BMF
Static reentry chamber | Mechanical loosening and derrise onsets
= Flasma wind tunnel- PAT | Reentry conditions highest fidelity

IRS PAK-4 wind plasima facility - CFRP EPAL - Self-developed
static reentry chamber

Heat flux - 520 KWt | Arbient pressure 41 Pa

¥

&\ MATLAB

Data and model fitting process

ndre A. Looten

Alexa
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Do on0riadni e S SARA reentry tool conposite material nmodel

DRAMA demise model equations

CFRP material model

=PrL

ESA-DRAMA

DEBRIS RISK ASSESSMENT
AND MITIGATION ANALYSIS

N

Experimental data

TGA, DMA, MDSC, Static reentry chamber, PWT

’4

PARAVETERS

» Parametric fitting method
|. Integration of 11 model-specific material parameters fromexperimental testing

Il. lterative fitting analysis with 3 tuning paraneters:

Gas blocking factor Thermal conductivity

Adequate fitting results
NEWMATERAL
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Orect-experimental vs Bult-in CHRP paraneters

» (bject geometry MonteCarlo senaitivity analysis
Sensitivity parameter =Initial object mass (wall thickness)

Conrparative Index = Surviving mass
New CFRP nore conservative upon:
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Exp2model CHRP material more conservative upon 40kg <> 4nmmwall thickness

=PrL
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Surviving Mass [kg]
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=PrL

» (bject geometry MonteCarlo senaitivity analysis
Sensitivity parameter =Initial object mass (wall thickness)

Conrparative Index = Surviving mass
New CFRP nore conservative upon:

% Built-in CFRP

Orect-experimental vs Bult-in CHRP paraneters

+ New CFRP

Limit new CFRP
becomes more

Sphere
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ExpZmodel CHRP material nore conservative upon 35kg <> 6. 7nmmwall thickness
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Sensitivity parameter =Initial object mass (wall thickness)
Conrparative Index = Surviving mass

450

=PrL

% Built-in CFRP + New CFRP —%—Built-in CFRP —+—New CFRP

Orect-experimental vs Bult-in CHRP paraneters

New CFRP nore conservative upon:
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Exp2model CHRP material nmore conservative upon 45kg <> 4.8mmwall thickness
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Results Orect-experimental vs Bult-in CHRP parameters

, . Sersitivi - Iitial ob L thi
= Object geometry MonteCarlo sensitivity analysis t'wwmveﬁ?ﬁﬁﬁlt Sl

New CHRP nore conservative upon:

For nonalithic-wall shallow dbjects
» (earinfluence of object shape and wall thickness on dermise results trends

New-CHRP parameters = slower derrise with round and thick walls conpared to build-in CFRP versions

13
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C9D-2023
Gonclusion

= Denronstration of a direct experiment-to-model method for DRAMAtoadl
= [ntegration of novel composite-like meterials

= Dedicated material integration in DRAMA
= |nproved demise prediction accuracy
= Reduction of reentry casualty risk critical uncertainties

» Research-level method = Requires intensive lab and data assembly steps

= Working paints
O [RAMAnetenial database fromprevious PAMT test canmpaigns
O Method sinplification — Derived the material demise paraneters from nore sinple
experimental testing methods
( Integration of a dimensional factor in DRAMA demise nodel to take into account
thickness effect on demise behaviour

Alexandre A. Looten
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Tank you for your attention !

Any questions?

Alexandre Looten
PhD Student at Swiss Federal Intitute of Technalogy in Lausanne - BPA
alexandre.looten@epfl.ch
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Metal vs CHRP matern

ena

Metals | CFRPs

| paraneters U

rama-AATO75
drama-A316 Substance properties Interaction properties Oxide Properties
drama-Bat-Li Emis. coeff. / - | |
drama-Bat-NiCd .
drama-Berylium Emis. coeff. /- Temperature / K Parameter/ -
Name
drama-Carbon-Carbon 50.0 0.
drama-Copper Dens\twkgfma Emissivity / - | |
drama-El-Mat
drama-HC-AATOTS Spec. heat cap. 1 JiKlkg | | Emissivity / - Temperature / K Parameter /-
drama-HC-CFRP-4ply Spec. heat cap. [ JiKikg Temperature /K Parameter | - s0.0 0.2
drama-HC-CFRP-8ply 293.0 377.5
drama-HiperCo -
drama-Inconel718 313-0 785-5
- -
drama-Inermet 333.0 o35 2
drama.lnvar oo s Heat cond. / Wim/K | |
drama-Iron
drama.SiC 373.0 c11.5 Heat cond. | Wim/K Temperature / K Parameter /-
a — ~ P
drama-SolarPanel-Mat 393.0 923.5 - 293.0 163.89
drama-TiAl6v4 C= 1 -1 a0 Te2.08 = Activ. temp. (K
d T 1 i Heat of fi ik
rama-Tungsten Melting temp. | K I Toe.os eat of form. / Jikg
React. bability / -
Spec. heat melt. / Jikg Py les.1c eact. probability
Catalytic recomb. coeff. | - [ A
393.0 172.54 -
I
Import
[ Metals | CFRPs |
drama-CFRP General and virgin properties Char Properties Epoxy Properties 1=~
Fibre density / kg/m®
Name Fibre spec. heat cap. [ JI... | ‘
Virgin heat cond. | Wim/K | ‘ Fibre spec. heat cap./Jl.. | Temperature /K Parameter /- Epoxy density | kg/m®
Virgin heat cond. IWIm/K | Temperature / K Parameter /- 77.0 5.0 = Epoxy spec. heat cap. { JiKlkg
255.56 0.5525 Il 173.0 340.0
_ |  Epoxy spec. heat cap. | JIKikg Temperature /K Parameter /-
311.11 0.6985 = 273.0 644.0 T
273.0 1110.0
366.67 0.7609 373.0 c1g.0
—1 373.0 1520.0
422.22 0.8108 573.0 1343.0
| 473.0 2110.0
477.73 0.542 773.0 1620.0 -
533.33 0.g607 | L+ T - 1 _
+ | - Virgin heat cond. | Wim/K | ‘
FrCEEIR- | ‘ Virgin heat cond. /'WImK | Temperature / K Parameter /- =
S Emis. coeff. | - Temperature / K Parameter /- 255.56 0.4175 “| spec. heat cap. pyr. gas | JK/kg
o
8 300.0 0. 85 311.11 0.4927 =| Heat pyrolysis | J/kg
_f 3000.0 0.85 366.67 0.5364 Pyr. activ. temp. | K
< I
o 422.22 0.567 Pyr. react. rate | 1is
5 477.72 0.5323 React. terms | -
b=t — |
Q 533.33 0.805 ~| Blocking factor | -
L= T - 1
o Blowing factor / -
< = | Heat of form. | JIK
E P F I Comp. ratio I - Char activ. temp. | K I
I Char raact rata ldle Bl
4 0 T Tr|
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