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Abstract. Aerodynamic heating on a sounding rocket flyingygersonic speed is evaluated. The fluid flowpprbes
are obtained in an approximated fashion, wherea&sdbnvective heat flux is calculated from classieddtionships
provided in the literature to this type of probleSince an ablative type of material is applied lasrtnal protection
system at some locations, a transient one-dimeabawupled conductive-change phase material probiesnlts. The
finite volume method is then used to solve theltirguequations and temperature distributions atgained at the
most critical regions of the rocket. For one of §imulations, it was possible to compare the olgidiresults against
experimental measurements, taken during the fofjlatVSB-30 sounding rocket.
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1. INTRODUCTION

Sounding rockets are extensively used to study upper layers of the earth’s atmosphere and to geovi
microgravity environments. The Institute of Aeratias and Space (IAE) has designed, built and laeddiundreds of
sounding rockets along the past 40 years. Sortieeaf are developed upon request of other countfiéss is the case
of VSB-30, a two-stage sounding rocket developedufge by DLR (German Space Agency). Figure 1 shaw
schematic representation of VSB-30. It has a tetajth of13 mand a diameter @,6 m It is equipped with two solid
propellant motors, namely S31 and S30. S31 datsdibooster during its5 sburning time, whereas S30 burns for
about30 s reaching a maximum altitude of @&m approximately. During its flight VSB-30 providésminutesof

microgravity environment.
1st stage / 2nd stage / payload

[ [

fins
Figure 1. VSB-30 sounding rocket.
Figure 2 shows altitude and velocity maps for VSB{Garcia, 2003). It reaches the speed.b00 km/hwhile still

flying within the earth’s atmosphere. For pradtiparposes continuous flow regime is assumed tetdar altitudes
below90 km Beyond90 km vacuum is assumed.
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Figure 2. Trajectory of VSB-30.
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As a result of its very high speeds, aerodynamatihg arises as a major problem in the VSB-30 ahesldis
problem is larger near the stagnation regions, siscthose existing at the nose cap, the payloadhtentins” leading
edges. Due to the air compression, caused bygtmonmal shocks near these regions, air temperaungasses
2100°C. As a consequence, heat is transferred to VSBuB@ce. Since such surfaces are mostly made @fisné is
mandatory to evaluate their temperature levelsigpeg, if necessary, an adequate thermal protactigstem. This
development is an improved version of a previouskwiMazzoni et al., 2005).

2. FORMULATION
2.1 Inviscid flow conditions

To predict the heat transfer to VSB-30, it is nseeg to know pressure, temperature and velocitgdiaround the
rocket. That can be accomplished by numericallyisg the boundary layer equations. However, saighiocedure is
expensive and time consuming. In the present veorkimpler, but reliable, engineering approach isdus The
following simplifying assumptions are made:

- Zero angle of attack;

- VSB-30 rotation around its longitudinal axis isghected;

- Atmospheric air is considered to behave as aicalty and thermally perfect gas (no chemical teens); and
- Wall heating is only by convection, and conductazcurs only in the direction normal to the suefac

The free stream conditions ahead of the fins arset map are those given by, T., p, corresponding, respectively,
to velocity, temperature and pressure. By knowig@nd altitude, as a function of time, together vathatmospheric
model (US Standard Atmosphere, 1976), it is posdiblevaluate the free stream properties, sugh.ad . andc.,,
which represent free stream pressure, temperandespeed of sound, respectively. For supersoniv {id, >1),
which begins a8 s(altitude of2 k), a detached bow shock wave appears ahead ob#ieeand fins, Fig. 3. By using
the normal shock relationships (Anderson Jr., 1989 possible to calculate, T, andp; after the shock.

Oblique shock Y

a) Shock front b) Coordinate system

Figure 3. Schematic representation of shock faot coordinate system.

2.2 Convective heat transfer to the surfaces

The heat flux over the external surface was caledlthrough the Zoby’s method (Zoby et al., 1981rakida and
Mayal, 2001), namely:

q=h(T,,~T.) 1)

whereq is the heat fluxT,, is the wall temperature afig, is the adiabatic wall temperature, given by:

T, =T,+F, e (2)

wherec, is the specific heall, the temperature and the velocity. The subscrigtrefers to conditions at the boundary
layer edge. kis the recovery factor, equal gqurW for laminar flow and3/Pr,, for turbulent flow.Pr,, is the Prandtl

number evaluated at wall temperatupe, = 0.71 The convective heat transfer coefficient comesfthe Reynolds
analogy, namely:

h=05p.c,v, P, C; (3)
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wherea is equal t00.6 and 0.4 for laminar and turbulent flow, respectively. Také into account compressibility
effects, a modified friction factor is obtained @earson, 1990):

AT
C. =K,(Re) | £= | £= 4
(Rey) (pj(ﬂ] 4)

In the equation abov&e, is the Reynolds number, based on the boundary thiekness £

PV 0
Reg —rfe e’ (5)
He

The superscript “*” refers to properties evaluatedEckert’s reference temperatufig*(. Viscosity, 4, is evaluated
according to Sutherland’s equation, as a functiolemperature (Anderson Jr., 1989) amis the specific mass. In
Eq.(4)K;= 0.44, K, = -1 andK; = 1, for laminar flow. For turbulent flonk, = K; =-m, and

2N

_ 1) N m
“=4e] el o

2
= 6.b
N+1 (6.5)
C, = 2.2433+ 093N (6.c)
N =1276 - 65log,,(Re, ) + 121]log,, (Re, )| (6.d)
For laminar flow, the boundary layer thicknessiigeg by (Anderson Jr., 1989):
1
0661(_[ oLV R )
)

P.V.R
wherey is measured along the body’s surface, Fig. 3dyafl corresponds to the stagnation regidhis a geometric
parameter schematically shown in Fig. 3.b. I8 thork the numerical integration of Eq. (7) wasaifed according to

the trapezoidal method. AR — 0, Eq. (7) becomes undetermined. By taking thetlimhiEq. (7) asR — 0, the
following expression is obtained (Miranda and Mag4l01):

o - 0334oiui )

112 -
. { (p, pm)}
RN ps

In this work Eqg. (8) is applied for< 0.1 R,, whereRy is the radius of curvature at the stagnation point
The boundary layer thickness for turbulent flowlained by solving the following first order difémtial equation:

)

NP

D(peveR HT)
Dy
After obtaining the boundary layer momentum thide)#, Re,, Cr andh can be evaluated by using Egs. (5), (4)

and (3), respectively. Along the transition regimmtween laminar and turbulent flow, the followirgdationship is used
(Dhawan and Narasimha, 1958):

= 05C; p,V,R 9)

G =QL+F(y)(qT _QL) (10

where the subscripr, L andT represent, respectively, transitional, laminar ambdulent flow. The transitional factor,
F(y), is given by (Dhawan and Narasimha, 1958):
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F(y)=1- exp{ 041{ 474(y yL }} (11)

Following (Dhawan and Narasimha, 1958) transit@aupposed to occur fa63 < Rey; < 275.
Properties evaluation at the boundary layer edgeeiformed assuming isentropic flow between thgrsition
region and the locatiori™where properties are needed, namely

Py = p(p—j (12.2)

vy
Pei J ’ (12.b)

=y 2h-h,) (12.c)

T, = (12.d)

The local pressurge; , is obtained from the modified Newton’s method dérson Jr., 1989) ang=1.4. The
subscript 8" appearing in Egs. (12) refers to the stagnatiordition. Eckert’s reference temperature is obtifiem

(Anderson, 1989):

*

e

=1+0. 032|\/I o+ O5E{T—W —1J (13)

ei

The solution procedure can be summarized as follows

i. From a given trajectory the US Standard Atmosph{@976) is used to obtain the free stream prgsert
including the stagnation ones;

ii. Normal shock relationships are used to obthaftuid flow properties behind the shock;

iii. By using the modified Newton method, pressdigribution is obtained along the entire rockdathado
and Villas Boas, 2006);

iv. Equations (12) provides the local propertiethatboundary layer edge;

V. If y< 0.1 Ry, Eq. (8) provides the laminar boundary layer thds, leading to the estimation Ré&, Cr
and h, provided by Egs. (5), (4) and (3), respectively;

Vi. If y> 0.1 R, andRey< 163, Eq. (7) is numerically integrated up to the ldmatwhere the momentum
thickness is to be estimated. Such an integragiperformed by using the trapezoidal method;
Vii. If y>0.1 R andRey> 275, Eq. (9) is numerically integrated by the trapdabrule leading to the turbulent
boundary layer thickness;
viii. If y>0.1 R,and163<Re< 275, Egs. (10) and (11) are used to estimate h;

It should be pointed out that such a proceduresifopmed along the body’s surface, for differeajetctory times.
Therefore h=h(y,t).

2.3. Heat conduction

Once the convection heat transfer and the adiabatictemperature are estimated, wall temperatisgilutions
can be obtained. The energy conservation priadplapplied to an infinitesimal volume elementhivitthe wall.
One-dimensional heat transfer is assumed. Theigalygoperties of the structural and thermal prtibe materials are
assumed to be independent on temperature. Theviaty equation results (Ozisik, 1980):

0T _ 1 0 (g0 0T
—=—_|R% 14
oo TR OR( aRj (14)
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The superscriph appearing in Eq. (14) determines the coordinatetesy, namelyn = O for rectangular coordinates;
n=1 for cylindrical coordinates; ana=2 for spherical coordinates. Eq. (14) is applieddoeral regions of the rocket,
as summarized in Tab.l1, that also shows the miesfawhich rocket parts are made, as well as theekness,
curvature radius and coordinates system. Consiglehie small radius of curvature of the fin leadauge Ry= 3mm)
and its small thicknesdsl (mn), rectangular coordinates are adopted in its nmadtieal representation, Fig. 4. At the
nose cap a spherical coordinates system is adapigidat the payload region, Fig. 1, cylindrical hoates are used,
Fig. 5.

Table 1. Geometric Characteristics of regions sihd VVSB-30.

Region Material Curvature radius | Thickness Coord. §stem
Ein leading edge stainless steel 3 mm 1 mn rectangular
lateral stainless stee]| - 1mm rectangular
Nosel &P stainless stee| 10 mm 10 mn spherical
body and payload aluminum variable wyth 6 mm cylindrical
s 5°
Figure 4. Coordinate system near the fin's leadidge.
Cylindrical Spherical
oordinates

coordinatei

t

6mm TN, ..

Stainless steel

63,6

a) Payload region b) Nose cap region

Figure 5. Coordinate system at the nose and paykgidns.

Since a thermal protection system is externallyliagdo the surfaces, the domain of calculus isdgig into two
different regions. Equation (14) is applied totboggions, but since the external layer correspdodbe ablative
material, its thickness is variable. The intefdagkr is the rocket’s structure itself, which isdmaf metallic materials,
Tab. 1. FIREX RX-2376 is applied externally to therface. As soon as it reaches its ablative teatpes, it is
supposed to be removed of the surface by aerodgndiag. Table 2 shows the physical propertieb@ftructural and
thermal protection materials used in VSB-30. Thating takes place externally, as a result of agrathjc heating.
During the time in which the surface temperatureelw138°C, called pre-ablative period, a two-layer transiemé-
dimensional heat conduction problem arises.

Table 2. Materials physical properties.

Property Stainless sté@l | Aluminum® | FIREX RX-2376?
Specific heat 500 J/kg K 960 J/kg K 1,674.6 J/kg K
Thermal conductivity 16.2 J/kg K 177 Jikg K 0.24 W/im K
Density 8,000 kg/m 2,710 kg/m 1,170.2 kg/m
Emissivity 0.11 0.06 1.9
Heat of ablation - - 4.2 MJ/kg
Ablative temperature - - 138°C

(1) Ozisik, 1980.

(2) Pyrogenics Group, 2003.

(3) Assumption.



Proceedings of COBEM 2007 19th International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November 5-9, 2007, Brasilia, DF

g 1y

I

@ | wall < @ < T <
= q(t) = q(t) = q(t)
z Xs = draa(V) 3 > Graa(t) E —» raa(t)
= . = = s
e vi(t)
(a) Pre-ablative period (b) Ablatjveriod

(c) Pos-ablative period

Figure 6. Coordinate system for the conductive alvldtive processes.

As it is depicted in Fig. 6, the internal walls aesumed insulated. At the interface structureEXRheat
conduction takes place. From that result the falhg boundary conditions for the structure:

LN
0X,

=0 ; —kaTs

_ _k aTF
%=0 aXS

— R
OXe

(15.a, b)
Xs=Xy X =0

where subscript$ and F refer, respectively, to structure and FIREX. Hwe FIREX layer, three different situations
may arise, Fig. 6. During the pre-ablative perigid, (6.a), the boundary conditions are:

T =R ()T ol () -T] (16.2)
Xe |y ox
-k, A = -k OTe (16.b)
0% |, _, X |, L
When the external surface reaches the ablationgeanpe:
Te(tX) = Ta 17)

whereT, is the ablation temperature. Under such a conditize ablative thickness is reduced with timedieg to the

change in the physical domain. A moving coordirgtstem xgp, is defined and the energy conservation equation
becomes (Silva, 2001):

, 0T, 0 Xtp 0T Vvi(t) .. V: (t)
Xep - = ae zFD —+ XFDl = AN
ot 0Xep X (1) 0Xep X (1) X (t)

wherexgp = Xg/X(t), %(t) andv; (t) are the position and velocity of the moving bougdagspectivelyvi(t) is given by:

(N+Dxe, Te (18)

H (Y )Te (6% ) ~To ]+ €0 [T (1) -T2 + k. aIF
v(t)= Flx = (19)
p-L

whereL is FIREX heat of ablation, Tab. 2. Once the abfatielocity is determined, the new position of &éxernal
boundary is calculated from:

dx
A -y 20
at (20)

Depending on the aerodynamic heat load, the ablédiyer may be totally removed of the surface dwedstructure
may be exposed to the external flow. Under suatunistances Eq. 15.b becomes:

2L =Ry ) T+t x)-T]

sIX =X,

-k

(21)

The initial condition (irt = 0) for the whole domain i$(x,0) =T, .
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3. RESULTS

Numerical results are obtained for the temperadiis&ibutions at two different locations of VSB-3The nose cap,
including the payload region, and the second sfiage leading edge. The transient one-dimensionabtiuction-phase
change material is numerically solved by the finiddume technique (Maliska, 1995). Based upordhal conditions
for temperature, pressure and velocity, the comedteat transfet(y,t), is evaluated and used to solve the energy
conservation equation, from which temperature ihistions are obtained. Typically 5 volumes aredusediscretize
the domain of calculus. The routine was implemeérnteough a FORTRAN computer code. To run theetiayry
presented in Fig. 2, for each of the locations @l¥$B-30 surface, about 4 hours were required ek Pe 1V 2800
MHz computer. Additional results from this invegstiion can be obtained elsewhere (Machado and ®dsfm,
2007)

3.1. Fins

Calculations performed on VSB-30 first stage fihewed that aerodynamic heating was not a probl&uch a
result can be explained by the fact that they amyk during the first 15 seconds into the flights A consequence,
attention was focused on the second stage finsusByg the trajectory presented in Fig. 2 and tioeegdure outlined in
section 2, the adiabatic wall temperature and threvective heat transfer coefficient were obtainetha stagnation
line, Fig. 7. As in a previous work (Mazzoni et, &005), three different cases were consideredwithout ablative
material &o = 0); fin covered withD.40 mmof FIREX (X, = 0.40) and fin covered witld.85 mnof FIREX (xo = 0.85).
As it is shown in Fig. 8.a, the use of FIREX hatldieffect on decreasing the temperature of the 8uch a behavior is
a result of the high heat flux occurring at thegsttion line, which causes the ablative materiddadotally removed of
the surface. According to Fig. 8.a, the layer REX is totally ablated afte#3 and 27 seconds into the flight. It should
be pointed out that due to the high thermal diffigiof the stainless steel, the temperature diffiee across its mm
thickness is lower tha@.5°C. In all cases shown, the maximum temperaturbeastagnation line is pretty high and
close to the melting point of the stainless ste&40°C.

Figure 9a and Figure 9b show temperature distobgtialong the fin’s leading edge 5143 s and t=65 s
corresponding to the maximum temperature at trgnat#on line and the end of the atmospheric adtight. In Fig. 9,
y=0 corresponds to the stagnation line grd mmcorresponds to the transition between the cylaadiand flat surface
of the fin’s leading edge. Once again three difieccases are considered. Besides the very higpetature levels
observed at the stagnation lines, for béthand65 seconds into the flight, a striking factor depitia Fig. 9 is the
temperature gradient occurring along the curvedasar of the leading edge. A3 secondsfor example, the
temperature decreases frdd50°C to less than @0 °C, as we move frorg=0 to y= 4 mm At 65 s, such an effect is
even more pronounced with the surface temperatgceedsing one order of magnitude, i.e., frb@60°C to 150°C.
As a result of such a high temperature gradiemt, hypothesis of one-dimensional heat conductionsascthe wall
thickness is no longer valid. Heat will flow inthoc andy directions and, as a consequence, the temperatadegts
depicted in Fig. 9, shall decrease. With regarBIREX, the results show that its use did haveffateon decreasing
the temperature of the metallic structure.
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Figure 7. Convective heat transfer coefficient adthbatic wall temperature at the fin leading estagnation line.

In a 2004 VSB-30 flight, temperature measurememseviaken and FIREX was applied externally to the. f The
positioning of the sensors correspond to a locati®@rmm away from the stagnation lings 10 mm PT 100 thermo
sensors were used (Fraden, 1996) and at the losatioder which the sensors were installed, the KiRiger was
removed. Due to limitations of the applicationgedure, the thickness of FIREX applied on the ffivagy vary between
0.40 mmand0.85 mm
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Figure 8.b shows the measured temperatures durenflight. As it is depicted in Fig. 8.b, the temptaire sensors
were located along the spam wise direction of theafd large differences were observed among thesessurements.
They might be attributed to three-dimensional @ffemccurring in the real flight including, amonchets, rotation
around the symmetry axis, in the orderb revolutiongper second As expected, the numerical results which best fi
the measurements are those obtained for the cageich FIREX is not applied to the surface.
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Figure 8. Temperature profiles.
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Figure 9. Temperature profiles at t = 43 and 6®1sds.

3.2. Nose cap and payload

12

The analysis of the fin’s temperature is of utmimsportance because they stabilize the rocket durisg
atmospheric flight. Nonetheless, special attentiast be directed towards the payload region, wttexranicrogravity
experiments are housed, Fig. 1. Besides its straldnteqgrity, it is necessary to verify the imat wall temperature. In
terms of heating, the most critical region is thesen cap. Figure 10 showsand T,, evolutions at the nose cap
stagnation point. Two temperature and convectigat transfer coefficient peaks are observed, oniagithe ascent
flight, and other during payload reentry. Figufeshows the internal wall temperature at the nage which is made
of stainless steel, with a radius of curvature étu® mm As for the fin's stagnation line case, the terapae gets
close to the stainless steel melting point, ile540°C. The application of FIREX on this region has oalynarginal

effect on bringing the temperature down.

In a Eimfashion as in Fig. 10, two temperature peaks arserved.

Between them, there is the vacuum of space anctabi lost by convection. Nonetheless, radidtigses take place,

leading to the temperature decrease shown in Eig. 1
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Figure 12.a and Fig. 12.b show the variation ofithernal and external wall temperature at t=52&ostesponding
to the impact point of the payload into the ocekigure 12.a focuses on the spherical nose regiefi.corresponds to
the stagnation point ang=5 cm corresponds to the transition between the spHeaité conical geometries, Fig. 5.b.
Differently from the fin’s leading edge case, thaximum temperature no longer occurs at the stagmaoint, but
somewhere downstream, yatt 1 cm Such a behavior occurs as a result of the faadt the flow, initially laminar,
becomes turbulent.

At the spherical nose region, the effects of FIREPflication are noticeable leading to a tempeeatigtrease of
200 °C, approximately. It is also noticeable slight diffaces between the external and internal wall teatpess,
arounds0°C. They are due to the thickness and thermal ptiesenf the stainless steel from which the sphérioae
cap is made. Another discontinuity is verifiedls transition between the spherical and conicaiggry. Besides the
change in geometry, there is also the change oénmmht(aluminum) and thickness (@nj, as we move from the
spherical to the conical region. From that poinf there are no noticeable temperature variatensss the wall, Fig.
12.b. In spite of being completely consumed &terand 27 seconds into the flight, the applicatbeither 0.40 mm
or 0.85 mm has an effect in decreasing the temperdly more than00°C. In this case, the use of FIREX becomes
important to assure the wall integrity during thgHt, since aluminum melting temperature is atf&ad C.
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Figure 10. Convection heat transfer coefficient adébatic wall temperature at the stagnation pafitihe nose cap.
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4. CONCLUSION

Aerodynamic heating on a sounding rocket flyindngpersonic flow regime was analysed. Attention feasised
ont the fin’s leading edges and the payload regim.ablative type of thermal protection system applied on those
regions and the obtained results showed it to fectdfe in reducing the structure’s temperaturehe Tmodelling
considered a transient, one-dimensional, condugthase change material problem. At th&s?age fin leading edge,
it was possible to compare the predictions with sneaments taken on an actual flight. By considgetihe
approximations involved in the modeling and theartanties of the measurements, a fair agreemenbphiained.

In a next study the modeling of a unsteady two-aisienal conduction-phase change material shallopsidered.
It is also intented to improve the techique forirftx the temperature sensors, as well as for applifre ablative
coating. It is also intended to increase the nurobereasurements to be taken during the flight.
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