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Summary

The given paper summarises the status of the post-flighysisalf theSHarpEdge
Flight EXperiment (SHEFEX). It focuses on the comparison of numksnd ex-
perimental surface pressures as well as the assessmeatfeéétstream vector ap-
plying the flight mechanic description of tliEgital Miniature Attitude Reference
System (DMARS) platform. The results point out that the estiien of angles of
attack and sideslip is much more demanding than expected.

1 Introduction

Hypersonic systems are complex, difficult to design and ese to build due to
a lack of physical understanding on the involved flow regiraed a lack of data
for design. The strategic future tool which will enable ardadic reduction in the
design and development time required for new vehicles isdngoutational or “vir-
tual” vehicle design and qualification. But this approachased on mathematical
models which require verification and validation to inceeéiseir credibility. The
improvement of the physical modelling requires good datguaed in ground fa-
cilities and in flight [3].

The objective of the SHEFEX experiment was the investigatia facetted hermal
ProtectionSystem (TPS) concept and the assessment of the potentiadigf sHged
configurations applying the three point strategy: numégnalysis - ground based
facilities - flight experiment. The motivation is neithergerform a re-entry experi-
ment nor to fly at the thermal boundary of modern high tempeeahaterials but to
prove in flight that the temperature peaks at the edges oftla@ric-composite pan-
els are lower than those predicted based on a radiationeguih hypothesis. The
SHEFEX forebody should have as many as possible facettezlpand it should
represent as many as possible configuration details of spdeles, like concave
and convex chamfers and a sharp unswept leading edg€&igeHa). Now, after
the flight an enormous amount of scientific data is availabteadirect comparison
of the flight data with numerical post flight studies and ootgrd data is possible.

2 Description of the Experiment

The SHEFEX launcher is a two-stage solid propellant soundinket system. The
launch vehicle consisted of Brazilian S30 motor as first stage and damproved



Orion motor as second stage. Between the facetted SHEFEX experand the
second stage were two cylindrical modules which houseddabevery system, the
main electronics, the data acquisition devices, the poweply, and the cold gas
system Fig. 2). The vehicle reached an apoge@df km. The total flight time was
550 seconds, comprisingb seconds of experimental time for the atmospheric re-
entry betweer®0 km and14 km. The first atmospheric effects on the acceleration
sensors could be observed&it £m. Here the pitch and yaw angles @nd ©)
started to oscillate and unfortunately the roll rate sthtteincrease, seig. 3(a).
The vehicle finally achieved a stable flight attitude with ar@asing ellipse-shaped
precession around the flight vector, $ég. 3(b). The flight data enable a detailed
flight mechanic description of the complete flight. Data o688sors distributed on
the surface of the forebody like pressure transducersnibesuples, and heat flux
sensors are available for an analysis [2].

3 Assessment of the Flow Condition

One requirement for the numerical post-flight analysis ésatailability of the free
stream condition, namely, the Mach numbér,, angle of attacky and sideslip
angle . In order to obtain the Mach number or the Reynolds numberl€7é
standard atmosphere [1] is applied. The angles of attack and sideslip have to be de
termined based on the flight vector provided by the DMARSfptat. The DMARS
flight vector is given in the platform coordinate system. iffere, e.g. the pitch an-
gle is zero during vertical asce®t)° in horizontal position and so on. The sideslip
angle is the lateral deviation from the flight pafid. 4). As shown inFig. 3(a) the
re-entry configuration performed a very complex dampedr@pmiotion. The pitch
and yaw angles oscillate around mean values which are itedicesy the dash-dotted
lines in theFig. 3(b). Estimates for the mean values afal.5° for the pitching mo-
tion and3° for the yawing motion.

Now, o and 3 are the angles between the longitudinal axis of the vehictethe
flight path, which is not directly known. But, consideriRig. 4, they correspond to
the deviation from the mean values for pitch and yaw angle. rol angle¢ may
be directly taken from the DMARS data.

The flight velocities during the atmospheric descent varigde region ofl 700m/s.
The Mach number, sd&g. 5(a), is relatively constant at a value of appréx6 from
100 £m down to50 km. Then the Mach number increases up to its maximum value
6.2 at26 km. The Reynolds number, s€ég. 5(b), increases up td0-10° at payload
separation. Therefore, a careful comparison of the preddistributions, tempera-
tures and the heat flux rates from laminar and turbulent M&iekes calculations
may allow to detect the altitude where boundary layer ttasappears.

The actual flow condition and the corresponding experimesaiaes may be ob-
tained applying the procedure givenhkig. 6(a). The post-flight analysis at first re-
quired the exact adjustment of the time scales of Radar-, BEAand experiment-
time. The Radar data are used to extract the altitude andsmrnding time. Apply-
ing this time values of pitch-, yaw- and roll angles as welrapcity are obtained



from the DMARS data while the measured surface values araic@d in the ex-
perimental database.

4 Selected Results of the Post-Flight Analysis

To compare the numerical with the experimental data Nesitekes calculations are
performed using the AU-CoDE. Dependent on the altitude the boundary layer state
is assumed to be laminar (40 km) or turbulent & 30 km). Between 30 and 40 km
both types are investigated. The wall is always defined tabehadiation adiabatic
(e = 0.83). The comparisons of experimental and numerical pressanéditions
are done along a line on the lower surface, Beg 6(b).

For the numerical calculation the velocity vector is onlyided by the angles of
attack and sideslip. The roll angle can not be taken intowatcd herefore, an ori-
entation ¢/, © and¢) and a grid generation of the vehicle have to be carried qut fo
any time step in order to respect the correct flight positidternatively, the influ-
ence of roll angle may be included using a transformatioh@gingles of attack and
sideslip. On account of the fact that the orientations aidiggnerations are much
time consuming and error-prone the transformation is fesduConsequently, the
transformed values for the angles of atta¢kand sideslips’ which already include
the effect of the roll angle are defined by equations (1) ahd (2

o' = cos(¢) - o+ sin(¢) - B (1)
B = cos(¢) - B —sin(¢) - a 2)

Tab. lillustrates the influence of the roll angle on the angles tafcktand sideslip.

In case that the roll angle is zero, the transformed anglétatlan’ is identical to
the angle of attack. If now an additional roll angle di0° is introduced at constant
angle of attacky’ is identical to the sideslip angjeé The increase of the roll angle
to 180° ends toa’ = —«. A comparison of a result obtained on a rotated vehicle
with the one obtained by application of the transformed esgind one additional
application using transformed angles prove the procedrige 7).

With respect to save calculation time it is proposed to caemunly half of the
SHEFEX forebody. That is possible when the influence of theddip is marginal
and a symmetric flow field may be assumed. For this purposentheince of the
sideslip angle is here investigated. The results pointtbat,a sideslip angle of less
than3° has only minor influence and the half configuration may be usechse of
larger values the complete forebody has to be considerexlibe¢he characteristic
of the pressure distribution is changed (Bég 8 as example).

For the numerical calculation of the re-entry the followialtjtudes are selected:
19.0 km, 27.4 km, 33.8 km, and55.7 km. The comparison of the pressure distribu-
tions for these altitudes are presentedrig. 9. The agreement is far9.0 km and
27.4 km reasonably good. Unfortunately, this promising agreermdess not hold
for the two considered higher altitudes. If the altitudeckess more thaib km, the
influence of the measurement uncertainty£50 Pa) has to be taken into account.



For the altitude oB3.8 km a comparison of laminar and turbulent pressures with
the experimental ones suggests that at this altitude thedaoy layer may be tur-
bulent. However even for the turbulent flow case large disaneies in the forward
and backward region of the body are observed. Especiallyaméagion of the first
pressure sensor the accuracy has to be much better, beeaagbdflow is almost
two dimensional and the pressure value has to be comparéhlghe oblique shock
relations. Here the experimental pressures tékems later are much closer to the
calculation but the agreement is still not promising. Theaclinfluence of flight
time on the measured pressure distribution points out teavéry fast changes of
the flight vector are one obvious problem. Therefore, pésskplanations for the
large discrepancies between experiment and simulatiotharprocedure to define
the angle of attack and the sensitive adjustment of the erpatal time scales
(compare [4]).

In order to investigate in depth the discrepancies obseavbih altitude, two flow
conditions 89 km and55 km) with large offset from the experimental pressures are
considered using the oblique shock relations given by égus=({3) and (4).

M;?-sin®o — 1
tan19:2-cota-< 21 g ) 3)
Mi* - (k +cos20) + 2
2- k- M2 —(k—1)
P2 _ 2k A ( )W|thMln2:M1-sina 4)

D1 k+1

TheFig. 10(a) shows that for both altitudes the offset is large and the dtrgam
behaviour of the pressure distribution is not well captdoedhe assumed angles of
attack (see section 3). The aim is to establish an analytjlear attackoghockUsing
the oblique shock relations. Irig. 10(b) is presented that the flow conditions are
not fully two dimensional. Therefore, in a first step the nuiced pressure directly
at the leading edge is extracted which is obtained usingrigieaf attack defined
in section 3). In oder to include three dimensional effeatparallel translation of
the frontward pressure distribution in a way that which agreell with the first
pressure sensor is being performed in the second steply-iaalew hypothetic
pressure, may be extracted at the leading edge which agree with theymesafter
the shock. Applying the known geometric deflection angknd the oblique shock
relation within an iteration a new angle of attack may be thufhe new angles
(ashock = 3.27° for 39.1 km andaspeck = —5.30° for 55.7 km) allow a much better
agreement with the measured values. Additional, this phoeeshows fob5.7 km
that the discrepancies are not caused by the measurementainty, but rather may
be traced back to uncertainty on the velocity vector dicecti

5 Conclusions

An strategy to reduce the flight data of the SHEFEX experinrentder to estab-
lish an aerodynamic data basic has been presented andsdidcifie results of the



paper point out that the extraction of angles of attack addsdip is much more
demanding than expected and that relatively straightfaheaperiments like SHE-
FEX with an enormous amount of available scientific data &edjuite demanding
problems of the flight analysis are an essential source toigcknowledge in the

physics of hypersonic flight and the development of more derpehicles. The

presented scheme of work enables to develop the SHEFEXaeotc data basic.
For further experiments it will be recommended to includ@arodynamic air data
system, which allows a direct determinationcond.
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Table 1: Transformed angles of attack o’ and sideslip 3’
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Figurel: The SHEFEX Experiment
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Figure2: SHEFEX launch and re-entry configuration
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Figure3: Re-entry description based on DMARS data
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Figure4: Definition of pitch, yaw, attack, and sideslip angles
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Figure5: Flow conditions during atmospheric re-entry
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Figure6: Flight analysis
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Figure8: Numerical and experimental pressure distributions, érflte of the sideslip angle
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Figure9: Numerical and experimental pressure distributions
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