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Abstract. In this work, the use of a Thermally Integrated Structural Sandwich Core (TISSC), a new kind of space
vehicle thermal protection is proposed, replacing the conventional cork layer used as a TPS (Thermal Protection
System). The TISSC is applied to the SARA sub-orbital platform, which is being developed by IAE/CTA for micro-
gravity research. The advantages of using such a structure are its lightweight and the same insulation as load bearing
capabilities, low maintenance, and low life-cycle cost. A specific layout for this system is studied via computational
simulation, and the thermal performance with diverse materialsis evaluated. Results show the presence of hot spotsin
the internal wall, where spars linking the external and internal walls are placed.

Keywords: Thermal protection system, Aerodynamic heating, Structurally integrated thermal protection, Numerical
simulation

1. INTRODUCTION

Space and sub-orbital vehicles reach high velacitighin the atmosphere, which results in aerodyodmating
and wall high heat fluxes. The high temperaturesy meagatively affect the structures mechanical bihathe
operation of on board equipment, besides the fattpayload preservation is always mandatory. Thesblems are
solved by using an efficient Thermal Protectiont8ys(TPS). As a consequence, TPS design is aatrétgpect of a
rocket design, since under sizing may result Idsh® payload, and the over sizing it implies iergasing mass and
cost. Sub-orbital platforms are a low-cost alteuafor micro-gravity research. The SARA sub-orbiatform is
being developed by IAE/CTA for such applicationhéts a total mass of 250 kg for a payload of aB8utg, and is is
designed to provide 6 minutes of micro-gravity eoniment. SARA reaches the speed of 9300 km/h irospimeric
flight (Moraes Jr., 1998). The current design usesnventional cork layer as TPS to protect itsridtsurface, with the
trade-off of large mass. As an option, Thermallje¢mated Structural Sandwich Core (TISSC) wouldilmte the
vehicle from aerodynamic heating as well as camiyngry vehicle loads (Martinez et al., 2005). Itnssts of a
structural sandwich panel in a three-layer platthwivo face sheets and a core. Two thin, stiff ardng faces are
separated by a thick, light and weaker core. Theamrtdiges of using such a structure are that itgistweight,
multifunctional, for example offer insulation as livas load bearing capabilities, low maintenanae kow life-cycle
cost. Commonly used materials for facings and epeeceramic matrix composite laminates and meltalftis work a
Thermally Integrated Structural Sandwich Core (TT$$ proposed to replace SARA’s current thermaltgution
system. Thermo-structural analyses of the propesefiguration are performed, and the results arapsred against
those obtained for the current TPS design.

A Finite Element Method (FEM) commercial softwakeBAQUS, is employed to perform the analyses. This
software is able to perform only thermal or couptedrmo-structural analyses. It allows the appiicatof user
subroutines for various purposes, such as spegifyia heat flux on a surface as function of timextiNthe physical
problem and the mathematical model are discusséidwied by the description of the numerical stugiesformed.
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2. PHYSICAL PROBLEM AND MATHEMATICAL MODEL

To predict the heat transfer on SARA, it is necgsgaknow pressure, temperature and velocity fielcound the

vehicle. That can be accomplished by numericalllvisg the N-S equations. However, such a procedsre
expensive and time consuming. In the present waiknaler, but reliable, engineering approach is aksed.

The heat flux over the external surface was caledlahrough the Zoby’'s method (Zoby et al., 19&)ce the
convection heat transfer coefficient and the adiabeall temperature are known, wall temperatusribhutions can be
obtained. For the previous arrangement of thermatieption, is a simple heat conduction problemc8ithe wall is
made with Aluminum, which has a high thermal diffity, it can be treated as a one-dimensional pobblong the

wall thickness (Machado, 2006).
The core is filled with Saffil, an alumina fibrourssulation. The thermal conductivity of Saffil wabtained from

the model of Daryabeigi (2003) for heat conductionporous media. The mathematical model used isilddt
described in Daryabeigi’'s work. The model considiwes heat transfer between two parallel plates,bioimg the
radiation and conduction modes. The fibrous insutabetween the plates is considered a particigatiedia. The
main equation resulting from the assumptions isotie-dimensional energy conservation equation, aislource term

for the radiation heat transfer.

3. NUMERICAL STUDIES

In this work, two basic models are investigatede Tinst one is a flat brick model, representing Haadwich
proposed by Machado et al. (2013). The appliednbétoading was presented by Junqueira-Junior. €8l 3), and
are plotted in Fig. 1. This flat brick is compod®dtwo plates separated by an 18 mm thick lay&affil ®. That study
considered a heat flux on the external wall defingdhe equation:

d=h(T - Tw) (1)
where q is the heat flux, h is the heat transfeffaent, T,, is the wall temperature arfld is the recovery temperature
(also called as adiabatic wall temperature).

As seen in eq. 1, the heat flux depends also omwdtlietemperature. In the finite element code,tarative process
is executed, where the heat flux on step k dependkeT,, obtained on step- 1. In Abaqus, the user routine DFLUX
is employed for that end. The reader is referretth@éoAbaqus online manual for more information Sien(2013).

Table 1 shows the mechanical and thermal propestiesaterials considered in the present study.
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Figure 1. Time variation of adiabatic wall temperatand heat transfer coefficient h for SARA’'seédpry.
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Table 1. Material properties used in the Finitenigat model.

Property Aluminum  Stainless Carbon Saffil

steel fiber
density p 2710 8000 1600 242 kg /m®
specific heat C, 060 500 800 1005 (Jkg K)
thermal conductivity & 177 16.2 150 VI (W/mK)

3.1 Flat-plate sandwich

A first analysis is used to validate the numergiadulation. A square flat-plate sandwich is modelétth Abaqus,
trying to reproduce the analytical results obtainedlytically by Machado et al. (2013). Figure ®wh the simulated
geometry and cross section. An initial temperabfr@7’ C is applied to the whole model, and a time depenteat
flux is applied to the upper wall surface. The Haat is computed by the DFLUX user routine in Abaqusing Eq. 1.

A very good agreement with the previous valueshimioed, as seen in Fig. 3. Despite a small transidference
for the internal temperature, the final valueswitlin 0.5°C distance to the analytical values.
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Figure 2. Flat-plate sandwich model. On the ritfiet, applied heat-flux on the external wall.
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Figure 3. Comparison between analytical and prassuits for external (left) and internal (rightaltemperature.
3.2 Conical 3-D M odéel

The basic 3-D model consists of a quarter partefconical walls of SARA’s payload bay section,wshadn Fig. 4.
The internal wall is modeled with aluminum and éx¢ernal wall with stainless steel.

A variable number of 1mm thick longitudinal spamnoect the external and internal walls. The sandwiore
consists of Safill, filling the empty space betwesdhstructural parts. With this configuration,ist expected that the
temperature on the internal wall will present akpaathe spars position.
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The FEM model is assembled so that the materithexfe spars can be modified independently of ttezrial and
external walls. This way, it is possible to evatu#lte peaks for different materials. A referencadition for heat
transfer analysis only is simulated using the prige of Safill, what represents a simple sandwidthh no structural
reinforcement. This condition is not structurallffi@ent, serving only for comparison of temperauields on the
walls.

The table in Fig. 4 shows 3 geometric variationthefbasic model, with different values of extenvall thickness
and number of spars. The boundary conditions @&redme used in the flat-plate sandwich model.
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Figure 4. Dimension of SARA'’s conic section andipos of spars.

Table 2. Configurations tested. For all casesirttegnal wall material is aluminum and the extemvall is stainless

steel.
Total mass
Confiz.  internal  external numberof | Only S5.8teel Aluminum Carbon F

wall wall spars Saffil spar spar spar

thickness  thickness (kg) (kg) (kg) (kg)

A 1.0 mm 1.0 mm 4 8.027 9.048 8.371 8.220

B 1.0 mm 0.5 mm 3 5.115 5795 5.344 5.250

L 1.0 mm 0.5 mm 5 5.115 6475 5.573 5.384

D 0.5 mm 0.5 mm 4 4174 5.193 4517 4.376

Figure 5 shows the temperature field for threeresfee condition of configuration A (1 mm internaldaexternal
walls) with only Saffil and no reinforcement spa#s. expected, the temperature is homogeneous owdhe. On the
other side, Fig. 6 shows the results for the modatlls the presence of spars made of stainless, sthehinum and
carbon fiber. It is clearly observed the areas mdahe reinforcements present higher gradientyatoa walls.
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Figure 6. Temperature field on internal and extewadl - Config. A.

The graphics on Figures 7, 9, 8 and 10 show thedeature along the upper and bottom edges of ialtennd
external walls for configurations A, B, C and D.rFReach configuration the curves for different spaaterial are
compared to the condition with Saffil only. The keaat the spars locations are very strong. Forchmes with
aluminum or carbon fiber spars, the external artdrimal walls temperatures coincide. This effectvahdhat the
insulation is not adequate if the spars are maduohinum or carbon fiber.

Configuration A has the lower external wall tempera, what is expected because of its larger tl@s&nthat is
1mm against 0.5mm of other configurations. Anotbendition observed is that with more spars, therivdl wall
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average temperature increases, reaching valuesloacC. A test that must be performed consists in nyialif the
spars thickness. Here, all are 2 mm thick.

Only Saffil Stainless steel spar Aluminum spar Carbon F. spar
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Figure 8. Temperature along upper and bottom edfyesternal and internal walls - Config. B.
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Figure 9. Temperature along upper and bottom edfyesternal and internal walls - Config. C .
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Figure 10. Temperature along upper and bottom eoligesternal and internal walls - Config. D.
4. CONCLUDING REMARKS

In this work, the thermal performance of a TISS@t@ction system was applied to SARA suborbitalfptat, and
the temperature profile were obtained via compomati simulation, employing the FEM-base softwareadis ©.
After validation, results were obtained for a feembinations of materials in the proposed configaratlt is observed
the need of thermal insulation capabilitty betw#®s external and internal surfaces, provided bysite's, in order to
reduce the temperature peaks where these elemergiaed.
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