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Abstract. Space and suborbital vehicles reach high temperatures due the aerodynamic warming, especially in the case
of recoverable ones during the atmospheric re-entry. Commonly ablative composites are used as heat shields in the
regions near the stagnation point. During the ablation of composites, a char layer is formed in the external surface,
which acts as thermal insulator and protects the pyrolysis zone of the atmospheric oxygen that could produce an
exothermic reaction, adding heat to the shield instead of reducing it. In this work, the two-dimensional computational
simulation of the ablative process in composites used in rocket thermal protection systems via an interface tracking
method and a thermo-structural analysis of the resulting char layer is performed, in order to investigate if the integrity
of such layer is affected by melting or thermal stresses.
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1. INTRODUCTION

Along the years ablative materials have been eyt used as TPS (Thermal Protection System) a@icsp
vehicles. Such kind of TPS absorbs the heat reguftom aerodynamic heating through the consumpaioits own
material. If composite materials are employed datale TPS, the resulting ablation is a complexrgmenon, related
to several physical processes happening simultahgophase change (melting or vaporization), pysidyand
decomposition, char formation, mechanical ablatioae the drag and other effects that should be atedu

The ablation model commonly used for compositesidans the existence of three layers in the TPSchar, the
pyrolysis zone and the virgin material. In thetfigases and particles accumulate and diverse sgsesef flow occur
inside and around this layer. The char layer perfoan important role in the TPS work, acting akearhal insulator
between the pyrolysis zone and the warmed air @eitSince the pyrolysis is an endothermic reaciaah its reaction
rate depends on the temperature, it is importake#p this zonE as cold as possible. Another inaporeffect of the
char layer is to keep the pyrolysis zone insulatbthe external environment, in order to avoid tmatact with the
oxygen, which could produce an oxidation of thegwirmaterial and the carbonized mass, resultingnirexothermic
reaction that may yield additional heat and incegthg velocity of the composite consumption.

The char layer consists basically of carbon, anticoes to absorb heat until reaching the temperatfioxidation
or the temperature of sublimation. This layer caralso removed by aerodynamic forces (drag and strEgses in the
surface) or thermal stresses. In lifting of modasatballistic reentry, the main thermo-mechanicaywof char
removing is the oxidation. At temperatures abov@®BC the char sublimates (Torre et al., 1998).

The char layer produced from a polymer normallwéak and fragile, susceptible to fast removing kechanical
action or degradation caused by thermal stressescoease of the internal pressure. Such behawduaes the
insulation efficiency of the char layer and expofesinternal material to the surface conditioesutting also in less
heat losses by radiation. When the ablative remiaseinforced with fiber, the retained charactessare improved.

As mentioned, a fundamental function of the chgelas to blockage the oxygen diffusion from theibdary layer
to the virgin material, since the endothermic riesciof degradation of the polymeric matrix only ace in non-
oxidizing atmosphere. An excessively recession ohtine protective char layer may result in unddsie exothermic
oxidation reaction. At higher temperatures a natel can appear, and the char becomes a liquidofilen the surface.
Normally this layer is removed by the aerodynaricés (Palaninathan e Bindu, 2005).

In this work, the ablation of a composite TPS sdated, and a thermos- structural analysis ofrésalting char
layer is performed for two critical situations. Tiobjective is to check the possibility of meltingxidation or
sublimation of the char layer. The thermal stressescalculated in order to investigate the effe€thiermal conditions
over the char layer integrity.

2. PHYSICAL PROBLEM AND MATHEMATICAL MODEL

The sub-orbital platform SARA was initially seledtfor the studies using the methodology presentatis work.
Sub-orbital platforms are low cost alternatives facrogravity research. SARA platform, Fig. 1, sifg designed by
Institute of Aeronautics and Space — IAE, in Brawiith such a purpose. Its total mass will be & tnder of 250 kg
with a payload mass of about 25 kg, and it will\pde 6 minutes of micro-gravity environment. SARAaynreach
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speeds of 9300 km/h in atmospheric flight. A futorbital version of SARA may reach an orbit of 30 and an
orbital period of 10 days (Moraes, 1998). Figush@ws altitude and velocity maps for SARA.
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Figure 1. The sub-orbital platform SARA and itsénsystems.

450 — 3000
400 B
1 a — 2500
I\ U L
3507 1 ’ L
Y / \ L
n 1 \ // H L
30— | N /1 |~ 2000
€ E ! \\ // I| r §
< 250 | , I B 5
S 1 N ’ I 15003
S 41 \ ’ I| L <
£ 200 | \ / ! C 5
< ] ,' \\ // | r Iy
150 o ! N / | 1000
! \ / | [
J1 \ / \ L
a1 \ / [
100 4, N / ! C
7
1! T [ 500
50 —i Altitude S
1/ === Velocity A
0 . TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ 0
0 100 200 300 400 500 600 700
time, s

Figure 2. Altitude-Velocity map fo SARA Sub-orbitalatform.

2.1. Aerodynamic heating

To predict the heat transfer on SARA, it is necassa know pressure, temperature and velocity §eddound the
rocket. That can be accomplished by numericallyisglthe boundary layer equations. However, suphnogedure is
expensive and time consuming. In the present waiknpler, but reliable, engineering approach isdlu3ée following
simplifying assumptions are made:

» Zero angle of attack;
* SARA rotation around its longitudinal axis is negés;
» Atmospheric air is considered to behave as a calyiand thermally perfect gas (no chemical rems).

The free stream conditions ahead of the nose capghase given by.y T., P, corresponding, respectively, to
velocity, temperature and pressure. By knowingand altitude, as function of time, together with @mospheric
model [8], it is possible to evaluate the free atneproperties. For supersonic flow {M1), which begins at 8 s
(altitude of 2 km), a detached shock wave appdagadiof the nose. By using the normal shock redatipps [9], it is
possible to calculate v, T and p after the shock.
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The heat flux over the external surface was catedlghrough the Zoby's method (Zoby et al, 1981gtdils of the
solution can be found in the work of Machado (20T2je convective heat transfer coefficient is clatad along the y-
coordinate that is measured along the body’s sirfge0 corresponds to the stagnation point, and R geometric
parameter shown in Fig. 3, were the curved lineasgnts the nose cap surface.

Figure 3. Coordinate system.

It should be pointed out that such a procedure eéfopmed along the payload’s surface (following the
coordinate), for different trajectory times. Thenef, H=H(y,t). The variation of the convective heansfer coefficient
(H) and the recovery temperature,(Dr T,) at stagnation point are shown in Fig. 4. An epdrglance at the surface,
accounting the radiative heat transfer, provideshimat absorbed by the wall.
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Figure 4. Recovery temperature and convective thaasfer coefficient at stagnation point, duringF&¥trajectory.
2.2. Heat conduction and ablation

Once the convection heat transfer and the adiabatiictemperature are known, wall temperature ithistions can
be obtained. SARA nose cap is covered with a coitgpogaterial (Si-Phenolic), which works as an al&ai PS. Until
the ablation temperature is reached, a transieat ¢®nduction process occurs. Once the TPS surfzaghes the
ablation temperature, its thickness is reducedefhee, a transient, coupled conduction moving loauy problem
appears.

The set of equations used to represent the physioalem is written according to the interface kiag method
(Juric, 1996). The nose cap and the surroundirfp@ailare represented as parts of a continuous dowfagalculation.
The application of the energy conservation prireifd an infinitesimal volume element in the mathtrahd domain
leads to a partial differential equation for thenpeerature, namely:

a(pC,T)

S =OKOT)+Q @)
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wherep is the densityC, is the specific heal] is the Temperaturé,is the timeK is the thermal conductivity ard is
a source term that accounts the net heat excharige lboundary:

Q=] ad(x-x, )dA 2)

wherex is the position in the coordinate systegnjs the interface positioA is the area, and is the source term of

energy per unit of surface of the interface, andtnne adapted to the physical model used to représe behavior of

each interface. The following hypothesis will beswased to build the mathematical model for the aaand heat

conduction processes in the structure:

= Solid materials are considered isotropic with cansproperties.

= The pyrolisis zone is considered a thickless frBgtolisis enthalpy and temperature are consideoedtant.

= The char layer recession occurs through oxidatiorsublimation, at constant temperature. The aerain
removing of material is neglected.

= Absence of melting layer.

= Full reaction of the gases and perfect mixing wtfté air in the boundary layer around the externafase, with
negligible influence over the air physical propesti

= Air is treated as an ideal gas.

= The flow field around the surface is not affectgdiie change in the surface geometry and gas ioject

= Radiation is absorbed or emitted for surface, lttransmitted.

All these assumptions have being used in previaukswith successfully results in representingpghgsical process

(Machado, 2014; Costa e Silva et al, 2015). Thersg@ssumption, in particular, was studied by &&99), which

has concluded it was accurate enough, when comparedost complex models for ablation. Accordingthese

hypothesis, the heat balance in the external stsfaedds:

q= AV +H(LY)T, (tx ) -T. ]+ eo[TA(tx. )-T2] (3)

whereV is the interface velocityl, is the heat of ablation of the char laydris the convection heat transfer coefficient
and T is the interface temperaturejs the emissivity andris the Boltzman constant. One should note that tétim
might exist in every moving interface. In the pysik front it is simplified, once there is no cootien to or from the
external flow and the radiative heat transfer jgpgsed not occur between the layers (since there isansmission):

q=pLV (4)

In this casel is the heat of pyrolysis. The flux of injectionsgs is also neglected due its low specific masgnwh
compared to the solid material. It is remarkablat tthe specific mass that appears in the Egs.({8,#)e interface
specific mass.

Although the airflow is included in the domain, idfects are implicit in the convection coefficieiHt As a
consequence, this region is considered adiabatitite heat capacity and thermal conductivity aseimed to be null.
Once ablation temperatur€,j is reached, the interface condition becomes:

T -T,=0 ®)
A similar jump condition appears in the pyrolysisrit (T, replacingT,).
2.3 Stress analysis

The Finite Element based ABAQUS® Software (Simui@l3) was used to determine the stress and despkat
distribution in all layers within the selected r@gi A small piece of the domain aside the stagngimint was selected
for thermal structural analysis. An axisymmetricdabbuilt with plate elements was used. The symyreetis is placed
in the left side. The structural boundary condisi@md loads assumed were showed in Fig. 5. Theeegf freedom in
directionsx andy were restricted in the nodes placed at the inferitye in order to assure the structural stabilitye
total loading resulted of thermal stresses (tentpegagradient) plus aerodynamic loads (total pnesplus shear stress
in the surface). A remarkable aspect of stressiloligion is the presence of interlaminar stressgm@ in the layer
interfaces.
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Figure 5. Boundary conditions and loads.

3. METHOD OF SOLUTION

The moving boundary problem was solved by the fater Tracking Method, introduced by Unverdi & Trggon
(1992), and employed by Juric (1996) in the solutaf phase change problems. In this method, a fixeiform
Eulerian grid is generated, where the conservdtiors are applied over the complete domain. Thafate acts as a
Lagragean referential, where a moving grid is apliThe instantaneous placement of the interfacarechrough the
constant remeshing of the moving grid, and eaclonegf the domain is characterized by the Indic&anction, which
identifies the properties of the wall and the amuand it. This method allows for the representatibrany geometry
used in the TPS, and also the characterizationarfydayer separately. It is accomplished withobtgh increase in the
computational cost and does not need any pre-mimges(construction of unstructured grid or coortina
transformation). In this work, this method is emyd to estimate the ablative performance of the, @@8sidering a
two-dimensional approach in both, the heat condacéind the moving boundary problem. Details of ribenerical
solution are available in the previous work of Madt (2014).

The results were obtained for the region near thgnation point of SARA, Fig. 6, which correspomos circular
sector with radius of 280 mm. Note that in thaufig Y(capitol)-coordinate has a different meanifighat shown in
Fig. 3. Since the flight is considered with zerglarof attack, the problem is considered to be symetric, and only
the half of that region has to be simulated. A £@D points grid over a domain of 100 mm x 50 mns wenployed to
simulate the heat transfer and moving boundarylprobwith a tolerance of 10-6 for the residual op@). A resulting
109 points Lagrangean mesh was obtained for treredtinterface and a 102 points mesh for the feterbetween the
TPS and aluminium. A previous analysis with ledinesl meshes was performed, in order to assuretlieatesults
reached the convergence. Properties considerazhtdr material are presented in Tab. 1.
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Table 1. Properties of materials (Machado, 2014).

Property Al Virgin material Char
(Si-Phenolic)
K (W/m°C) 177 0.5213 0.428
Cp (J/kg.°C) 960 1256 879.5
p (kg/m?) 2710 1730 1300
€ 0.06 0.78 0.78
Heat of pyrolysis (MJ/kg) - 0.214 -
Temperature of pyrolysis (°C) - 325° -
Heat of fusion/sublimation (MJ/kg) - - 10.5
Temperature of fusion/sublimation (°C) - - 3700°
4. RESULTS

Results were obtained for two instants: at 44.8isés during the ascendant period and at 631.1 deahuing the
reentry, were the maximum thermal loads happenbkd.tiermal and mechanical loads considered werprdssure in
the external surface which was extracted from ésellts of Zoby’s Method and the shear stresseshwhére obtained
from the Newton’s Law of viscosity. Fig. 7 showe tinterfaces and the loads at these two instamthieke cases there
is no melting of the char layer, since the peakpermratures are both bellow the assumed char maémgerature.

The Finite Element mesh and respective temperatistebutions for both cases are shown in Fig. Be higher
temperature gradients can be observed in the efanT, what attests this important effect as antlaéinsulator. Figure
9 shows the Von Mises Stress distributions and Figshows the respective displacements. The magsses occur in
the base, made of aluminium, as a consequencesdfmposed boundary condition in that region. Thepldicements
are quite small and; the major values occuring ha thar layers due both, thermal and structuratildodhe
displacements in the regions near interfaces arssguence of the stress variation in these regions.

Table 2 presents a comparison among the maximuoesalf the stress reached in the char region andhbar
limits according with temperature for the charjmated by Silva (2015) for burned samples of thees@omposite.
The stresses in the char layers for both casefaaidgelow the limits, which indicate that in thiase the char layer
would keep the integrity during the whole flightripel. Although this direct comparison among the etinal results
and the experimental results extracted from liteatis not possible, since the first are Von Mistesses and the
second accounts the anisotropy of the burned caiteptise difference of order justifies that conabuns

It is remarkable that some physical effects thaldaffect the char layer integrity like the pyrsily gas flow were
not considered in the structural analysis, sineeas not accounted explicitly in the ablation modéle fact that SARA
performs a sub-orbital flight results in low thetraad pressure loads during reentry. Results &eatjuite higher for
orbital or planetary reentries.

Table 2. Comparison among numerical results aadhlitire data.

Time Von Mises Stress Shear limits
(Silva, 2015)
443 s 0.10 MPa 18.87 MPa (880° C)

631.1s 0.154 MPa 4.05 MPa (1,181° C)
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Figure 7. Interface shapes, thermal loads in ewdeyface and pressure loads over external surface.
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5. CONCLUSION

In this work, the two-dimensional computational siation of the ablative process in a Silica-Phenobmposite
was performed via an interface tracking method. @er layer formation after the pyrolysis of thegim material in
the TPS of the SARA Sub-orbital platform was sinedand two cases corresponding of the peak termupesan the
ascendant and re-entry periods were selectedddysA thermo-structural analysis using a Finiteriént commercial
code was also performed, in order to estimate tresses acting over a small section of the domhkigecto the
stagnation point.

According with the results, the maximum temperaguaee not high enough to melt the char layer aadstresses
are far bellow the limits considered for such mateThese were preliminary results for a sub-@ibiecoverable
vehicle. Different results would be obtained forrmdramatic flight conditions, like orbital fliglor planetary re-entry.
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