Convective Blockage during Earth Re-entry. A review
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During entry, the decomposition of the TPS materialresin by the pyrolysis process
produces blowing gases that are injected in the bodary layer. Induced by the blowing gas,
the blockage phenomenon has a strong effect on thevel of heat-fluxes during entry. For
example, during the preparation of the Stardust mision, numerical simulations have
established a decrease of 35% of the heat-flux atd¢ stagnation point when the blockage was
accounted for. This phenomenon is strongly link tdurbulence and to the porous aspects of
the material. As a consequence, for some planetamntries and Earth super-orbital re-
entries characteristic of sample return missions, lockage is one of the key issues that have to
be addressed. Here, the experimental, numerical anflight data obtained for different
missions involving high level of heat-fluxes are dghered and discussed. The models for
convective blockage found in the literature have @n reviewed in order to propose a generic
way to estimate this phenomenon.

[. Introduction

I n the frame of its science and exploration progras\yrthe European Agency is studying several misssach as
the Jupiter Entry Probe (JEP), the European Veldmonstrator (EVD) and a sample return missioM&rs
involving a high speed Earth re-entry of the sampleirn capsule. These missions are characterigesebere
entries into Jupiter and Earth atmospheres with higat-loads and heat-fluxes. In each case, thatirslheat-flux
is high and for the Jovian entry most of the h&at-fs radiative.

For such entries, the thermal protection systemasle of ablative material able to sustain the higat-load.
The ablative material is pyrolysed and the gasedymred by the material decomposition are blowmh&koundary

layer surrounding the capsule as resumed by Lauvamiatapathyin Fig. 1. The blowing phenomenon has for

effect to block a part of the heat-flux coming frahre high temperature shock layer. This phenomearatied
blockage can reduce drastically the convective @nddiative heat-flux: For Galileo most of the geative heat-
flux was blocked by the strong blowing. The conixextblockage depends mainly on the blowing ratethef
pyrolysis gas and as a consequence on re-entrytimorsdand material properties. The radiative blgekis function
as the species blown in the boundary layer, spéikee€, and G are known for their absorption capabilities.

There is little material in the literature focusiegclusively on blockage: the available data igspavithout any
extensive study focusing on this phenomenon. Howes@me published flight data are available for Wpd,
Pioneer-Venus and Galileo which have been revieamt analyzed by Park and TaubeFhe Galileo mission
prepared by NASA in the seventies has driven soatigity on the blockage phenomenon. In the lastryethe
development of several sample return capsules b$AAnd JAXA such as Genesis, Muses and Stardust
induced a revival of the investigations on blockage

The objective of this review is to gather the bteire data available on blockage with a focus enctinvective
blockage for a high-speed Earth entry. Howeveresitne first elements found in the literature ois tbpic, date
back from the Galileo project, the heritage of thission is a part of the review. The following tpfacuses on the
Pioneer-Venus mission and has been included duketsimilarity between the Venus entry and a supkital
Earth entry. The results found on the high speethEa-entries performed have been reviewed wighhtritage of
Apollo 4 and the experience gained recently on GisnéMuses and Stardust. The last part is dedicatetie
modelling of the convective blockage factor. An orant point to be assessed is the blowing rateeofmaterial. A
critical review of the existing models to estimétées quantity from material properties and entrreteteristics is
performed.
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II. Galileo Heritage

Many studies have been focused on the TPS ar
the aerothermodynamics of Galileo from the mid-
seventies to recently. First papers, on the missio
preparation, date back from the seventies to thiy ea
eighties, while the last ones focus on the pogtHii
analysis, since the Galileo heat-shield was equippe
with ablation detector sensors and thermometers.

Due to very high radiative and convective heat
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fluxes characterizing a Jupiter entry, the dominan
uncertainty factor associated to the heat shiel
recession calculations was the radiation absorptio
within the ablation layer. As a consequence, faés th
mission, the evaluation of the blockage (convective
and radiative) was a major issue. Among the differe
studies, some papers have provided some estimate
the blockage factors and blowing rates estimated fo
Jupiter entry.
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Figure 1: Energy accommodation mechanisms of

A. Convective blockage gblative materials (from Ref. 1)

The convective blockage depends mainly on th
mass injection rate which is directly proportiotathe
surface heating rate. Usually, the ablation prodssassumed to be steady and the wall temperaturine
sublimation temperature of the ablator surface. Galileo entry, due to a massive blowlnthe stagnation point
convective heat-flux was reduced to zero during tnafsthe radiative heating pufseThis reduction of the
convective heat transfer to an insignificant leigelllustrated in Fig. 2. In this figure, the peakthe convective
heat-flux at the stagnation point is shifted inginwith the end of the entry pulse, the blowingdmees weaker and
the convective heating is not completely offsee (tthowing efficiency depends also on the ratio leetwthe mass-
flow-rates of the pyrolysis gas and the freestremass flux). On the frustum (right part of Fig. )¢ carbon
phenolic was submitted to a severe thermal envieirwith a turbulent convective heating representif8 of the
total incident heat-lodd As at the stagnation point, the peak of convectieat-flux is shifted in time under the
blowing effect.
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A first correlation for the convective blockage Hamen proposed by Brewer et®albased solely on laminar
boundary layer flow solutions. Another correlatibas been developed for turbulent fldwk this correlation,
shown in Fig.3, the turbulent convective blockagetdr, (.1, is represented as function of the blowing cogdfit

Figure 2: Stagnation point and frustum heat transfe with and without mass flow i'njection (from Ref.

2

American Institute of Aeronautics and Astronautics
092407



(B’ = m/C,, wherem is the injection rate and,C

the convective heat transfer). Using this corretati CONVECTIVE BLOCKAGE FOR
the convective blockage is given by, TURBULENT BOUNDARY LAYERS
1.083 I ==HRERNY,
2.344( ) G = ( 364 iﬁ-”.ﬂ)tm
= | —— WB'+1 - Cr g | ]
lﬂc'r [ B' B 1 1 (1) 'J.B T L 2 L3 T L] LJ T T L] T r
Compared to laminar flow solutions, the E: = ::ﬁg;%:gg
turbulent  flow solution’ show less blocking 05 ot = 1128 SECONSD |
effectiveness for both convective and radiativet hee 0t = 114.2 SECONDS
transfer. Numerical simulatiofi$ showed that the 0.4 ¢ t = 116.3 SECONDS

turbulence has a pronounced adverse effect on tt
surface heating.

The numerical simulations with ablation
injection® demonstrated that the blowing rates
were of such magnitude (see Fig. 4), that the
turbulent convective heating values were smal
comparing to the radiative values but yet
significant since they were approximately 10% of o ' o
the radiative values on the conical frustum ot S
0 100 200 300 400 0O 600 700
B. Radiative Blockage B =rh/Cy

The first evaluation®'' of the radiative Figure 3: Convective blockage for turbulent bounday
blockage showed that for Jupiter entry studies, thigyers (from Ref. 5)
ablation species injected in the shock-layer
block over 50% of the radiation. For one of
the cases computed by Moss et athe
continuum flux incident at the ablation 1S END OF PROBE
layer edge was reduced from 380 MWW/m . FOREBODY soe
to 149 MWi/nf. The line radiation was M.mA;,da.m
reduced from 229 MW/fto 64 MW/nf at -4 P Lo “Hwl
the wall. For the less severe case the S Ll .

radiative flux was decreased by 63%. 2l

The radiative blockage has been shbwn -
to be large and primarily dependent upon —— " ~-=-- i et 1“1—5;26? |
the absorption of Cand G species. The - 1o 20 30 .0
calculations performed by Moss et “al. ) s

were performed to build a stagnation-point Figure 4: Non dimensional mass injection rate (fronref. 9)
correlation for the blockage factor valid for

a large range of entry conditions that can be use

for parametric studies. This correlation shows tha _BODY ATMOS PHERE
for Jovian entry conditions, as much as 80% of th P55-deg S-C ; 85% H, - 15% HE (REF. 4)
radiation blocked is due to the absorption efa@d 0 O 85-deg S-C ; 85% H, - 15% HE
Ct3 molﬁcules.. Ftlg. 3 ripreslentlf a c?m?anso&;}‘ th O 50-deg 5-C ; 89% H, - 11% HE
stagnation point radiative blockage factors obtdine RADIATION 2+
for%he calrf)ulations of Moss et %_1,_1_ The results BLOCKAGE FACTORS, A50-deg S-C ; 78% H, - 22% HE
show the same trend so that the radiative blockac 1-q, al
factor increases as the magnitude of the radiativ 'ﬂ__ .
heating without injection increases. E@E’o

Most of the radiative flux reduction is the result b c& & a
of absorption by &€ and G species. At the
beginning of Galileo project, absorption properties 8 | 1 ! 1
of many of the ablation products A€, C;H and 0 W 40 0 800
C,4H) were inexistent of very limited as fop.CThe Q) e=p- mw/m?

use of new data for the ablation prodtictsich as  Figure 5: Radiative blockage for coupled carbon-
C.H, GH and GH produces a substantially higher phenolic injection (from Ref. 4)
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sublimation enthalpy than previously. The radiatadvsorption was massively dependent gna@d G species
which exist in the relative cool portion of the abn layer. The density numbers calculated fos¢h&pecies were
function of the temperature-dependent thermodynammoperties. Jonéshad concluded that the uncertainty on C
properties, combined with significant variationstli® measured heat of formation, produced rathige laariations
in the computed concentration of.C
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Figure 6: Radiation blockage correlations and datefor nominal entry and atmosphere (left); on the ridnt,
step entry and cool heavy atmosphere (from Ref. 5)

The G absorption was significant, particularly when newperimental data'® for C; spectral absorption
properties was uséd Since there was some uncertainty on the data fase@;, several investigatiors™* were
performed to provide supplement values, particylf the G Swings bands. The set of data has a large infelenc
as in the calculations made with Brewer and Engelke€; data; the calculated radiative flux is 17% higttemn
with the Jones’s datad™. According to Moss et Jlthe carbon-phenolic injection blocks essentiallythe radiation
from the Lyman lines, a significant portion of tteiation from the Balmer lines and has a negl@ififect on the
radiation from the lower hydrogen line series. Hagne study shows that one band fgraBsorbs more of the
radiation penetrating the ablation layer than tad&hds (Swan, Mulliken, Freymark, and Fox-Herzherg)

The laminar solutiorts showed that the blockage factor on the flank 60& hyperboloid was slightly higher
than the corresponding stagnation point valuess Wauld induce a blockage factor near 60%. Thgeldmockage
factors may be reduced if turbulence occurs andldvba reduced if radiative non equilibrium due &iusation
occurs.

Correlations for the radiative blockage factor,
{1, have been proposed for two Jupiter mode -“"
atmospherés using turbulent flow calculations and
are shown in Fig. 6. This kind of correlation idyon
valid at the stagnation point and cannot be applie
downstream of the stagnation redibn These
correlations are expressed as a function of loce s

SHOCK-LAYER THICKNESS
& COUPLED WITH SPALLATION)

-

body position (S/R), shock stand-off distance {N "
and an average mass addition rate (wheig the
section area and thidl mass loss rate), given as: Ak _, ———— ABLATION-LAYER THICKNESS
J- M dA e €, 0.001
e 2) - i e ik .
.[dA 0 1 : z 3

The addition of carbon vapors to the highFigure 7: Shock layer and ablation layer thickness
temperature portion of the shock layer enhances tifistribution (from Ref. 9)
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radiative transport. Numerical simulatidfis

showed that turbulence has a pronounced adver = - Satd line : Present work
effect on the surface heating. The enhance - Dashed fine : Prasant work with Wakefiok!
transport brings the high temperature shock laye “E 4000 F Eol Wl Hinasieg T8
closer to the surface, causing the dissociation ¢ ~§ E
absorbing molecules. " 3000 Marih Probe
The calculation with coupled spalliatﬂ?n & L " Night Piobe
showed that the coupled heating for a giver L&EOOG i 1 Large Probe . orne
freestream condition is not influenced by £ 3 \ af ©
additional blowing, possibly suggests that the E 5 1 7 \
increased blowing is ineffective in reducing the - 1000 - | s \
surface heating rate because the turbulenc = C o o
produces such a thin layer where significan o f—= = =
absorption occurs. S R I R SRR RS S
In several studié$, the radiative heat-flux 5 10 15 20 25 =0
with coupled injection exceeded the correspondin Flight time from 200km altitude, sec

values for no injection for much of the conical Figure 8: Net heating rates for the stagnation poinof
frustgm. This effect, at least for large heatmga ra iha PioneeLVenus probe: (from Ref. 1)

conditions, was shown to be clearly associated to
the flow turbulencéand to the thicker shock layer due to injectiohe Thickness of the shock layer predicted

numerically with and without injection is displayadFig. 7.

IIl.  Pioneer-Venus

In 1978, four probe vehicles, called Pioneer-Vepigbes (designated as Day, Night, Large and nodhgs),
entered into Venus atmosphere at a speed of 11/& Hime vehicles were protected by carbon-phemaat-shields
equipped with thermocouples: one near the stagnatiint and another at a point close to the frustalge this for
each probe. All thermocouples functioned during thigsion, as well as the accelerometers for twaeheffour
probes. A first attempt to rebuild the flight ditavith CMA'’ was performed in 1980 but the calculated
thermocouple temperature rose to unrealistic higes for both stagnation point and frustum élg&ince then,
in order to validate the tools and approaches,metaby JAXA for preparing the Hayabusa missionesal
attempts have been performed to rebuild this'data* 2
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Figure 9: Left: Gas pressure inside the heat-shieltbr the day probe; Right: Pyrolysis gas injectiorrate (from
Ref. 19)

In the perspective of the numerical rebuilding bfative entries, one of the issues is the validitya steady
approacl. For Pioneer-Venus probes, due to the steep emigjes, the heating pulses for those vehicles were
sudden (see Fig. 8) and, a priori, it is not evidéat the assumption of steady-state pyrolysis vedisl. When a
virgin material is heated, the resin decomposesvapbrizes. As a result, gas bubbles are formedbetome
inevitably interconnected, so that the materialdpees porous. In CMA, the pyrolysis gas escapesuitigt Under
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this assumption, it does not affect the energysjpart phenomenon. This assumption is valid if thieknesses of
the char and the pyrolysis zone are small. SucHl $hieknesses occur at very high pressure and higgting rate
environment typical of missile warheads. At moderptessure, this thickness is substantial. As altrethe

pyrolysis gas spends a substantial time in tranglthrough these zones. During this travel, theolggis gas
absorbs energy and heat and thereby cools theiedater

2000 —_— H'Q]Md!li ’ 1400 — B Flight data
¥ 1800 F= 0" " Pntveny x ~ = — — Wakefied and Pits
n__;‘ i Presertworkwith 2'1200 e E‘::::::rr:with
% 1600 Wakefiold eating rate % Wakefield hosting rate
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200 & PR 1 i 3 5 200 st b a o Be s o a Ve s aa B s b os
i0 18 20 25 30 35 -] i0 12 14 16 18 20
Flight time from 200km altitude, sec Flight time from Z200km altitude, sec

Figure 10: Comparisons between the calculated and easured temperature histories near the stagnation
point for the Day (left) and North (right) probes (from Ref. 19)

As a consequence, an approach considering theasharporous medi&®® has been developed to rebuild the
flight data. Equations based on Darcy law have tsmdved for the solid and gas phases. The goveragugtions
are numerically stiff because of the source terooanting for pyrolysis. The approach was validagdinst the
experimental data obtained in an arc-jet wind tifffrier the same type of carbon phenolic.

The gas pressure for the Day probe is reportedgindwith the pyrolysis gas injection rates foe fiour probes.
The abrupt zone in the left part of this figureresponds to the pyrolysis front. For Pioneer-Veenisy conditions,
pyrolysis gas pressure reaches 30ati8uch a pressure may induce spalliation. Thisesgweth other works
showing that the internal gas pressure in carb@mglic can be higher than 30 atm.

The thickness of the pyrolysis zone, after the gdeedting when the thermocouple temperature is maxirfor
the Day probe, is in between 20% and 35% of thé-$tgald depending on the predictidts. The differences in
the prediction of the pyrolysis zone thickness

seem to originate from slight differences in the ar

models used in these two studies. [ 2 DayProbe
The thermocouple temperatures have bee 25 F g :;‘:;’:&:

rebuilt for the North and Day probes. The [ | ——r Lwe'ﬁoh,e

results obtained by Wakefield and Pftsnd
Ahn et al® are reported in Fig. 10. The
calculations performed by Wakefield and Pftts
based on a steady state approach overpredict tl
temperature to exceed the melting point of the
thermocouples. The method developed by Ahr
et alf® led to a more realistic agreement,
particularly for the slope and the peak values
For both probes, there is a tendency to predic
the onset of temperature raise earlier in the :
trajectory than in the flight data. This might be E
due to the heat-transfer occurring at the 5" ' '1::'“""""' bbbt ddecbed
thermocouple junctions or to clocking errdrs » 20 25 30 s
The pyrolysis gas has a strong cooling effec Flight time from 200km altitude, sec
gir;fter:gnscuerf%(}e;%rglﬁe?ééj]w;tth agne:)xelr:; rrg)fOftheFigure 11_: Calculated surfaceggrecession for the sgmation
thermocouple temperature when thispo'm of Pioneer-Venus probe

Surface recession, mm
&

b
TIT TS I T T[T I T e
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phenomenon is considered. Accounting for the cgoéffects of the pyrolysis gHsyields to a better agreement
with the flight data obtained from the thermocospiean without.

Some computations have been performed accountirthdaconvective blockad® This effect was included for
the Large and Night probes and excluded for the Bay North probes. The choice déheas arbitrarily and
reflects the uncertainty on a possible turbulemivfin the regions of measurement. Numerical sinmiatshow a
strong decrease of the heat-flux level when thekage is taken into account with a drop in the eaoig55-60% of
the net heat fl¥, defined as the sum of the convective and radidtizat-fluxes minus the wall radiative cooling.
Of course, in the case of a turbulent flow, thidugion is, at least, partially offset due to tihherease in heat-
transfer at the surface.

The calculated surface recession at the stagnptiont due to the vaporization is presented in Eig.From the
four probes the D ay probe is ablated the mostregvdy oxidation. Average recession for the hdutls was
around 2 mm.

IV. High-Speed Earth Re-Entry

A high speed Earth entry is much less ablative tndovian entry. However, for superorbital missjagh as
sample return missions and manned missions to thenlvablation is a key issue. TPS recession wamdrémm
with a charring of 2 cm for Apollo 4 (see Fig. 13pome elements on blockage, related to high speeith Entry,
have been found in the literature and gatheredaftere The review focuses on the flight and nunsridata
obtained in the context of high speed Earth entpiegormed for sample return and manned missionmlig,
Genesis, Stardust, Muses and some Russian missions.

A. Apollo 4 and 6

To prepare the manned return capsule to the Mopollé&4 and 6, two prototype vehicles, were flowrlB67
and 1968 respectively. They were instrumented pitbssure sensors, several calorimeters (17 on dhizat
section and 10 on the aft section) and radiometérsadiometers) were embarked on-b&4ardit least one
calorimeter and radiometer were located closedastagnation point.

Apollo TPS was made of AVCOAYT a highly ablative and catalytic material made pbxy resin reinforced
with quartz fibers and lightened with phenolic roigalloons. The entry conditions were sufficientivere to
provoke a regime with a strong pyrolysis gas ingectand char formation. The ground tests perforrasithg
AVCOAT? showed that for almost the test conditions, théen spalled.

For both vehicles, the radiometer produced relialtia (see Fig. 12) throughout the entry trajectbligwever,
the calorimeters provided reliable data only atlieginning of the flight because later on the digexceeded the
useful range of the senstrs

The entry velocity was 10.73 km/s for Apollo 4, kv peak heating at stagnation point aré&sdvW/n?. For
Apollo 6, the entry trajectory was degraded witheanry velocity of 9.5 km/s due to an unsuccesaftémpt to
reignite the Saturn 5 launcher.

Several studies have been dedicated to the

numerical rebuilding of the flight d&fet’. SR

Numerical rebuilding of Apollo 4 and 6 entry [ 4

aerothermodynamics were performed by Lee f oo2char -

and Goodricff. Generally, the results eor = a

compared fairly well with the flight data. The g —— 7

response of the ablative heat-shield during the £ ;5[ radiation W 0.98 char

entry was calculated by Curry and Stepféns = C o A Apollo 4, stagnation point

and the predictions for surface recessions, ch: = E G5 L

depths, and temperature histories at selecte & F W/ & charsonsor,memsured

SOIth are in good agreement with the flight = L i awadion - :ﬁﬁ;@;@xnﬁem&d.
ata. o5k ]

Due to the low entry velocity of Apollo 6, = sudamfmﬁim

there are more studies in the literature focusiny F 7!

on Apollo 4. Recent studies have been . - e s e~ o

performed using this data since this is the only Fligh time from 120 km alfitude, sec

flight data set for a high speed Earth entrygjg,re 12: Rates of surface recession and charringt the

available in the open literature. Numerical giagnation point (from Ref.Erreur ! Signet non définji.
rebuilding of the stagnation-point heating rates
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of both Apollo 4 and 6 has been performed by

Park and Taub&rA recent investigation on the ~ 2% .
stagnation point radiation for Apollo 4 has been - /M{
conducted by Pafk in this paper, details on il §
heat-flux and analysis of surface recession an 15~ | ¥ —surface vaporization rate = 0,012 kg/(m’-s)
blowing rate history along the trajectory are alsc Jg i JF i \ pyrolysis gas injection rate = 0,018 kg/(m™-s)
pl’OVidEd. § i ! Apollo 4, slagnation point
At the peak heating point of Apollo 4 entry £ 1o} J ; \‘-\ j:‘;’rf;;:a":'"““’"’ ",
trajectory, the convective and radiative heatin¢ § L4 N =0
rates were about 3.5 and 1.7 MW/mat the g F i x A\
stagnation point. However, about 2/3 of the = osk| [! e Y\
convective heating rate was due to absorption ¢ § IJ : g™ \
radiation in the boundary layer. The intrinsic e \\__‘
components of convective and radiative heating | 0 0 R (T, .. N N “Thsssa
rates were about 1.1 and 4.1 MW/m 0 100 200 300 400 500 600 700

respectively. Flight time from 122 km altitude, sec

The injection rate of pyrolysis gas and theFigure 13: Rates of surface vaporization and pyrolsis
rate of vaporization of the heat-shield surfacegases at Apollo 4 stagnation point (from RefErreur !
were obtained using char sensors and the
distribution of the density of the heat-shield nniatlein the recovered vehicle (Apollo 4). This leatd two sets of
data for Apollo 4: one from the sensors duringftight and the second from the recovered heat-gdhiehese two
sets of data were not consistent leading to twiemifit values for both injection and vaporizatiates. This data
has been reviewed and discussed by P&tk Sionet non défini. “and then distributions of rates of surface vagation
and pyrolysis gas injection at the stagnation poavwe been derived from the data as shown in Big. 1

From the recovered heat-shield the rate of chaemahtrecession per meter of surface recession 344s3
kg/m®. The rate of surface vaporization can be relatetie rate of surface recession as follows,

char vaporisation ratesm surface vaporisation 341 3)

The rate of resin removal has been interpretedapf "' Sianet non défini. 1 e the rate of injection of pyrolysis gas.
The rate of resin removal per meter of char midpaitvance is 167.5 kgAnThe rate of resin removal per meter of
surface recession is 0.44867.5 kg/m. As a consequence, this author obtained:

pyrolysis gas injection ratg;m char midpoint advance ratel67 (4)

+ surface recession rat®.449x 167

The surface recession rate and the char midpowree rate were obtained by differentiating thefamer
recession value and the char midpoint value in ER&y.The resulting rates of char vaporization aplysis gas
injection are shown in Fig. 13.

B. Genesis

Little data is available in the literature on Geasgzarticularly for aerothermodynamics and heaglshdesign;
indeed most of the works performed on ablation aatbthermodynamics heating were not publi$heS8ome
elements on ablation are available in this lasepap

Genesis heat-shield was made of carbon-carborrgfifehighly ordered pyrolytic carbon) and was eguipped
of sensors for the re-entry. The TPS had a thickmés3.8 cm; the high density (1.8 gfnmaterial was highly
conductive with a high surface temperature (2870 K)

The entry velocity of Genesis was slower than far@ist and Hayabusa: 11 km/s against 12.9 km/slarkl
km/s respectively. Stardust arrives faster thaneSisnand has a PIGAheat shield. Because of that, the peak
surface temperature will not raise above 3500 Kyperature at which a convective surface layer ohpounds
(CO, G, air) carries away heat and in effect blocks baumpdayer energy from reaching the surface.

The ablation rate has been studied from the sigaatiisodium traces in the heat shield materidibized by
the total amount of matter lost from the recoveskitld. According to Jenniskens et?almost of the Genesis
carbon-carbon heat shield is ablated over a peiaabout 40 seconds around peak heating. Mosteofithation
would be due to oxidation, leading to CO and cardtmms (from the decomposition of CO into C + O yfvam
the surface). Peak ablation rate is 0.5 kg/s fareSes (0.2 kg/s for Stardust) nearly of which goés CO.
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Radiation emission may be more intense for thed8#&rre-entry, which is expected to ablate sigaific
amounts of carbon in the form of atoms andReliminary calculations of ablation products &enesis show that
CN Violet band around 400 nm may be detectablen @heugh abundances are expected to bé'lo@N is
generated from the interaction of carbon atoms fileensurface with the nitrogen in the shock layer.

In the process of making the carbon-carbon, soméit component containing sodium left traces anfthers.
The measurements of sodium D-line intensity, euves law rate, can be related to ablation. Sodiuranilement
that will rapidly ionize in the shock layer aftexalving the surface. Hence, the intensity of sodamission is
expected to be proportional to the ablation rate.

C. Hayabusa (Muses-C)
The Hayabusa mission, also nhamed Muses, is orfeeahbst ambitious sample return mission ever perdor
It is a sample return mission to the asteroid Nemiacovered in 1982. The return capsule is platogrerform a
re-entry at 12.5 km/s in 2010 with a landing in &aka using a parachute. The allowable storingcepfar the
capsule was very small: 40 cm in base diameterl@nch in depth with a allowed mass of 26%g he small size
or the return capsule was a strong constraintif®miission preparation.
For the trade-off of the TPS material, three caatgid were selected:
- Carbon/carbon composite material backed by a lawsitiesilica insulator,
- Carbon phenolic as used for Galileo and Pioneem¥en
- Alow-density carbon phenolic: PIGA*®
At the time of the mission preparation, PICA was flight qualified and not available in Japan. Garkcarbon
is known to better resist to high heating ratestbotls to be heavy because of the back insulateallf; carbon
phenolic was retained as baselnegith a thickness of the heat-shield of 1cm, thesnaf the heat-shield is 2kg.
Due to the lack of flight data for a high-speedtiantry and to the similarity with a Venus enthyXA has
undertaken a large effort based on the data olstalneng the Pioneer-Venus mission, the tools usatksign the
TPS have been validated using the Pioneer-Venghtfllata. TPS design numerical investigations Hhasen
performed accounting for surface combustion andveciive blockag®&. Convective heat-transfer has been
calculated using a frozen boundary approach anitiael heat-transfer from published literature. Tdmvective
blockage was determined using the boundary layeatans through a similarity transformation. Th@m@ach was
validated for carbon phenolic using Pioneer-Vena dAccording to Ref. 32, in a G@tmosphere with a carbon
phenolic heat-shield the most significant react®the combustion of carbon producing CO. As a equence, the

rate of mass losdjn,,,, of the char through combustion is,

a

a

m, =K £ (5)
1+ K
9.09280,T.,

WhereT,, is the wall temperaturey, the wall densitya,? is the species mass fraction of atomic oxygermat t
boundary layer edge argthe reaction probability is given as,

du,

— (6)
dx

Wherey is the convective blockage fact@cis the Schmidt numbepr, the viscosity andi. the velocity at the

boundary layer edge.

The rate of heat-transfer through this process is,
a

k = 0763ySc® (o, u, )"

Qg = 226107« aeK @)
1+
9.092 8o, T,

The wall value of atomic oxygen is computed by Bajva diffusion equation as proposed by Goufar@ihe
result is,

(@,), 26— ®
r 9.09280,+/T.
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Catalytic recombination of oxygen and nitrogen baen neglected, and surface nitridation was notroks.
Carbon char sublimates and the main sublimatiodysts is G. The rate of mass loss by sublimatiog is
expressed as,

m, = 6.0610,,T, (a2 -a’)y ©
Wherey is the sublimation coefficient. For a smooth vaaill G its value is 0.03. For a rough wall, it has to be

multiplied by the ration of the wet area to thejpated area, with a final value about 0.1. By saivthe Goulard
diffusion equation and combining with the last otie, mass loss rate is,

1_3591013y\/ﬁe—90845ww

M, = 22610«
Kk +6.061yp,T,

(10)

The heat transfer follows as,

g, = H m, 11j

WhereH = 1.693 10 J/kg.

Like for Pioneer-Venus, the flow was supposed tdalpginar at the stagnation point but turbulent aher cone.
For the design of the TPS, turbulent transition essumed to occur instantly at the sonic line 0atl@cation. Heat-
fluxes were calculated at the stagnation and dowast points. The maximum was located at the doeastrpoint
due to the turbulent flow. The predictions of raidia flux reach a value of 4 MW/mat the stagnation point while
the total heat-flux is 12 MW/fm At the frustum edge the maximum of heat-flux & MW/m? due to turbulent
heating.

The computations for response material predictishewed that the total ablated depth is 0.3 mm at th
stagnation point and 0.58 mm at the downstreamt plmitthe inner region the first 0.2 cm of the migtieturned into
char while the pyrolysis does not occur deeper théncm. At the frustum edge, the char thickness mearly 0.5
cm and the pyrolysis stops at 0.2 cm from the ifrmemdary. According to these calculations, canble@nolic was
found to be a suitable material for MUSES-C.

D. Russian sample return missions

From the sixties to the eighties, Soviet Union Hadeloped several exploration missions involving@dpheric
entries. This was the case for Luna 16, a samplerrenission to the Moon involving a high-speedtieantry. The
missions performed for Venus exploration such aseva and Vega can also be cited. Unfortunatelyetlge no
data available in the literature on the TPS matenmsed for the heat-shields, as well as on patefitght or
experimental measurements.

However, in the last years, in the frame of the@SInternational Science and Technology Centrejmmme
between Europe and Russia, some developiidmse been done to assess the blockage for a Miasle return
mission.

Investigations on blockage have been performethdtin Mars entry and high-speed Earth re-entry. Albeing
effect on heterogeneous catalysis has been nuritgdca experimentally investigated for a Mars gritr Moscow
at IPM®. For a high-speed Earth entry, correlation for ¢thavective blockage has been proposed and islatétai
later on in this paper.

E. Stardust

The Stardust aerothermodynamics has been extepsinastigated during the mission preparation arnarge
amount of numerical data is available in the litere. At 12.6 km/s, Stardust entry has been thtesasver
attempted into Earth atmosphere. The forebody TRS made of PICR, a lightweight ceramic ablator close to
carbon phenolic with the same elemental composi8@#6 of carbon, 4.9% of oxygen, 2.2% of hydroged 8.9%
of nitrogen. It is however less dense and has ntmwbkr thermal conductivity than carbon phenolichwihe same
ablation performance. Carbon phenolic has beenlales® to withstand very high pressures, of the oodd.0 atm.
For Stardust, the peak entry pressure was neat@5Therefore, the high mechanical strength df@amphenolic
was not needed. In Stardust context, PICA was ableng technology, because the mission cost andjhwei
constraints could not have been met using a heasidon-phenolic heat-shield. The backcover wasentdSLA
561, a silicone elastomeric material already usedHerViking probes and re-used for Mars-Pathfindére peak
heat flux on the afterbodywas almost two orders of magnitude less thantdmgnation point heat flux.

The heat-flux during entry has been comptit&tialong the trajectory using a loosely coupled apphowith
radiation and ablation. The surface temperatureth@doupled mass injection rate were calculateddrgting the
solution of the flow-field and material response@ipns. Guptd has only computed, while the afterbody with the
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wake was also calculated by Olynick et*al Flow-field calculations were based on 18 and gécies chemical
models in** and® respectively. Computations were carried with aritheut accounting for ablation products. A
significant difference between the two models @t the ions N, 0," and NO were dropped from the 18-species
model. Due to their small mass fraction in the fldtlese ions were removed to decrease the commahtiost.
According to Gupt¥®, a non ablating surface using a fully catalytic llweondition (with complete
recombination) may not be realistic at temperatgrester than 2000 K. A physically consistent bargaondition
in this case would be an equilibrium catalytic wathich would reduce to a fully catalytic boundagndition at
lower temperatures (<2000 K). The other set of astaons® were performed for a non catalytic wall, a fully
catalytic wall and a wall at local equilibrium. Tvimundary conditions were used by Gdptaon ablative with a
fully catalytic wall at radiative equilibrium fohe forebody and the afterbody, and an ablative itiondon the
forebody with a fully catalytic wall at the forebad

g. ;g 10 Ablation products at 54 s (Peak Heating)
0.06 — m
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0.03 [ m——
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Figure 14: Left: Stagnation ablation species profié,s at equilibrium (from Ref. 38) Right: Peak heating
conditions computed (from Ref. 31)
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Figure 15: Stagnation blowing rate versus time preidted by Olynick et af* (left) and Gupta® (right)

For most of the trajectory investigat&d® the surface temperatures are higher than 3008efice, the fully
catalytic wall boundary condition is physically ppropriate since full recombination of air cannet forced for
temperature higher than 2000 K.

The ablation of SLA-561 was not considered by Qiknét af* even if the afterbody heat-shield is ablating
during entry. Fully catalytic simulations were perhed to provide arc-jet test conditions while thiglative
computations were used to size the heat-shield.
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Gupta® to compute the radiative heat-flux has negledvedprecursor effects and the freestream was caeside
to be cold and transparent. In the same study&s expected to be the main absorbing specietandtiaviolet
properties were taken from Shifin

The ablation boundary conditions, namely blowiater species mass fractions and wall temperatarehé
flow-field solution were obtained iteratively by sasning the surface composition to be in equilibriamnthe
temperatures and pressures predicted from a matesigonse code (with inputs of wall heat transied pressure
from the flow-field solution). The pyrolysis gasroposition at the surface was obtained by assuntiag the
surface is in equilibrium at the local temperatamel pressure.

According to Guptd®, it was not obvious from the results of Park arufA how some of the pyrolysis species
such as CH CH;, CH,, and G were accounted for. Molar fractions of ablatioedps are displayed in Fig. 14. The
dominant ablation species from PICA are CO andsgcondary ablation products are C, HCN, CN and &
blowing gases from PICA consist primarily of chathwa small amount of pyrolysis gas.

The ablation injection, radiative transport andtience models are those retained by Gupta ®tFar ablation
injection a steady state is assumed. For the sudhlation cases considered in the present stadgnergy balance
at the flow-field ablator interface gives the cagmass injection rate:

_ R _.C
m o= [ w0 (12)

>.(ch), —h,
i=1
Where q,” is the radiative heat-flux at the

wall, q,° the convective heat-fluxG andh; the 0.02

species mass fraction and species enthalg I- —— Laminar
respectively, and h,, the enthalpy of ===« Turbulent
undecomposed ablation materia. 7T i

The stagnation blowing rates predicted along
the trajectory’>*® are plotted in Fig. 15. At peak 4
heating, where the peak mass injection ratp_V. o.o01}
occurs, the surface blowing rate is about 3% o
the freestream mass ffth In the same study,
the maximum ratio, between the blowing rate
and the freestream mass flux, occurs early in th
trajectory and is about 13 %. Thus, the effects o

.......

the mass injection rate on the shock standof 000l

distance are more pronounced earlier along th 1 ! 1 I ] J
trajectory. There is a strong discrepancy 000 040 0.20 0.30 0.40 0.50
between the computed values of the mas_ i

injection rates predicted in the two studféé  Figure 16: Mass injection rate distribution at peak

The values obtained by Guare half of those heating®

obtained by Olynick et &L These differences

might be due to different surface elemental contjmrsi The dominant ablation species, not includ€d are GH,

CsH and %ZBH' Non inclusion of these species may be respandinl the differences with the mass loss rates
obtained irt".

Turbulent and laminar mass injection rates preditig Gupta® are displayed in Fig. 16. The small injection
rates are usually encountered before large scédiation and sublimation drive the species, duehtofteestream,
away from the surface. There was no noticeableceffé ablation injection and turbulence on surfacessure
distribution.

The distributions of heat-flux along the surfacepaak heating obtained by Guftand Olynick et & are
displayed in Fig. 17. A maximum stagnation heatifigthout 11 MW/ was obtained in [38] for the no ablation
injection case with equilibrium flow chemistry andequilibrium catalytic wall boundary condition. Thadiative
equilibrium wall temperature was about 3800 K. Asd value for the maximum peak heating, 12 MfyAvas
obtained by Olynick et & Results for a fully catalytic wall obtained inthstudied"*®are in good agreement. For
both predictions with ablation injection, the piedd stagnation point heat-flux at peak heatingdsiced by about
35 % (see Fig. 17). After peak heating, the blowatdg is lower as shown in Fig. 15, and the bloekagablation is
less effective. According to Olynick et 8J.reduction in heating due to ablation is slighélgs downstream of the

12

American Institute of Aeronautics and Astronautics
092407



stagnation point, along the conical flank, and otrex shoulder. For the ablation injection and tigbu flow
solutions, the heating is reduced by only 13% andbnical flank and the shoulder comparing to a-alolating
laminar solution. On the left part of Fig. 17, tregluction in heating by ablation injection appe@arde partially
offset by the augmentation due to turbulence.

1200~ Poak Heating (54 s)
1200 - Radiative heating component is not included in q

No ablation
——o— Abiation (1" iteration)
200 ——o— Abiation (2™ iteration)
—- Abiation (3™ fteration)
u 1 L i ' J
0.00 0.10 0.20 0.30 0.40 0.50
8(m)

Figure 17: Total surface heat-flux distribution at peak heating conditions calculated by Gupt¥ (left) and
Olynick et al®** (right)

The radiative heating for Stardust was around

10% of the total heating at the stagnation poin N/m*
and 7% at the shouldér Generally, the non- Wagp
equilibrium effects should incredde¢he radiative 800F
heating in comparison to the equilibrium value. aooE-
Ablation reduces the surface gradients of 3
temperature and that of various species mas 3 T00F
fractions, causing a decrease of convective an & gook
diffusive heat-fluxes. CO, one of the main
. L 500F
ablation products, lowers significantly the wall 3
enthalpy. There is a slight increase of radiatior 400F O— no ablation
with ablation before the peak heatifigh deeper 300k [ ablat
penetration of the shock layer by the ablatior
species C and CO in the earlier time of the 200F
trajectory has been reportéd, and the increase 100k
in radiation from C lines and CO(4+) is only 0 . ; ) L
partially offset by the absorption of ablation
30 40 50 70 BD

species during that period. Iir:g (s)
Another effect of ablation is to reduce the . h .

surface shear by reducing the normal velocit)F'gure 18: Comparison of non ablating and ablating

gradient at the surface. In Fig. 18, the peak sheap@ak surface shear versus tim (from Ref. 31)

located at the shoulder, is plotted versus time fHuuction of the peak shear due to ablationusleg 25%. If the

shear is too large and is beyond the material dithien spalliation occurs. Surface recession pedlicy Olynick et

al3* was about 1 cm at the stagnation point and 0.5\@nthe cone.

V. Modelling of the Convective Blockage
Most of the numerical data gathered during thiseswon convective blockage were related to two ioiss

Galileo and Stardust. For Galileo, the way to eaterthe blockage or even the blowing rate was mastbed on
semi-empirical correlations obtained from experitabrand/or numerical results. For Stardust, 25 gdater,
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numerical predictions using coupled approach betw@eD and material response codes were undertétkehis
section an assessment to predict the convectiwakdd is carried out based on the studies reportdud literature.

A. Convective blockage factor
The convective blockage factag, is a reduction function defined as,

C, = ¢.C,, (13)

w
WhereC,, is the convective heat transfer of the surfacewaating for the blowing, whil€,, , is the convective
heat transfer for the non ablating surface.
From the relation (13) the heat-flux at the wal te derivetf*as,

g = C,(h-h,) (14)
Whereh, is the total gas enthalpy aihg is the enthalpy of the gas mixture in the boundayer at the wall
temperature.
The reduction function can be estimated using nitalsimulations or from semi-empirical correlaomhese
two methods are described hereafter.

1. Semi-empirical correlations

Several correlations foy, established during the Galileo project, can henébin the literature (see section ).
These correlations are semi-empirical and baseekparimental or computational data valid only faopider entry
conditions and carbon-phenolic material. Some aa Vfor laminar flows, other for turbulent flow3hey are
function as the blowing rate factor determined gsami-empirical formula.

According to Duff4® a lot of empirical correlations that can be foim¢he literature, are of the type,

1
= (15)
Y. 175
Wheren is an arbitrarily parameteB., the non dimensional blowing rate is defined as,
m
B = — (16)
C:W,O

Behind correlation (15) an important physical pheraon is hidden: the separated flow for strongctijas™.
For low Mach numbers and laminar flows, this effemh occur abovB’ = 2.6. This shows also that the Reynolds
similarity is not valid for the strong injectiondue to the separation, the friction coefficienh&gative while the
flux and the Stanton number are positive.

For the Muses-C project, Ahn and Parkave derived a correlation (see §IV.C) based enaifalysis of the
main driven phenomena specific to carbon phenaltt enus atmosphere. This correlation has a fomilai to
Equation (15). If the approach for establishing ttorrelation is attractive, the validity is rested to the same TPS
material performing a similar entry.

Another interesting correlation has been reportelbrzinov et al** where the reduction factor is,

W, = 1-KB 71

This correlation is valid for the moderate valuéshe non dimensional blowing rai (B’ < 1). K is a constant
close to 0.6 for a laminar flot

A more generic blowing rate correction equation loarfoun
reduction facto is given by,

v, = In(1+2/B") (8
C ZABI

WhereA is the blowing reduction parameter. For laminaw8 its value is 0.5 and Equation (18) reducesi¢o t
classical laminar flow blowing equatitih A variable is used for cases with transitionall anrbulent flows. For
laminar flows and the small values®f, Equation (18) leads to,

Y., = 1-05B (19)
This equation fory is similar to the relation (17) with a value Kfequal to 0.5 instead of 0.6. Using this
approach, benchmark solutions were calculated angpared with available solutions for PIEACode-to-code

comparisons have shown consistency and accuraayfmtip configuration made of different materialth PICA
among them. A benchmdfkhas been performed between fully coupled ablasiveulations and non ablative
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predictions coupled to this approach. Numericalltsshave shown a very good agreement betweenwbe t
approaches which demonstrates the interest ofrtethod to account for convective blockage.

It does not seem to be generic specific correlatifor turbulent flows. According to Duffy based on
comparisons between correlations and experimessalts, the correlations used for laminar flowsstilevalid for
the turbulent ones.

2. Numerical predictions

Another way to estimate the blowing factor is tofpen numerical simulations. This way has been msitely
used for GaliledEmeur* Sianet non défini. v qotermine the convective blockage factor atstiagnation point. This task
can be achieved through the fully coupling betwaddFD and a material response code. Fully coupmgosely
coupling can be used; in both cases the hypotbésisteady ablation state is generally assumed.

The loosely coupled approach is carried out ag¥ial The ablative species and the blowing rateletermined
using a material response code. Then, a CFD codedded where an ablative boundary is integratédhi&
boundary, the blowing rate and the different spepi®duced by the pyrolysis process are account&t'f.

In the case of the fully coupled approach, CFD araderials codes are interfaced. This method wad fare
Stardust"*® With the hypothesis of a steady ablation statenfthe flow-field calculations, knowing the maggri
composition and its sublimation temperature, ttmviig rate and the gas species injected in the demyriayer can
be predicted. Then, the flow-field is predicted@eatting for the new boundary conditions at the vaalil pyrolysis
gas injection. The process is performed till thevemgence of the solution which can be achievead/inpassed™*
From the comparison between non-ablative predistamd coupled solutions the blockage factor casskessed.

3. Stagnation point correlations

Among the studies performed in the frame of 18 several were focused on blockage for a Mars sampl
return mission. The effort has been put on stagnaibint blockage and several correlations have llegeloped
and validate using experimental tests performea ptasmatron. One of the well known formdfa®r stagnation
point blockage valid for a fully catalytic wall is,

S - 1_072B+013B° (20)
o

WhereB is the blowing parameter defined as,
B — pWU w(he_hw)
qW,O

Wherep,, U,, andh,, are the wall density, velocity and enthalpy re$ipety, he is the enthalpy at the boundary
layer edge.

According to Chernyi and Los& this correlation is valid for different plasmatrpower and injecting gases.
However, this correlation is not valid for non dgtig walls. Using the same type approach and erpantal tests, a
correlation for a non-catalytic wall has been pgzt>*°

O
qvwo

(21)

= 1-11B, + 015B,* (22)

With B; defined as,
—_ W W( ef VI/)
B, P w\e TNy ) U, \he —h

Here,h'y andh', are the frozen enthalpy at the boundary layer edge

The correlation (22) has also been validated fffeint plasmatron power and injected gases. Howewéigh
power regimes with oxygen injection, this corralatis no more valid due to the intensive reductbmeat-flux
(induced by the exchange reactions 0-+NNO + N and NO + O> N + O,).

(23)

B. Blowing rate
All the correlations for convective blockage gatweduring this review depend on the blowing rateer€ are
many correlations for computing the blowing rateanfablative material. Some of them are empiriodl therefore
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material dependent, other are based on surfacgyebatance at the material surface and are morergersemi-
empirical correlations were extensively used far @alileo project. For more recent studies the iptieth of the
blowing rate is mostly based on the energy balantiee wall.

In the perspective of the assessment of the blegkhg estimate of the blowing rate from materiaperties
and flow conditions is the driving point. The blogi term represents the gaseous diffusion of therdposing
material into the boundary layer causing a thickgndf the boundary layer and a reduction of thepemature
gradient.

For Izawa and Sawatfa the blowing parameteB is the ratio of the injected mass rate to thetivacof the
maximum available heat arriving at the surface atithmass addition,

B = M 24)
Qo

WhereT, and T,, are the total and wall temperatures respectielgC, is the specific heat.

Two phenomena complicate the computation of blowihg state of the pyrolysis gas, laminar or tuebtil and
the spalliation. For TPS sizing the predictiontdd blowing rate is a critical point. Small changebkeating rate and
surface temperature result in large changes irtiabland surface blowing rafé The large changes in the blowing
rate cause significant changes in subsequent lgedtas that result in large oscillations in suefaeating as the
solution technique moves from trajectory pointrajectory point.

4. Galileo Background

Several modelling of the blowing rate have beermppsed during Galileo project. In the case of Galilthe
prediction was more complex due to the problempaflmtion. The first correlation found in the ligdure has been
proposed by Moss & Simmonsiccording to them the mass injection rate ismivg

R c
A ~0w — 0y :
m = N + msp,

Z(Ci h )w -h,

i=1
This expression is close to Equation (12) usedngu8tardust project, the only difference is thespnee of an
additional term representing spalliation. The espiens for the ablation mass loss due to spalfiaticere
experimentally derived by Lundgll In these relations, the mass loss rate is prigpattto the incident heat flux.
The correlations for each of the heat-shield maleare given as,

m,, = 0.0099(q, —1450) (26)
For the chopped-molded carbon phenolic of the mage and as follows for the tape-wrapped carbomglie

used at the frustum

m,, = 0.0073(q, —850) (27)

spl
This modelling has not been retained for the plgitf analysis of Galileo entry performed by Matama et af
where numerical simulations accounting for ablateomd radiation have been carried out. For the bagynd
conditions, these authors have also assumed aysaddation process. The injection rate was deteedhifiom an
energy balance at the wall,
R C
P il (28)
AH
WheredH, is the heat of ablation.
This approach is close to the correlation (25), éav the effect of spalliation is not accounted fiine wall
temperature coincides with the sublimation tempeeabdf the ablator. The sublimation temperature thedheat of
ablation for the carbon phendli(92% of carbon, 6% of oxygen and 2% of hydrogemass) are given by,

T, = 37970+ 3420logp, +300(logp,) (29)

sub

(25)

AH, = 280-1375ogp, +27.2(logp,y (30)

a

Wherep,, is the wall pressure in atmospheres.
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5. Other models
One of the first correlations found in the liter@uo model the blowing rate has been proposed bizé et

al>®. This correlation, based on experimental data;ritess the ablation rate for graphite as,
-1/2

. 2 _ 6 22147, ) 305 s o 2214/T, 2
m(R/p)’? = 11910°e 2™ 20+ 48810 I+ 160 P e (31)

WhereR is the nose radius. This kind of correlation hasrang level of empiricism with a validity restied to
the same material for similar test conditions.

Another way is to determine the blowing rate frdra surface recession rds, defined by,

As = m (32)
Py

Wherep, is the density of the virgin material. Here, alpninary knowledge of the material for known entry
conditions is required. It is a similar approachtttvas reported in § IV.A to analyze Apollo 4 rergrirom flight
data.

Several correlations to predict the blowing haverbestablished using boundary layer analysis. Sch
approacPf has been used to compute the blowing rate for rgnnaenvironment and carbon-based TPS. The
boundary layer analysis leads to a global Knudsamgimuir equation for the ablation product speaies

m = :BpWCW (ZEW_ aw) (33)

Where S is the vaporization coefficien€,, the mean molecular speed of the ablation prodpetiss at wall
temperature and the subscriptdenotes equilibrium. The wall mass fraction iscukdted from the equilibrium
vapor pressure and the mean molecular weight. Tudilerium pressure is calculated as function oé thall
temperature with an empirical correlation dependinghe material.

This equation becomes for a helium atmosphere,

ﬁ1 - [3fDM/hA (pE.+ pvv) (34)
4KT,,

WhereM andk are the mean molecular mass and the Boltzmannaungspectively, ange the wall pressure
at equilibrium.

For the preparation of Muses-C re-entry Ahn & PaHave developed an approach based on both theretic
analysis and empirical results. The predictionhef blowing rate is carried out through the analg$ithe boundary
layer assuming several hypotheses. Due to thesatheges this approach is restricted to carbon-gieefiBS and
has been validated using Pioneer-Venus data. Tpethgses assumed are: low recombination of oxygeh a
nitrogen at the wall, interaction between carbod axygen only, non nitridation can be applied farEarth high-
speed entry; however the correlation developednly walid for carbon phenolic and its applicatiom another
material might be questionable due to the hyposheside.

C. Interaction with the char porous media

In material response codes, the charring phenomé&arsually calculated assuming that the pyrolysas
escapes instantly. Under this assumption the psi®lyas, when formed, does not affect the trangggmhomenon.
Such assumption is valid if the thickness of tharclayer is small. Such small thicknesses occuweay high
pressures and high heating environment charadtsrist military entries of nuclear warheads. Farg@tary entries,
the pressures and heating rates are more mod@sateconsequence the char layer (and the pyraotysis) is less
rapidly delaminated and can reach a substantieknlss. Then, the travelling time of the pyrolygés within the
material is long enough for the gas to absorb &edtcools the material.

Hence, the behavior of the pyrolysis gas through ¢har layer has to be accounted for. Several ricaher
studied®***have been performed taking into account the porosithe char material. All these investigationsre/
focused on the rebuilding of Pioneer-Venus fliglattad From the modelling point of view, new modeisl a
equations have to be solved to account for porositdels are needed for the void fraction inside¢har material,
tortuosity and permeability of the porous mediggtion force. The mass flux, permeability and ptessof the
pyrolysis gas have to be related by the Darcy law.
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The material porosity has also an impact on thevinlg rate modelling. According to Takahashi and Sdat?
the blowing rate can be modeled as,

m = gp,U, (35)

Wheree is the char porosityy, the density of the pyrolysis gases angttiie pyrolysis gas velocity. The density
of the pyrolysis gases is,
P
Py = —o (36)
> EERT,
w
S M S
WhereP,, andT,, are the wall pressure and temperature respectiRaly the gas constaritj is the molecular
weight of species and; ,the mass fraction of the speciis the pyrolysis gas.

D. Interaction with turbulence

It is known that transition to turbulence in supeis flight occurs for a spherical body around soaic point,
located at an angle of 30° from the mdsBuring entries, transition to turbulence can eathe stagnation point
or in the downstream region over the cone surfAceording to Ahn and Patkthis is due to: (1) the sphere-cone
junction, that produces an unfavorable pressurdigma due to the disappearance of the centrifugralefthere; (2)
surface roughness due to ablation; and (3) passiidlliation. As example, for Pioneer-Venus andS#3-C the
rate of ablation for low enough to maintain a laamiflow at stagnation point while over the coneface the flow
was most likely turbulent. The experiments withative blunt bodies have shown that turbulence @high in the
boundary layer when ablation occtirsThe flow entering the boundary layer from thelwia ablation is already
strongly turbulent and its turbulence intensitgisven more by ablation than by the boundary layer.

Most of the studies on the interaction betweentairieand turbulence have been driven by the Galilegect.
One of the main problems of Galileo post-flight lggs was to recover the correct material recessiothe cone of
the probe. This recession was higher than expehtiedo turbulence. The modelling of turbulenceha boundary
layer in presence of injection of ablation produstss pointed odf to be a clue for reproducing the flight data
particularly at the frustum region. The main praobles that all the turbulence models have been deeel for a
smooth surface which is not the case for an aldativtry with a strong blowing of ablation produdts.order to
account for the blowing, Pafkhas proposed a correction of the classical madpkissuming that the turbulence
intensity of the ablation products injected in Hwmindary layer was a function of the mass injectain. |zawa and
Sawad# showed for a sphere with wall injection, that thiedel was able to reproduce the enhanced heaféran
rate at the stagnation point and that a higheritgeatte in the downstream region was predictedndJshese
different modelling for ablation and turbulence amxtounting for radiation, Matsuyama et*diave performed
several calculations of Galileo entry trajectonttermochemical equilibrium. They were able to ogjorce closely
the flight datd’ for the surface recession as shown in Fig. 19. é¥®w the recession in the frustum region is
underestimated. The radiative heat-flux in thisiorgcan be increased if the presence of spalleticles is
accounted féf°%

The convective blockage effect of ablation prodyes 7 : T . T . .
becomes effective if the surface is covered by eami —s—Present
injected gas. When turbulence comes out in the deayn ™ Flight data™®
layer, the amount of heat being transferred tosiindace  EaTT S——
can be increased. It is well known, that the ingactof
foreign gas in the boundary layer through porousens
promoted turbulence. Several experimental studiesew
conducted to evaluate the impact of injection om th
boundary layer. Demetriades et’ablemonstrated that the
boundary-layer which is otherwise laminar, become

Recession, cm

turbulent when the injection rate increases. Kaéita 1 F
reaches the same conclusion, showing that the loynd B b edioneibemdicnEemline . Bt
layer is strongly turbulent at high injection raidwe results 0 05 1 15 2 25 3 35 4
of Feldhuhfi* showed that, if for the low mass injection <R

rates the heat transfer is, in agreement with #meirlar . . .
theory, reduced, while the high injection rates treat Figure 19: Co_mpflrls_on of olsagtamed forebody
transfer remains constant. Although the boundaggrla '€C€Ssion profiles* with flight* and pre-flight
theory can be extended to include the surface bigiyi data” (from Ref. 54)

18

American Institute of Aeronautics and Astronautics
092407



the prediction of heat-transfer rate for the abtatieat shield has inherent difficulties.

Turbulence may promote mixing of the ablation pidgas with the air flow bringing the ablation pucts
deeper into the interface region. Since the abiagimpducts contain carbon, which tends to radiatengly, the
spalliation phenomenon brings particles deep inéoinviscid region that radiate.

VI. Conclusion

In this review, the experimental, numerical andlight data available in the literature relatedthe convective
blockage has been gathered and a first analysibéas carried out. Most of the effort on blockagseasment
found in the literature has been performed forGadileo and Stardust projects. Some elements aoesafailable for
the other missions such as Pioneer-Venus, ApolkneSis and Hayabusa. Unfortunately, no available das
found for the missions developed by the former 8blinion involving entries into Venus and Earttsaperorbital
velocity.

From the results obtained during the Stardust pt@ad materials similar to PICA, the convectivedidage can
be estimated for a high-speed Earth entry, withdaction of 35 % in convective heat-flux at thegstion point
and around 10 % at the leading edge. The decrddbe oonvective blockage along the cone is dubegresence
of a turbulent flow since transition is most likétyoccur during such an entry.

The correlations available for the blockage fadtamd in the literature have been collected. If trafsthem
possess a high level of empiricism, others deraealytically from the energy balance at the wadl arore generic
and have been used for different studies perforimélde frame of ISTC and Stardust. Such correlatidepend on
the blowing rate, which can be expressed as fumatibflow conditions and material properties (etplaof
ablation, material species).

If this review seems to be one of the first effadgather the available data on convective bloekagme work
has still to be performed. Some additional efftwidd be put to collect and review additional data more effort
has to be performed to analyse the correlationlfickage factor and blowing rate in order to dithba generic
model for its assessment which would be usefutiferpreliminary design of heat-shield.
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