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Abstract. Polymeric composites are extensively used in thermal protection systems for space vehicles. In this kind of
material, the aerodynamic warming causes a pyrolysis reaction that absorbs heat and results in a char layer, which
acts as a thermal insulator against heat conduction and oxygen penetration into the reaction zone. In order to assure
the structural integrity of such layer, the pressure distribution of the gas flow from the chemical decomposition of the
polymeric material must be estimated. In this work, a reliable model for such estimation is presented and compared
with the structural strength of the char layer, which allows determining if the pressure drop is capable to break up that
layer.
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1. INTRODUCTION

Space and sub-orbital vehicles reach hypersonigcitils in atmospheric flight, which leads to a marg over
their external surfaces. The resulting high temjpees and heat fluxes demand a thermal protectistes (TPS) in
order to assure the integrity of vehicle strucamd payload.

The most common type of thermal protection in gséhé ablative shield. Ablation is a thermo-phyispracess that
absorbs and eliminates heat through material Tss.ablation can be a simple phase change prdidessyaporation
or sublimation, or involve a complex endothermiemiical reaction. The last is the case for polymesimposites.

Composite materials are vastly employed in laurghighicles due its stiffness, mechanical strenigtlv, weight
and heat resistance. The high temperature expositfothe polymeric composite structure results impyaolysis
reaction, an endothermic processes that absorbkeidte This phenomenon is given the name of corgadilation
(Duffa, 2013).

The most important property of composites usedRS @re high capacity of heat absorption per magghat is
well provided by carbon fiber/phenolic resin comfexs The matrix structure of this composite pragucontent when
subject to pyrolysis and the resulting char (poroabon residue) yields a protective layer overdtnacture (Silva,
2015).

Char layer plays an important role in thermal pettan. This layer acts as a thermal insulator, esiits thermal
conductivity is lower than that of the virgin magtr Most important, the char layer avoids the ashbf atmospheric
oxygen with the pyrolysis zone, which would turre tandothermic reaction of decomposition into anttexanic
reaction of oxidation, adding a heat input to tkxéemal heat load. Because of this protective &ffeéds is very
important to assure the integrity of the char laduting the composite ablation.

The main causes of mechanical char break up arshbaring stress due the aerodynamic friction amdhmic
pressure, the thermal stresses due high tempegragieents between external surface and pyrolysig avhere char is
formed and the internal pressure gradient due #segyielded by resin decomposition. The first affects were
previously studied in the work of Santos and MachéD18). In that work it was verified that the clsérength was
higher than both, internal and external loads.

The estimation of pressure distribution within ttfear layer is quite complex, since it involves thik modeling
and simulation of resin pyrolysis. In this worksianple but reliable model for estimating the gasspure in every point
of the char layer was proposed, in order to evalpa¢ssure distribution in a char layer resultirgrf carbon-phenolic
ablation. Results allow comparing pressure gradigith the char strength and verify the possibitifychar break up
due the internal gas flow.
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2. PHYSICAL PROBLEM AND MATHEMATICAL MODEL

The ablation in a polymeric composite is a comglagnomenon, with many simultaneously physical drergcal
processes, as shown in Fig. 1. The diverse gasgeaduced within the pyrolysis zone and flow te éxternal surface
through the char porous. During the flowing theases continue reacting, transforming in differemtdpcts of resin
decomposition, according with the temperature ithistion in the char layer. The estimation of pressgradient must
account such transformations and consequentlhethpdrature distribution.
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Figure 1. Physical and chemical processes durihgnmyic composite ablation

In this work, the temperature profile in the chaydr thickness is obtained from the previous sitiargperformed
by Pesci et all (2018), where a simple model fdatidn was employed. In that model, pyrolysis zerss approached
as a front where the decomposition occurs. Allttaghematical treatment is detailed in the work afcilado (2014).

With the known temperature distribution, the gasmiltal composition is evaluated at each temperaium@der to
estimate the gas mixing properties. The decompwsiti the phenolic resin generates diverse gasespemne of the
major molecules is the phenol 8zOH). These gases also decompose and react withotlaehin a chain reaction.
The full mechanism of phenolic resin decompositimiudes 48 species and 135 reversible reactioms.réaction rate
is represented by a simplified form of Arrheniusiatipn:

E
ki, =AT” exp(—%) @)

whereA is the pre-exponential factor of Arrhenifigjs constant ané,; is the activation energy of a specie3hese
three constants have to be provided for every imadd represent the proposed kinetic mechanicgs@lconstants
were extracted fronNIST Chemical Kinetics Web Version data bank. The constaR is calculated with the gas
molecular weight.

The sequence of chemical reactions and specie gmxsition of phenolic resin was supposed to begth whenol
and then follow a sequence where all new speceesdded to the group, until all paths of reacti@renincluded. A
reduced but representative form was reached, aspted in Tab. 1.

A numerical code was built iMatlab R2018b ®to evaluate; with temperature, where the Arrhenius Law, Eqg. (1)
was used for many temperature steps from an iniéiale of 800 K, when the decomposition is suppdsdzkgin, until
1800 K., when it is assumed to be completed. Tisecganposition according with the temperature fobaa-phenolic
resin decomposition is showed in Fig. 2, where itompared with some literature data (Scoggins1gQdresenting
excellent agreement.

Once the gas flow composition is established asnation of temperature, its properties and thellpcassure is
estimated. The local value Bf(the gas constant) for the gas mixing is calcdlakégure 3 shows the dependencdof
concerned to gas temperature. The local gas dessltgn obtained through the ideal gas equation:

p=PIRT (2)
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Table 1. Simplified model for the sequence of reast adopted for phenolic resin decomposition.

# Reaction A; E;

1. H + CsHsO « C¢H=OH 2,50x16

2. CeHsOH <> CsHg + CO 1,50x16* 254,00
3. CeHsOH + H CgHsO + H, 1,15x16 51,90
4. CgHsOH + H« CgHg + OH 2,21x10 33,10
5. CeHsOH + OH « CgHsO + H,0 6,00x16

6. CeHsO <> CO + GHs 2,50x16* 183,90
7.  C¢HsOH + C5H5— CsHg + CGHsO  2,67x16 105,60
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Figure 2. Resulting specie fractions in the regirolysis, according with temperature. The symbolthe curves
correspond to the results extracted from ScogdiagX).
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Figure 3. Gas constaRtas function of temperature.
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For a specific instant during ablation, the pressdistribution can be estimated through a modif@un of the
Equation of Ergun (Martin and Boyd, 2010) for adimed bed:

ar _ m a-e? m? (1-¢)
o = 1505 T L5 - RT 3)
wherex is the coordinate normal to the char surfanes the gas flow rate (in mass per second per ceinfiait), i/ is

the gas viscosityD,, is the average porous diameter a@nd the void fraction or porosity of char. The igmations of
Eq.(3) allow obtaining the pressure distributiorttia char layer:

(1-¢)?
&3

P, _ox m ™2 (1-¢)
Jp: PP = [ [150D—5ﬂ + 1755 ]Rde (4)

&3

The local gas viscosity is estimated though thentda proposed by Lee et al. (1966) for natural gaseer a
temperature range of 560-8¢R, up to 8000 psia, extrapolated to 1000 K-2000tkrival:

u=10"a exp [b (0,/62.43)°] (5)
where

a= (9.379 + 0.0160M) T-%(209.2 + 19.26M + T)
b = 3.448 + 0.01009M + (986.4/T)
c=24-02b

g is the gas viscosity (cp) at the absolute tempegatfT (°R), M is the gas molecular weight, apglis the gas density
at prevailing pressure and temperature, in I6mHigure 4 shows viscosity variation according wigmperature,
accounting the gas composition. Since the variatiodiscreet and the equation has been alreadgpmotated, an
average value of 0.5 kg/m.s was assumed.
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Figure 5. Gas viscosity as a function of tempeggtaccording with Eq. (5) and accounting gas coiitipas
3. RESULTS

The proposed model was applied in one of the regultsented by Bittencourt et all (2018) for CarBinenolic
resin ablation in a plasma torch. The process wasdimensional, since it was performed in a cylzalrsample with
the lateral side thermal insulated. In the casdistl) a layer of char was considered after 55 o exposure to a
plasma torch, when the whole layer of virgin matehias been consumed and the char layer have te#uhassumed
char melting temperature of 1939 K and a thickmés§s5 mm. The pyrolysis zone was stabilized in 873

Temperature distribution in the coordinate x, extied from the numerical simulation results, is praésd in Fig. 5.
At that point, the mass rate obtained by numerical simulation was 0.018 Kg/m
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Figure 5. Temperature distribution in coordinate

The micrographic analysis performed in the worlPekci at all. (2108) allowed supposing that thendi@r has an
order near or smaller than the fiber diameter. Beeaf this uncertainty, a sensibility analysistfue porous diameter

is done, in order to verify its influence in theepsure distribution within the char layer. The vivattion is obtained
from the relationship:

e=1- pcha/pc (6)

where o, is the char density ang- is the amorphous carbon density, which are 113&k(Pesci, 2018) and 2100
kg/m® (Manocha, 2003), respectively. These vales résaltvoid fraction of 0.540.

Once all parameter of Eq. (4) are known, the presdistribution can be obtained. The results feedie porous
diameters are presented in Fig. 6, which the fdsure variation in char layer, from the pyrayfsbnt, where the gas
is generated, to the char surface, with the coatdirx. This graphics was generated considering nraament
pressure of 95 kPa (Pesci, 2018). Pressure distibis qualitative and quantitative coherent vtk results presented
by Martin and Boyd (2010). According with Silvathe char strength is about 4 MPa at 1’181 From a straight
comparison, it seems that porous diameter shoulgtdmgter than um (10° m). However, the structural analysis is not
linear, and should be performed considering thelevhoessure distribution, not only the maximum ealu
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Figure 6. Pressure distribution in coordinafer diverse values of porous diameter.
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It should be mentioned that the environment pressitould decrease during the flight. According wiitie
equations, the pressure gradient is quite senditivemperature and less sensitive to absolutespresHowever, in
future works, this aspect should be included inoaentletailed analysis.

4. CONCLUSION

In this work, a simple but reliable method to estienthe pressure distribution of the resulting fygis gas in a char
layer of a composite ablator was presented. Acograiith the results, the maximum pressure occutiénpyrolysis
zone, and the values are compatible with the gasspre drop until the char surface.

Comparing directly the maximum pressures with tharcstrength, a minimum porous diameter was fo@nace
the porous diameter appears to be of the same ofdke fiber used in the composite and the fildes much of the
char strength, this is mandatory to consider taimmeter during the ablator selection. Howeveorder to assure that
the char layer will effectively resist to ablatiprocess, the total combined stresses should besatesrh including the
thermal stress and the shear and normal surfaegsess, which are to be included in future works.
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