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Abstract. Space and sub-orbital vehicles reach high velogitigthin atmosphere, about 100 km over Earth’s s@rfs8uch high
velocities result in aerodynamic heating and ainperature surpasses 2000 at the stagnation point. Besides the effectdgtf h
temperatures on the mechanical behavior of thectre and on-board devices, it is mandatory to pres the payload, by using
an efficient TPS (Thermal Protection System). Altrg year,s ablative materials have been effegtiusled as TPS of space
vehicles. In order to obtain the temperature pmfdnd the heat load, the energy conservation eguatias to be solved
togetherwith the moving boundary problem concerethé ablation process. The coupling between thé thaasfer processes in
the surface and within the layers represent an aaltkitl difficulty. A common approach is to consitlee heat conduction as one-
dimensional, in the normal direction relative tceettocal surface. However, such hypothesis beconszumate as temperature
gradients in the tangential direction, change oftengl or a great thickness variation occur. In ghivork, the computational
simulation of the ablative process in the viciniythe stagnation point during the flight of SAR#b-®rbital Platform via an
interface tracking method is presented, taking atoount the effects of the two-dimensional condodti the wall layers. Such
procedure will allow a more accurate dimensioninghaf TPS, contributing for project optimization.

Keywords Ablation, TPS, Aerodynamic heating.
1. INTRODUCTION

Aerodynamic heating is a consequence of the hyparsitight within the atmosphere, i.e., below 10 lof
altitude. Depending on the velocity and trajectahg air temperature around the nose top may ssu2@30 C at the
stagnation point (Machado and Pessoa Filho, 20088)uch a situation aerodynamic heating plays & iaportant role
in the vehicle design. Besides the effects of téghperatures on the mechanical behavior of thetsireland on-board
devices, it is mandatory to preserve the paylogdjding an efficient TPSThermal Protection SystgnTPS design is
a critical aspect of the rocket design, since urmierensioning may result in loss of payload andralienensioning
implies in increasing weight and cost. Along tharge ablative materials have been effectively wsed PS of space
vehicles. In these processes the kinetic energhefocket is converted into heat, which consurhesTtPS through
ablation (Rogan and Hurwicz, 1973). It is a compgleenomenon, related with diverse simultaneousipalyprocesses
(Silva, 2001).

The coupling between the heat transfer processdbeirsurface and within the layers represents alitiadal
difficulty. The external heat exchange occurs bgvextion and radiation, and the heat transfer ¢owhll (TPS and
structure) occurs by conduction. The convectivet treasfer coefficient can be estimated through es@mgineering
methods, based on empirical results. In order ttiobthe temperature profile and the heat load, ¢hergy
conservation equation has to be solved. A comm@naoagh is to consider the heat conduction as omesaional, in
the normal direction relative to the local surfatdowever, such hypothesis becomes inaccurate apetamre
gradients in the tangential direction, change ofemial or a great thickness variation oc(Mazzoni et al., 2005). The
full calculation using a discrete method impliesgireat computational effort, including the grid geation and the
solution of a boundary-moving problem. An altermatito this approach may be the use of the interfeaeking
method, proposed by Unverdi & Trygvas¢f92), which allows obtaining a solution for theupled ablation-
conduction problem in the whole domain, considethgfull physical model.

Concerned to hypersonic flight, sub-orbital platisrare a low-cost alternative for micro-gravityeash. The
SARA sub-orbital platform illustrated in Fig. 1b&ing developed by IAE/CTA for this applicatiors hhass is 250 kg
for a payload of about 25 kg. The sub-orbital vamss designed to provide 6 minutes of micro-graeitivironment. In
the future, the orbital version is expected to heac orbit of 300 km around the Earth during 10sd@oraes, 1998).

This paper is an extension of the work presentetaghado (2008) and deals with the applicatiorhefinterface
tracking method to the aerodynamic heating analgbithe SARA Sub-orbital Platform. Its structurebsilt with
composite material and aluminum. The TPS desigthdf vehicle has been done using the simplifiedraggh
described above (Mazzoni et al., 2005). Any improgat in this procedure would result in a better isleh
performance or cost reduction. The objective o thibrk is to present a computational simulationthef ablative
process in the vicinity of the stagnation pointidgrthe flight of SARA via the interface trackingethod, applied to a
multilayer region. Such procedure will allow applgi more complex models for ablation, taking int@amt the
presence of various ablative and structural lagatsproviding a more accurate TPS dimensioning.
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Figure 1. SARA sub-orbital platform and its intdregstems.
2. PHYSICAL PROBLEM AND MATHEMATICAL MODEL

2.1. Aerodynamic heating

Figure 2 shows altitude and velocity maps for SARforaes, 1998). It reaches the speed of 9300 krhilevstill
flying within the earth’s atmosphere. For practipatposes, continuous flow regime is assumed tst éar altitudes
below 90 km. Beyond 90 km, it is assumed free mdbr flow. This altitude is normally taken as thmit of
continuous flow for space vehicles, consideringrtbize, speed and atmospheric density. To praéldecteat transfer
on SARA, it is necessary to know pressure, tempegand velocity fields around the rocket. That baraccomplished
by numerically solving the boundary layer equatiddswever, such a procedure is expensive and tonsuming. In
the present work a simpler, but reliable, engimegdpproach is used. The following simplifying asptions are made:
- Zero angle of attack;

- SARA rotation around its longitudinal axis is neg&d;
- Atmospheric air is considered to behave as a callyiand thermally perfect gas (no chemical resnd).
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Figure 2. Altitude-Velocity map.

The free stream conditions ahead of the nose aaphase given by., T., p., corresponding, respectively, to
velocity, temperature and pressure. By knowingand altitude, as function of time, together with @mospheric
model (U.S. Standard Atmosphere, 1976), it is fpbsdD evaluate the free stream properties. Foersamic flow U,
>1), which begins at 8 s (altitude of 2 km), a detatlshock wave appears ahead of the nose. By usingdarmal
shock relationships (Anderson Jr., 1990), it issilue to calculate,, T, andp, after the shock.

The heat flux over the external surface was caledlthrough the Zoby's method (Zoby et al., 1981rakda and
Mayall, 2001). Details of the solution can be foundthe work of Machado (2008). The convective hiansfer
coefficient is calculated along thecoordinate that is measured along the body’s smirfae0 corresponds to the
stagnation point, anR is a geometric parameter shown in Fig. 3, wereaeldine represents the nose cap surface.
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Figure 3. Coordinate system.

It should be pointed out that such a procedureeifopmed along the payload’s surface (following yheoordinate),
for different trajectory times. Therefore, H=H(y,I)he variation of the convective heat transferfiacient (H) and the
recovery temperature {J or T,) at stagnation point are shown in Fig. 4. An epdrglance at the surface, accounting
the radiative heat transfer, provides the heatrélesbby the wall.
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Figure 4. Recovery temperature and convective thaasfer coefficient at stagnation point, duringR&¥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 reducediethes, a transient, coupled conduction moving lolauy problem
appears. Although ablation in a composite matésia complex phenomenon, involving simultaneousiysical and
chemical processes, in this work it will be treatsda single-phase change problem, where a repatiservalue for
the latent heat of sublimation will be used as ftkat of ablation. Such a technique allows for tsinetion of the
instantaneous position and velocity of the movimmyrdary corresponding to the surface of the noge (zathe
following sections called as the interface betwinensolid region and the airflow).

The set of equations used to represent the physioalem is written according to the interface kiag method
(Juric, 1996). The nose cap and the surroundirfpaiare represented as parts of a continuous dowfagalculation.
The application of the energy conservation prireifg an infinitesimal volume element in the mathéoah domain,
Fig. 5, leads to a partial differential equationtlee temperature, namely:

a(pC,.T)

= =0KOT+Q 1)

whereK is the thermal conductivity an@ is a source term that accounts the net heat egehatrthe boundary:

Q= ad(x~x.)dA 2
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wherex is the position in the coordinate system, griglthe source term of energy per unit of surfddde interface:
q=pLV + HE YT, (6 x,) - T, ]+ ea T (tx,) - 7] (3)

whereL is the heat of ablatiory/ is the interface velocity, ({is the interface temperature angyTis the adiabatic wall
temperature, also called recovery temperature @faih One should note that this term might exisevery moving
interface. Since the interface between the TPStamdtructure is fixed, it yields no source term.

Although the airflow is included in the domain, idfects are implicit in the convection coefficieHit As a
consequence, this region is considered adiabatitite heat capacity and thermal conductivity aseimed to be null.
Once ablation temperature is reached, the intedandition becomes:

T -T,=0 (4)
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 sotutad phase change problems. In this method, a fixeifiorm
Eulerian grid is generated, where the conservdéims are applied over the complete domain. Thefate acts as a
Lagragean referential, where a moving grid is apliThe instantaneous placement of the interfacare¢hrough 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 aguand it.

This method allows for the representation of angngetry used in the TPS, and also the charactevizati every
wall layer (structure plus TPS) separately. Itdsamplished without a high increase in the comjmnat cost and does
not need any pre-processing (construction of uogtrad grid or coordinate transformation). In tiwsrk, this method
is employed to estimate the ablative performance®fTPS, considering a two-dimensional approadboth, the heat
conduction and the moving boundary problem.

The interface is represented as a parametric clr(@) which is smooth enough so that one can define the
curvature and the normal and tangent vector atyepeint of the curve. The interface points are riptéated by a
Lagrange polynomial, which allows obtaining the igedtric parameters and rebuilt the curve grid, kegpie distance
d between the Lagrangean points within the intef/@l< d/h < 1.1, wherb is the distance between two fixed grid
points, as shown in Fig. 5.
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Figure 5. Eulerian and Lagrangean meshes.

The Indicator Function varies from 1 (air) to Olidy and is numerically constructed using the iif&tee curve to
determine a source ter@(x). The jump across the interface is distributed akerfixed grid points, yielding a gradient
field in the mesh:

G() =0l = [ nd(x ~x, )dA (5)

which should be zero, except over the interfaceregsesented by the Dirac delta functiah, However, such a
representation is not convenient for a discrete bramof points. The Distribution Function is usedrépresent the
interface jump. Such a function is similar to a &san distribution function and its value dependshe distancéx; -
Xy between the Lagrangean and Eulerian points:
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fI(x =x)ThLf[(y, —y;)/h]

e (6)

Dij (Xk) =

whereDj is the Distribution Function for a poiftin the Lagrangian mesh with respect to a Eulepi@int. One should
note that increasin, the interface becomes thicker. The funcfigmthe probability distribution related to thetdisce
h as:

f,(X) if [x<1

f(x)=11/2-f,(2~|X) if 1<|x| <2 (7.a)
0 if [x=2
3-2Jx| +1+4]x| -4x*

f,(x) = p (7.b)

The divergence of the gradient field is found byivdion of Poison’s equation:
0%1=0G (8)

Despite being considered constant in each phasertperties inside the domain must be treatechdable in the
formulation. A generic property(po, i, Cp or K) is expressed as:

o) =@+ @-a)l(xD 9)

The coupling between the moving mesh and the figed is done at each time step, through the Distign
Function, that represents the source terms in #@danbe equations and interpolate the fields witfinitesimal
discontinuities into a finite thick region at threerface.

The initial interface shap&(u), is first specified and then the Indicator Fungtie constructed. From the initial
conditions, the property and temperature fields determined. Out of the ablative period, the isteef temperature
keeps bellow the ablation temperature, and theggnequation is solved as a pure heat conductioblgmg via the
Finite Volume Method, employing an explicit time rolaing schedule.

As the interface reaches the ablation temperatuaegeven point, an iterative process starts upyder to determine
the interface velocity at each time step, which tnsasisfy the temperature condition, Eq.(4), at theerface point. The
process goes on until the point temperature isléquablation temperature. The steps to be folloaed
1. Using the current value &f, the interface points are transported to a neutiposcalculated explicitly through the
equationV"= (dx;/dt).n, wheren is normal unitary vector;

Density and specific heat are calculated at the inesvface position;

V" is estimated via Newton iterations, using a nunaérielaxation schedule.

Heat fluxq crossing the interface is calculated through Bjjafd distributed into the fixed grid;

According to the boundary conditions, energy equmitiEq. (1), is used to obtain the temperaturava stepn+1;
Temperature is interpolated to fifid at the interface;

The jump condition is tested and if it is lower ihizne reached tolerance, the fields of viscosity emnductivity
are updated for the new position, and one stejmie is advanced. If that is not the case, a neimag forv"*" is
calculated and the process returns to step 5.

The convergence criterion used in step 7 is thédwab in Eq. (4). Once it has reached the desiadrdnce,
convergence for interface velocity is assumed. @tise, the velocity is corrected via Newton Itepas, given as:

Nogkwd

V™ =V" - R(T) (10)

where wis a constant an(T)is the residual for the temperature jump conditibthe interface. Iterations are repeated
until R(T) in every point become smaller than the prescribégtance. The optimum value faris found by trial-and-
error, at the beginning of the calculation. The hnétwas applied to a single phase change probledijts solution
was compared with the analytical solution (Rupd/i91), resulting in an good agreement.

In the case of more than one interface, an Indidatmction is created for each interface, in oftecharacterize
every region concerned to the interfaces indivigudlherefore, in a region a generic property is estimated as:
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NFC

(P:ZCPJSL (11)

whereNFC is the number of interfacelg; is the Global Indicator Function for anyegion, obtained from the Indicator
Function of each interface. It is given as:

lg, =1, -1, (12.a)

o =Ll =0 (12.b)

If there are more than one moving interface, thecsmtermQ has to be extracted from a modified form of Eq.(2)

NFC

Q=) [ a5 (x-x.)dA, (13)

The convergence criterion and velocity correctiom the same as that for the case of one intertadethey are
extended to all interfaces at each time step.

4. RESULTS

The results were obtained for the region near thgnsition point of SARA, Fig. 6, which correspotds circular
sector with radius of 280 mm. Note that the Y(aalpitoordinate has a different meaning of that shawiig. 3. Since
the flight is considered with zero angle of attaitle problem is considered to be axy-symmetric, @mlgt the half of
that region has to be simulated. A 32 x 5 pointd gver a domain of 32 mm x 5 mm was employed moutate the
heat transfer and moving boundary problem, witblarance of 18 for the residual in Eq.(4). A resulting 10 points
Lagrangean mesh was obtained for the externalfacerand a 10 points mesh for the interface betweeTPS and
aluminium. Properties considered for Si-Phenolimposite were (Gregori et al.,2008)p = 1256 J/kg.K,0= 1730
kg/m?®, K = 0.485 W/m.K,L = 12 MJ/kg, T = 538 C, ande = 0.8. For the aluminum (Da Costa et al., 199%):= 500
JIkg.K, p= 8000 kg/ni, K = 16.2 W/m. As initial condition, temperature iretivhole domain was taken &s = 27 C.

I

10 mm

Figure 6. Domain of calculation, layers and dimensi

Figure 7 shows the Global Indicator Function disttion att = 0 for each layer. In Fig. 8.a-c, the red region
corresponds to the aluminum, the TPS and the suding air, respectively. The colored wall betweanketwo regions
represents an interface. Since rough meshes wedk the interfaces are not exactly representeddiscantinuity, but
have a discrete thickness, which reduces as manéspore added to the grid.
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Figure 7. Global Indicator Function for each layer.
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Figure 8 shows the temperature distribution inedéht times. The temperature peak in the interfaceesponds to
the ablation temperature when the interface moéghe final time, when the airflow is cooling tleirface, the
interface becomes a heat sink, and the peak transfimto a valley. One can observe that the regf@aluminum keeps
at constant temperature, due to its high thermadigctivity. The heat transfer between the air aR& External surface
is implicit in the film coefficient.

(c) Ablation at reentry (630 s) (d) Final tirie24 s)

Figure 8. Temperature distribution with the time.

Figure 9 shows the interface position with the tiaer two periods of ablation (ascendant andtrgerAccording
to the results, the ablation is stronger at thénitic of the stagnation point (z = 0). Closer tatlpoint, there will be a
larger consumption of material. Zero heat flux \easumed for all sides as boundary condition. Asrsequence, the
actual heat transfer process is not appropriaggyesented, since the heat conduction betweernotinaid and the rest
of the nose structure was not accounted.

The two-dimensional results obtained by the Intmrfaracking Method were compared to those obtamethe
one-dimensional Lagrangean solution. Figure 10 shitw internal and external surface temperaturats, &tr = 0,
over the symmetry axis (at= 30 mmandz = 0O, respectively), that correspond to a line crossirgstagnation point.
Two temperature peaks are observed, corresponditiget ablation temperature (538), during the ascendant and
reentry periods of flight. Between these periotlsré is a temperature decrease caused by radiagses taking place
at the external surface. During this time intetix@re is no heat transfer by convection, sidce 0, according to Fig. 4.
The results present good agreement between thengtloods.
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Figure 10. Temperatures at the stagnation point.

5. CONCLUSION

In this work, the two-dimensional transient aeragiyic heating and ablation processes in the redidheonose cap
of SARA Sub-orbital Platform was simulated throumh interface tracking method, considering the preseof two
layers: the TPS and the stainless steel strud®rediminary results demonstrated that the methadbie to capture the
temperature peak and to represent the ablatiorepsogs a moving boundary problem, in the preseho®ce than a
single layer. Results shall be extracted for mefmed meshes, in order to check the method’s acgur

This analysis can be extended to more regionseofdbket, more layers and other shapes. A moréstiegbhysical
model for the ablation in the composite materialmaw replace the simple one used in this work. ifilckision of the
flow field effects, like injection of mass due tabdimation, shall also be incorporated into thetdation.
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