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Abstract

The purposeof the SHarp Edge Flight EXperiment
SHEFEXis theinvestigation of possiblenen shapedor

future launcheror reentryvehicles[1]. The main focus
is theimprovementof commonspacevehicleshapedy

applicationof facettedsuriacesandsharpedgesThe ex-

perimentwill enablethe time accurateinvestigation of

the flow effects and their structuralanswerduring the
hypersonicflight from 90 km down to an altitude of 20

km. The project, being performedunderresponsibility
of the GermanAerospaceCenter(DLR) is scheduledo

fly on top of a two-stagesolid propellant sounding
rocket for October2005.The paperdecribeshe overall

philosoply of the projectandgivesa surwey of the aero-
dynamicandaerothermodynamiaswell astheconfigu-
rational layout of thexgerimental ehicle.

1. Introduction

Early in the fifties few small hypersonicwind tunnels
hadbeenusedalmostentirely for fluid mechanicstud-
ies but they were unableto simulate neither the high
temperaturesior the high Reynolds numberof flight.
Becauseof strongly interactingflow fields, viscousin-
teractionswith strongshocks,and possiblereal gas ef-
fects,it wasgenerallyfearedthattestingin thesdimited
wind tunnelswould not producevalid results.It wasex-
pectedthat the first hypersonicvehicleswould reveal
large discrepanciebetweerflight andgroundtestdata,
aswasthe caseof the X-15, US-Orbiter Russian-Buran
andJapan-HSTFifty yearslaterandwith someprogress
within the spacecommunityin designing,building and
flying hypersonicgliding vehicleslike e.g. the ARD
capsule(Fig. 1) is possible.But, the fatal flight of the
Columbiain 2003 again shaved the severity of the hy-
personicervironment. Indeed, hypersonicsystemsare
comple, difficult to designand expensve to build due
to alack of physicalunderstandingn the involvedflow
regimesanda lack of datafor design.Althoughin each
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decadeconsiderablenegy is spentdesigningnew con-
ceptsand developing the technologybaserequiredto
supporthem,no aircraftcapableof flying atMach 10 or
higher has beenuidt.

It is obvious, that currentspacetransportatiorsystems
do not enableroutine low-cost operations.In orderto

improve thereliability of accessingpaceg.g.problems
relatedto vehicle servicing and refurnishing, must be

hardly simplified andthe time requiredfor a designcy-

cle hasto be drasticallyreduced.The requiredtechno-
logical developmentsaredirectly associatedo thetech-
nological progress of the three disciplines:
Aero(thermo)dynamicsropulsion StructuresandMa-

terials.A closeinteractionof thesethreedisciplines,as
well asthe optimal useof all technicalpotentialitiesis

necessaryfor a drasticreductionof designtimes, im-

proved \ehicle performance and operations.

Dueto the compleity of the problemcomputationabr
“virtual“ vehicledesignandqualificationis the stratejic
tool which one day will enableto reducedramatically
the designanddevelopmentime requiredfor new vehi-
cles.But acomputationatiesignis basedon mathemati-
cal modelswhich requireverificationandvalidationfor
establishing credibility. To accomplish its mission,
physicalmodellingstronglyrequiresgoodgroundfacili-
ties and flight datato be usedfor codevalidation and
whennecessarygodecalibrationtoo. Groundbasedfa-
cilities, themajorsourceof flow data,areveryimportant
becausehey allow a betterunderstandingf the flow
physics but in flight-measurementonstitutesthe only
way to obtain datafor predictiontools validation and
calibrationunderreal conditionsandtherefore they are
irreplaceabldor physicalmodelling[2]. One of the big
mistales of the last 25 yearshasbeenthe strongcou-
pling of the progressn hypersonighysicswith new op-
erationalsystemslevelopmentsnsteadof uselesscom-
plex systemdike soundingrockets astestbed for new
technologicalconceptsor for simple gatheringof flight
datawhich arerepresentate of the real hypersonicen-
vironments.Many X-programssuchasHermesthe X-
30, Sénger X-33, X-34 and the X-38 have failed, in
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some cases short before the flight test that would pro-
duce the data, so necessary to advance our understand-
ing of the hypersonic environment and how to design
vehicles that would survive in that environment. Those
failures occured partially due to economical reasons and
partially due to the technological challenges associated
with the projects, being the first cause also closely re-
lated to the second one. Sounding rockets may be the
waly of accessto a certain type of “sky based facility” (in
analogy to the ground based facilities) but extremely
less expensive and less risky than the so-called X-vehi-
cles. Emerging examples of such strategy are the
SOAREX experiment from NASA [3], to test future
flight vehicle concepts and the HyShot experiment of
the University of Queensland [4], to test supersonic
combustion. At DLR this approach is being adopted de-
fining the SHEFEX project as the pathfinder experi-
ment.

2. Definition of the Experiment

The objective of the SHEFEX experiment is the explo-
ration of a facetted TPS concept and the assessment of
the potential of sharp edged configurations applying the
three points strategy: numerics - ground based facilities
- flight experiment (Fig. 2). The motivation is neither to
perform a re-entry experiment nor to fly at the thermal
boundary of modern high temperature materials but to
provide flight evidences that the temperature peaks at
the edges of the ceramic-composite panels are lower
than those predicted based on a radiation equilibrium
hypothesis.

From the structural point of view fabrication, inspection
/ repair and payload displacement costs are the three
major elements determining the TPS cost per unit of
each system [5]. Fabrication represents the cost for pur-
chase and installation of the TPS. Inspection / repair, or
maintenance / servicing, represents the cost for re-flight
certification. Payload displacement represents the pay-
load mass displaced by the TPS and is the dominating
parameter. An increase in TPS mass displaces payload
for the life cycle of the vehicle, and significantly in-
creases the payload delivery cost to and from orbit,
since TPS total mass may be equivalent in some cases to
the vehicle payload mass. Indeed, the mass and cost of a
thermal protection system (TPS) heavily impact the eco-
nomic performance of the vehicle: a 20 % increase in
vehicle dry mass causes a 35 % increase in TPS mass.
From a TPS-servicing point of view a crude analysis
about the economic potential of a facetted TPS system
has been obtained considering a hypothetical situation
with amodern aerospace vehicle. The exercise consisted
to look first into the aerodynamic impact which would
have such kind of vehicle if its front section is covered
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by planar panels instead of a contoured ones. The nu-
merical computation showed no major impact on the
aerodynamic behavior of the vehicle (Fig. 4). Panels of
0.8 m maximum length have been considered to account
for thermal expansion / contraction problems. To cover
the front section of avehicle like Phoenix aimost 50 ex-
act contoured panels are necessary, requiring also 50
manufacturing tools, or 70 flat panels requiring only one
manufacturing tool. It turns out, that a saving in manu-
facturing cost of about 70% accompanied with a strong
reduction in development time due to the simplicity of
the design is possible. In addition, for the operation of
four vehicles, the saving due to TPS inspection, simplic-
ity in replacing and sealing allow another 40 to 50% on
the system level.

From the aerodynamic point of view the design of a hy-
personic vehicleis affected by finding a compromise be-
tween a vehicle being sharp enough to obtain acceptable
aerodynamic and propulsion efficiency and blunt
enough to reduce the aerodynamic heating. Therefore,
during the 1990s the development of ceramic composite
and ultra high temperature materials for thermal protec-
tion system applications led to a renewed interest on
sharp edged configurations like e.g. the waverider con-
cept DLR F8 [6], the DLR-ONERA project JAPHAR
[7] or the lifting body concept HL-20 and the SHARP
project, both from NASA [8], [9]. The current experi-
ment SHEFEX is presented here.

Driven by the facetted concept, two main criteria have
been used to define the aerodynamic shape of SHEFEX.
It should have as much as possible facetted panels and it
should represent as many as possible configuration de-
tails of space vehicles, like concave and convex cham-
fers and a sharp unswept leading edge. The experiment
shall enable a detailed investigation of the flow effects
and their structural answer during flight.

3. Introduction of the SHEFEX Mission

The SHEFEX launcher is a two-stage solid propellant
sounding rocket system conceived primarily for ballistic
microgravity experiments. The launch vehicle consists
of a Brazilian S30 motor as first stage and an Improved
Orion motor as second stage (Fig. 5). This motor combi-
nation has been launched successfully two timesin basi-
cally the same rocket configuration. Between the facet-
ted forebody and the second stage are two cylindrical
modules which house the recovery system, the main
electronics, the data acquisition devices, the power sup-
ply and the cold gas RCS (Fig. 6). During the ascent the
facetted forebody is protected by an ogival nose cone.

The projected mission is schematically sketched in (Fig.
7). It isasuborbital flight mission started from Andoya
(Norway). Thefirst stage burns out after 28 sec and sep-
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arates from the rest of the launcher at an dtitude of 17
km. The second stage burns out after 56 sec at an alti-
tude of 65 km. Since the facetted body has no control
devices the second stage remains attached to the facetted
body until the end of the experiment to provide flight
stability through its fins (Fig. 6). At about 90 km, the
nose cone separates and a cold gas RCS initiates the
pointing maneuver. The apogee is reached at approx.
300 km. No yo-yo de-spinning maneuver is necessary
since the RCS eliminates any remaining spin. The
SHEFEX experiment starts at an altitude of 90 km and
continues with aimost constant flight Mach number of
about 7.0 up to an altitude of 20 km. Thus, a measure-
ment time of approx. 45 sec is available for measure-
ments on hypersonic flow effects. The selected flight
path fits rather well inside the operational range of the
high enthal py ground facilities of DLR, allowing numer-
ical and ground base data correlations with flight mea-
surements. From the mission point of view, the chal-
lenge of SHEFEX is the definition of a reentry
configuration which has to fly aerodynamically stable
without control surfaces and spin. Additionally, thetime
between the separation of the second stage and the initi-
ation of the recovery sequenceis very short (less than 20
sec). The second stage will separate just before deploy-
ing the parachute recovery system.

4, Applied Numerical Tools

The aerodynamic and aerothermodynamic studies are
performed based on calculations with the DLR Euler-
and Navier-Stokes Code TAU [10] applying unstruc-
tured grids. Additionally, for general parameter studies
the DLR surface inclination method HOTSOSE [11] is
applied. As shown in several comparisons with wind-
tunnel experiments [12], [13] both codes are well estab-
lished for the aerodynamic layout and analysis of com-
plex space transportation systems. In al calculations
perfect gas was assumed which is the worst case as-
sumption from an engineering point of view.

5. Aerothermodynamic Studies
Main purpose of the aerothermodynamic analysis of the
SHEFEX forebody was the assessment of the expected
heatloads and afirst analysis of the flow field. At the be-
ginning an average flight Mach number of M=7.5 was
assumed. Hence, the results represent the upper limit of
the expected thermal loads. The calculations cover the
complete Reynolds number range of 70.000 < Re <
3.500.000. Dependent on the altitude the boundary layer
is assumed to be fully laminar or fully turbulent. The
wall was assumed to behave radiation adiabatic
(¢=0.83). The analysis of the surface values of pressure,
temperature and heat flux are basis for the choice of the
flight instrumentation and the positioning of the sensors.
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Fig. 8 and Fig. 9 illustrate the influence of the boundary
layer state on the flow field and the surface temperature.
Although the forebody is very smple a complex and in-
teresting flow field is obtained. In the backward part of
the lower surface which is intended to simulate condi-
tions of a deflected control surface parallel to the hinge
line a separation is obtained which clearly decreases in
case of aturbulent boundary layer. Additionally, the co-
loured streamlines show, that along the highly swept
corner of the second forebody-segment a small vortex is
obtained (see enlarged view). This vortex hits on the
backward inclined panel and induces a local hotspot as
shown in Fig. 9. To capture this phenomenon the num-
ber of sensors are increased in these regions (Fig. 10).
The surface temperatures indicate that except of the un-
swept leading edge of the forebody never a critical tem-
pature with view to the resilience of the ceramic panels
is reached. The shown temperatures are a measure for
the upper temperature limit because they represent the
never obtained steady state conditions without taking
into account the structural heat conductivity.

One critical point of the configuration is the step appear-
ing between forebody and the first cylindrical segment
(Fig. 11). Here, heat loads in the order of the ones at the
unswept leading edge are expected. In any case struc-
tural failures due to thermal loads or shock-shock inter-
actions have to be prevented because they would end in
the destruction of the vehicle. Therefore, special empha-
sisis taken on the analysis of this region. The complex
interaction between the separation induced shock and
the forebody shocksis shown in Fig. 11. By comparison
of the lines of constant Mach number and the pressure
coefficients the dlip line which might be critical with
view to the heat loads can be detected. The analysis of
this region was mainly performed based on 2D calcula-
tions of the symmetry plane. The validity of this as-
sumption is given by the comparison of a 3D and a 2D
surface temperature distribution along the lower surface
of the forebody (Fig. 12). Fig. 13 shows that the sepa-
rated hot boundary layer flow is redirected back into the
separation bubble. This results in very high radiation
adiabatic temperatures but it has to be taken into account
that these results are steady state solutions and that the
structural conductivity in neglected. A not fully coupled
finite element cal culation during the structural layout in-
dicated that a material with high thermal conductivity,
like copper, will be able to withstand the heatl oads with-
out total structural damage. If the high temperature area
between dlip line and shock is considered it is obvious
that thermal loads coming from this region will not af-
fect the surface flow for the flow conditions expected to
appear during the SHEFEX experiment. Currently, addi-
tional Navier-Stokes calculations of the fin region are
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under investigation which shall exclude severe problems
resulting from shock-shock intercations and the corre-
sponding hot spots.

6. Aerodynamic Layout of the Reentry Configuration

The layout of the reentry configuration is dominated by
the lift of the asymmetric payload which drastically re-
duces the static margin. Additionally, the requirement of
a stable atmospheric reentry differs from the conven-
tional tumbling motion of the flat spinning payload that
is usual for standard sounding rocket missions. The
asymmetric shape of the SHEFEX payload and the re-
sulting lift and pitching moment lead to a non zero trim
angle. Main goal of the aerodynamic layout is the defini-
tion of a configuration which is stable with view to the
longitudinal as well as the lateral motion. In order to re-
duce the drag as well as the structural loads the angle of
attack hasto be as close as possible to the originally pro-
jected angle of a=1°. Aggravating boundary conditions
for the layout are, that the fins of the second stage must
not be deflected and that the adaptation of overall center
of gravity of the reentry configuration is very demand-
ing due to the high mass of the burnt out engine. A first
analysis of severa fin arrangements with view to the
static margin pointed out that only a four fin configura-
tion with two horizontal and two vertical fins would en-
able to define arealistic reentry configuration. Addition-
ally, the fins were defined as large as possible (red, Fig.
14). Here, thefin sizeis restricted by the ascent stability.
For the estimated center of gravity at Xg/1=0.4748 even
this configuration is unstable during the return flight. In
order to obtain an acceptable angle of attack of a<3° it
requires a center of gravity at Xg/|=0.4 which is not
achievable with the possible margin of ballast. There-
fore, a variety aerodynamic solutions to shift the center
of pressure backward were assessed. Solutions like an
increase of the fin size or an adaptation of the fin airfoil
were not sufficient. Horizontal fins used as al flying
rudders were very efficient but not realistic because a
controlled vehicle would require a destroying system
which is too expensive and too heavy. The only realistic
aerodynamic change is the introduction of a flare in the
back of the vehicle. A sensitivity study allowed to real-
ize the best compromise between additional drag and in-
crease of the static margin (flare564, Fig. 15). In combi-
nation with several structural changes to shift the center
of gravity frontward and alight weight spacer in front of
the Orion motor afirst stable configuration was realized
(Fig. 6). At this point it was sure that the planned mis-
sion at a=3° isfeasible (Fig. 16). Unfortunately, the re-
quired ballast mass of 30kg reduced the apogee to only
280km for the given conditions. The resulting average
flight Mach number was no more than M=6.6 which did
not allow a direct comparison of flight measurements
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and HEG experiments. Therefore, due to the convenient
static margin of the vehicle in a second design cycle the
introduced spacer was | eft out resulting in a mass reduc-
tion of 16kg which, if required, might be partially used
as ballast in the front part of the vehicle. The resulting
final configuration is shown in Fig. 17. The correspond-
ing pitching moment coefficients in Fig. 18 point out
that the final vehicle will allow the projected maximal
angle of attack of a <3 . Additionally, the mass reduc-
tion enables an average Mach number of M=7.

7. Layout of the Final Rocket System

Due to the aerodynamically required adaptation of the
second stage a redesign of a large number of compo-
nents was indispensable. The extensive structural adap-
tations on the second stage were the introduction of a
flare and the resulting redesign of the fins. The fully
symmetric fin arangement of the second stage which is
required to prevent spin during descent forces also are-
design of the first stage fins and the corresponding tail-
can (Fig. 19).

For the design of the flare, the standard boattail version
of the tailcan (Fig. 5) has been taken as draft, concern-
ing the total length and the distances of the four tailcan
rings. The shims are connected with the four rings and
provide the stiffness of the tailcan assembly. The &ft ring
consists of an outer ring and an inner ring that are con-
nected with braces. Theinner ring has the same inner di-
ameter as the end ring of the standard boattail tailcan to
apply the standard Improved Orion interstage adapter
(Fig. 20). The structural layout of the flare and its struc-
tural optimization concerning mass and stiffness is per-
formed applying ANSY S FEM analyses (Fig. 21).

The fins of the second stage had to be enlarged and
adapted to the new flare. For the design of the fins, a
concept that was aready used for the development of
the S30 fins. Instead of paralld ripsin the fin frame, the
rips spread from the aft corner of the trailing edge to the
tip chord and leading edge. This leads to ideal force
transportation and stress distribution. A CAD model of
thefinisshown in (Fig. 22).

Unfortunately, these modifications of the reentry vehicle
reduce the vehicle stability during ascent. Therefore,
also for the first stage a new tailcan and fins had to be
developed based on the original three fin configuration
of the S30 motor. Aerodynamically, the new fins are
similar to the ones of the second stage. But, the tailcan
of the S30 had to be adapted to a four fin version be-
cause it exclusively has to enable the required spin for
the ascent (Fig. 19). The structural layout was changed
from an integral construction to a stringer and ring
structure (Fig. 22 and Fig. 23).

The asymmetry of the SHEFEX experiment itself is no
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problemduringascentsit is coveredby anogival nose
cone(Fig. 5). The separatiorof the noseconeandthe
exclusionof a possiblecollisonswith the SHEFEX ex-

perimentis guaranteedby a passie springsystem(Fig.

19).

Dueto the modificationof the interstagesectiona pas-
sive springsystemis alsorequiredin orderto ensurehe
stageseparatiorbeforeignition of the secondstage.It

consistsof four springswith around250 N maximum
forceeach Thesewill provide ca.5 m/s? additionalrela-
tive acceleration between theatstages.

After the burnoutof the S30motorduringthe exoatmo-
sphericballistic trajectory an Attitude Control System
(ACS,Fig. 24) usingcold gasthrusterswill remove ary
residual spin and perform a manoeuvreto provide a
nominal zero degreeangleof attackat the commence-
mentof the re-entryphaseof the trajectoryandlimited
roll-control during the experimentphase(Fig. 25). An
inertial platform, which is part of the autonomouser-
vice module,will measurehe attitudeandacceleration,
calculatetheinstantaneousajectoryandprovide the at-
titude control signalsfor the ACS. Experimentattitude,
acceleratiorand houselkeepingdataare transmittedvia
two redundantS-Bandlinks andin addition storedon-
boardin a datarecorder Telecommandpermitsthe in-
flight receptionby the ACS of discreteand serialcom-
mands from the ground.

Oncethe bgginning of reentryis arrived the descenif
SHEFEXwill be muchdifferentto a usualflat spinre-
entry [14]. In comparisonto a tumbling payloadthe
SHEFEX vehicle producesmuch less drag and there-
fore, the deceleratiorwill be much smaller The main
flight parametersgluringthe experimentphaseareshavn
in Fig. 26. The vehiclereachesvMach numbersrom 6.4
to 7.3, respectiely velocitiesfrom 1.95 km/s to 2.15
km/s during the experimentphase The atmospheridn-
fluencegetsimportantatanaltitudeof approximately5
km and a significantincreaseof the dynamicpressure
hasto be taken accountbelonv 20 km. The experiment
phasewill endat an altitude of 20 km with the separa-
tion of the payloadfrom the Impraoved Orion motor un-
derhypersonicconditions.The payloadmodulewith the
SHEFEX experimentwill be highly unstableand will
deceleratén atumblingmotionto arecovery velocity of
approximately230- 280m/s. At analtitudeof 4 km the
recovery sequencetartswith the deploymentof a two-
stageparachutesystemto provide afinal sink rateof ap-
proximately 15 m/s at ater impact.

8. Conclusions

The purposethe aerodynami@andstructurallayoutand
the projectedmissionof the SHEFEXflight experiment
is introduced SHEFEXdoesnot dealwith the designof

anew reentryvehicle.lt is ahypersonicexperimentona

new concepffor future aerospaceehicleswhich should
have the potentialto reducecost and servicing efforts

for the TPS and at the sametime enhancevehicle per-

formancedueto the hypersonicexploitation of theaero-
dynamicsharpconfigurationconceptThe mainpurpose
of the flight experimentis the validation of analytical
predictions,crosscheckingthe groundtestingdataand
acquisitionof flight testingon somestructuraldesign
featuredik e sharpleadingedgesandsealsystentfor the

developmentof future spacdransportatiorsystemsDe-

signedfollowing an uncorventional way, is SHEFEX
one of the first conceptsresulting from a multidisci-

plinary approach.Finally, SHEFEX is a pathfinder
projectof an emeging stratgy on a kind of sky based
facility, aseconomicalay to acquireknowledgein the

physics of lypersonic flight.

The completelayout is basedon Euler and Navier-

Stokescalculationsapplyingthe DLR TAU codeon un-

structuredgrids. The aerodynamidayout is dominated
by thelargeamountof lift productionof theasymmetric
forebodywhich drasticallyreduceghe staticmaigin. A

parametestudyto increasethe staticmagin by adapta-
tion of the centerof gravity leadsto afinal configuration
with enlagedfins anda flarein the backof the reentry
configuration.The changesallow a comfortablestatic
mamgin and an averageflight Mach numberof M=7 at

a < 3 . But, althoughthe experimentis relatively sim-

ple at first view, the resultsof the aerodynamigequire-
mentsendin anearlycompletestructuralredesigrof the

appliedtypical soundingrocket combinationconsisting
of a S30motorasfirst stageandanimproved Orion mo-

tor as second stage.
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Surface temperatures, 2D- and 3D-results
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Fig. 13 Influence of angle of attack and altitude on the temperature
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Fig. 14 Influence of fin number, fin position and fin size on the longitudinal stability
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Fig. 19 Final SHEFEX rocket arrangement
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Fig. 20 Fare without and with cladding
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Fig. 23 Fin and tailcan of the S30 motor (first stage)
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Fig. 24 ACS system on an air bearing test facility
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Fig. 25 Ascent parameters of the SHEFEX mission
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Fig. 26 Reentry parameters of the SHEFEX mission
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