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Abstract

The prediction of the flight stability and of the aerodynamic coefficients in the transition

region between the rarefied and the continuum flow regime is important for the design

of hypersonic vehicles.The aim of this investigation is to analyse experimentally how
aerodynamicsz lift, drag and pitching moment + of re-entry and hypersonic transport

vehicles is affected by rarefaction effecte nqg bk rr hb k ®aktms anchd
flight configurations. The analysis is conducted by experiments in the DLR Hypersonic
Vaauum Wind Tunnel Géttingen (VxG)a continuously operating facility which can simu

late hypersonic flows around vehicle configurations in this gas kinetic transition regime.

For the analysis of aerodynamic forces a measurement technigigeestablished for the
2" test section of the Hypersonic Vacuum Wind Tunnel Géttingen (V2G)The 3-
component strain gauge force balance is based on thalesign of former V2G force bal
ances and is optimised to obtain a better resolution and improved zero-point stability
which resuts in precisionimprovement of the output signal during the experiment.

Based on the relation of Knudsemumber to Mach number and Reynolds numbey the
experimentaltest matrix is setup. For anon-ambiguousresult it is important to vary only
one parameer at a time. Applying the Mach number independence principle it is
straight forward to vary the Mach number since the resulting effect can be interpreted
as a pure effect of rarefaction.Although the experimental setup allows a factor twoof
Mach number and, hence, an equal variation of Knudsen number the variation is little
considering the overall rarefaction regime covers about three magnitudes of Knudsen
numbers. By performing severaltest series, each at a constant Reynolds numbeli is
possible to extend the Knudsen number variation to oneorder of magnitude. This
assumption requires that the Reynolds number influence is of secondary importance
This and the applicability of the Mach numberindependence principle is addressed in
the discussion of he results. Further the effect of the flow inhomogeneity is evaluated.

This analysis contains an investigation obne blunt test configuration (COLIBRI) andne
slendertest configuration (SHEFEX )Iboth investigated at angles of attack betweentt J
and ot Jn ¢ btepsat 26 test conditions in the rarefied flow. The rarefaction effects are
analysedand assessedndividually for lift-, drag- and pitching moment coefficient and
lift / drag ratio. Within the analysed Knudsen number rangebetween xz p m and
w? p 1T, significant rarefaction effects could be observedn all considered aerodynamic
coefficients. The effects are strong enough to cause a reduction in lift / drag ratio of up
to more than v 1t PIn parallel to the evaluation of aerodynaic coefficients versus
Knudsen numbet the evaluationis conducted as well versus the rarefaction parameter.
The rarefaction parameter is an appropriate parameter to distinguish flow regimes in the
transition region between rarefied flow and continuum where rarefaction effects start
to arise but boundary layers are still defining the overall flow field.

Based on the obtained aerodynamic data, solvers for rarefied flow can b@mparedand

simplified engineering methods as e.g. bridging methodscan be deeloped. These tools
are especially important for the pe-design and optimisation phasewhere fast and

simple tools are necessary.



Zusammenfassung

Die Vorhersage von Flugstabilitat und aedynamischen Beiwerten im Ubergangsbereich
zwischen verdinnter Stomung und Kontinuumsstromung sind von hoher Wichtigkeit
fur die Auslegung hypersonischer FlugobjekteZiel dieser Untersuchung ist eine
experimentelle Analysewie Auftrieb, Widerstand und Nickmoment von Wiedereintritts
raumfahrzeugen und hypersonischen &nsportflugzeugen durch Verdunnungseffekte
beeinflusst werden. Verglichen wird dabei eine klassischetumpfe Flugkonfiguration mit
einer fortschrittlichen Flugkonfiguration hoher GleitzahlDie Analysewird basierend auf
Experimenten im Hypersonischen Vakemwindkanal Gottingen (VxG) durchgefihrt, in
welchem hypersonische Sromungen um Flugkonfigurationen im gaskinetischen
Ubergangsbereich bei kontinuierlichem Messbetrieb simuliert werden kénnen.

Zur Analyse der aerodynamischen Krafte ind an der zweiten Messtrecke des Hyperso
nischen Vakuumwindkanals Gottingen (V2G) eine Kraftmesstechnik etablieAngelehnt
an die Bauweise friherervV2G Kraftwaagen wird eine 3-Komponenten-Dehnmessstrei
fenkraftwaage mit besserer Aufl&ung und verbesserter Nullpunldtabilitéat entwickelt.

Basierend auf der Beziehungzwischen Knudsen, Mach- und Reynoldszahlwird die
experimentelle Versuchsmatrix erstellt. Fur eindeutige Ergebnisse ist dabei wighdass
in den Experimenten jeweils nur ein Parameter variiert wirdinter Bericksichtigung des
Machzahlunabhangigkeitsprinzips ises fir die Variation der Knudsenzahl naheliegend,
bei konstanter Reynoldszahl die Machzahl zu variieren, da die beobachteten Ander
ungen als reine Verdunnungseffekte interpretiert werden kbnnen. Um di Knudsenzah
variation auf eine Grol3enordnungzu erweitern, werden weitere Testreihenbei jeweils
konstant gehaltener Reynoldszahdlurchgefiihrt. Dieses Vorgehersetzt voraus dass der
Reynoldszahleinfluss von untergeordneter Wichtigkeit ist, und wird beder Ergebnis
bewertung diskutiert. Dort wird auch der Effekt der Strémungsmhomogenitat adressiert

Fur die Urtersuchungen in dieser Arbeit weden eine stumpfe (COLIBRI) und eine
schlankeFlugkonfiguration (SHEFEX )Igewahlt. Analysiert waeden die Konfigurationen
im Anstellwinkelbereich zwischernmt ind o T id ¢ Kchritten an 26 Versuchsbedingung
en im verdunnten Stromungsbereich. Die Verdinnungseffekte eden separatfir Auf-
trieb-, Widerstand und Nickmomentenbeiwert sowie fur die Gleitzahl analysiertund
bewertet. Im analysierten Knudsenzahlbereiclzwischenyx z p m und wz p 1 kdnnen
signifikante Verdinnungseinflissebei allen untersuchten aerodynamischen Beiwerte
festgestellt werden,welche in Gleitzahleinbuf3en von bis zu Ubeo Tt Pesultieren. Paral
lel zur Untersuchung der aerodynamischen Beiwerte gegeniber der Knudsenzahirav
eine Betrachtung gegeniber dem Verdinnungsparameter durchgefiihrt. Dieser wird
insbesondere fir den Ubergangsbereich zwischen dem verdiinnten Stromungsbereich
und der Kontinuumsstromung herangezogen, datrotz der beginnenden Verdiinnungs
effekte die Grenzschichten das Stromungsbild noch mal3geblich beeinflussen.

Die erhaltenen aerodynamischen Daten kdnnen als Vergleichsquelle fir numerische
Rechenverfahren im verdinnten Stronngsbereich, wie auch fir die Erstellung
vereinfachter Ingenieursmethoden zur Abschéatzung der Aerodynamik, so genannter
Bridging Methoden, genutzt werden. Diese Ingenieursmethoden sind von hoher
Wichtigkeit fur die Vorauslegung und Optimierungsphase, welche schnelle und
einfache Rechenverfahremrfordert.
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Notation
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s@+ sBCD+ sDE+ sEFK+ sFG+ sGH+ sHI + sl J+ sKL
Nodes of tangential force transducer

ta, tb, tc, td, te, tf, tg, th, ti, tj, t K, tl, tm, tn, to, tp, tq
Integration regimes tangential force transducer
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o) Area i
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Greek letters

| Angle of attack J
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Drag
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Nominal data

Located at the nozzle

Reference data

Static flow conditions

Power supply

Total flow conditions, static and dynamic fraction
Located at the tunnel past the test section (left side)

Located at the tunnel past the test section (right side), connected to Pitot
traverse mechanism

Condition at wall

XVII



1 Introduction

1.1 Hypersonic High AltitudeFlight

The prediction of aerodynamic coefficients in thegas kinetic transition region between
rarefied and continuum flow is important for the design of hypersonic vehicles which
either cross this regimej.e. re-entry vehicles,or which are designed tofly in this regime,
l.e. hypersonic transport vehiclesHigh altitude flight is usually referring to a flight
regime far above the commercial or military jet aircraft.The atmospheric layers are
described by a nonlinear change of density with altitude The specific layers and
representativelyselected vehicles are visualized ifig.1 with their operational altitude.
While commercial jet aircrafts are usually travelling gt to p @& I in the upper region
of the Troposphere, militay planeseven operate at up to ¢ E | in the Stratosphere as
the Lockheed SR71 @Blackbird demonstrated. Hypersonic speeds at tgher altitudes
are accessible for military rocketslike Intercontinental ballistic Missiles (ICBMsyhich
reach an apogee of &out plo T E I, and by re-entry vehicles like e.g. Apollo, Sojus
capsules or the Space Shuttleorbiter, returning back from an earth orbit or from an
interplanetary mission while passng through all atmospheric layers.Since reentry
vehicles are able tooperate outside of the earth atmosphere they are not shown in
Fig.1.

Astra TV Satellite
Exosphere R —— (~36,000 km)

Geostationary orbit

Galileo Satellite‘\‘\,, "

(~23,000 km)

/ICBM Minuteman Missile
(1,300 km)

—
—-— - - -

Low eatth orbit
SpaceShipOne

Space.iner Orbiter (100 km)
project (80 km . -

Mesosphere S5l
50 km

\\12 km
A\ Civil jet

aircraft
(12 km)

Fig. 1. Layers of earth atmosphere based on data from  various text books e.g. b7

In the early years dspace flight, mainly capsuleshaped vehiclesvere used Due to the
low aerodynamic forces in the lowdensity regime the re-entry vehicles dropped
through the rarefied regime These capsuleshaped configurationsare decelerated at
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lower altitudes where the atmosphere density significantly increase®uring re-entry the
density increases from aboubv®zp m E{J atp mEI altitude, where typically the
aerodynamic decelerating process starts, tp& E {J  at sea level. Newer concepts in
turn aim more and more at lifting re-entry vehicle$? which decelerate already at higher
altitudes by using high altitude aerebreaking. Therefore detailed knowledge on
rarefaction effects is essential for developing newehicle configurations“3 An overview
about typical re-entry trajectoriesis presentedin a velocity-altitude diagramin Fig. 2.

120

Space tourisr Ascent Lifting re-entry from orbit
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Fig. 2: Atmospheric entry flight paths on a velocity -altitude map modified
from ¥ and qualitatively sketched envelope of space tourism trajectories

New hypersonic transportconcepts, e.g. the DLR SpaceLiné?, are designed to extend
the altitude range of transport vehiclesto fly at altitudes of about Y TE I. This altitude
corresponds tothe upper limit of the Mesosphere andis just below the Thermosphere.
The aim is to reduce the atmospheric drag and simultaneously use the remaining
atmosphere for an unpowered gliding flight phase.

In the last decades the research in the hypersonic rarefied flow regimevas
intensified®, and many numerical prediction methodswere established™ 672 since
more and more applications require a more sophisticated knowledge about the flow
behaviour and processesFuelled by increased computational capacitiesnore complex
flow phenomena are analysed in detail in dilute gasesising the direct simulation Monte
Carlo (DSMC) methodf. These processes enable the desigand evaluaton of highly
advanced flight configurations, with shapes more reminiscing of airplaneswhich are
able to fly with hypersonic speeds in the high atmospheritringe layers.

The research related to the rarefied flow regime can be distinguished imo two
applications of hypersonic high altitude flght: re-entry of space vehicles into the earth
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atmosphere and hypersonic transport connecting two locations on the eartiSnce both
application branchesare relevant for thiswork, they are briefly described inthis chapter.

Both re-entry and hypersonictransport vehicles have in common that they are usually
travelling with hypersonic speeds in high atmospheric layers by unpowered gliding.
Apart from this, they are two totally different applicationsresulting in different vehicle
geometries Reentry vehcles, like the Space ShuttleOrbiter, have usually a blunt
geometric shape and fly at high angles of attack in order to maximize drag. By using the
aerodynamic drag forces for declaration, the use of reverse thrusters can be avoided
and, due to lessfuel carriage the payload can beincreased.For hypersonic transport
applications in contrast, mostly slender vehicles are used at low angles of attack to
minimize aerodynamic drag Thisdecides whether they areechnicallyfeasible at all.

bof *

53 nm ‘r’/ \ 100 km Pilot earns

SpaceShipOne .|
Flight
* ~’
N

astronaut wings

weightless

bt

Fig. 3: Trajectory of SpaceShipOne Y (nm = nautic al miles, ft = feet)

During ascent to space the rarefied flow regime is crossed as well but the velocities are
not as high as during the reentry phase seeFig.2. Possible rarefaction effects onto the
aerodynamic coefficients in this flight phase are not as important because the
aerodynamic forces are far smaller compared to those accelerating the vehicle.

3



Vehicles developed dr space tourism are usually not concerned byypersonic low
density flight. Although the space tourism vehicles can reach hypersonic Mach numbers
in low atmospheric layers they lose their velocity when they catapult themselves with a
parabola flight trajectory out of the atmosphere. In theapogee they are decelerated to
nearly zero velocitysuch that they do not require a very high developed aerodynamic in
that high altitude regime. This is visualised inFig.2 at 1t and p p &I altitude. In
between the vehiclereaches supersonic Mach numbers but remains at far lower speeds
compared to a reentry. As example he flight path from SpaceShipOné&, the first
commercial space tourism spacedgane, is sketched inFig. 3.

1.2 High Lift / Drag Design

Relating the lift of an aeroplane or spacecrafto its drag is an established methodto
assess the aerodynamiefficiency. From the reciprocal of the lift / drag ratio directly
follows the possible flight distance to a given altitude decrease&luring unpowered
gliding. Reentry or hypersonic transport vehicles with lender, more planelike shapes
with a correspondinghigher lift / drag ratio have many advantagescompared to blunt
and capsule shaped vehiclewith a low aerodynamic efficiency The most important one
Is that the longitudinal range and cross rangeare strongly increasing, see~ig.4 where
both are presented with lift / drag ratio as paramete.

8,000 \i_/D =1.00
-15—FhH%
A PTOIN

7,000
’ L/D = 0.87!
6,000 _37/ /\/-\%\

£ \
2 5000 s LD = 0.7t
S 4000
ER 5 Y\Mm [/ b = 0,62
S 3,000 /
2 2000 |7 L/D = 0.50
—

1,000 907 LD=025

-1,500 -500 500 1,500

Cross range [km]

Fig. 4: Longitudinal and cross range depending on aerodynamic efficiency
modified from 012

The diagram shows the possible landing area on the eartldepending on the vehicles
lift / drag ratio. It can be seen thatit is possible to reach more and further distant
landing sites which are not directly on the path of the reentry trajectory of a specific
inclined orbit. Simultaneously the time slot for return scenarios is increased siecthe
landing sites can be reached from more positions on the orbit. Usually vehicle with a
higher aerodynamic efficiency ha also an improved aerodynamic steerabilitdue to its
large flaps and rudders compared to a blunt vehicle Typically blunt vehites are
equipped with one or two body flaps and use mainly thrusters forattitude control. This
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aerodynamic steerability is also a basic requirement for the horizontal landing ability and
the resulting shorter turn-around times. Due to these advantageshypersonic vehicle
concepts are consistently aiming at a better aerodynamic efficiency i.e. an increased
lift /drag ratio, as e.g., Sénger, Space Shuttle Orbiter,Buran, HOPEX, HOTOL,
Sangerll/ HORUS HERMESX-33, SHEFEX-1Il / REXFree Flyerand Skylan, see Fig.5.
Especially the increased longitudinal and cross rangeas a central reason for the
development of the SHEFEX project.

As explained there are many reasons suggesting a high lift / drag ratio design of re
entry vehcleswhich are though typically accompanied by higher heat loadsThe reason

is that re-entry vehicles with a higher aerodynamic efficiency have usually a smaller nose
radius i, the stagnation point heat load r}, however, increases inversely proportionaio
the square root of the nose radius, se€l-1). (19 (291 471, [70]. {87]

. q P
o — 1-1
N o (1-1)
Consequently, an advanced design is only possible the excessive aerodynamic heating
can be handled bynew thermal protection systemswhich can withstand the increasing
heat loads, or can be protected by active coolingor controlled ablation.

Currently Reaction Engines Limited is developing witthe SKYLONproject a highly
aerodynamic efficient single stage to orbit (SSTO) concepthe concept aimsat a
challenging vehiclewith a very high lift / drag ratio of above T which is not only able to
land horizontally but also to take off from acommercialairport runway.

Capsules MIRCA Skylon Space gliders
FOTONED) =,

‘ 77 HORUS
EXPRESN >15

B Lifting body
0.3 15 -b
aerodyn. 33

Apollo 1o
efficiency
lift / drag - /ZSpace Shuttle
- s
AFE / . Orbiter
Sphere, c N N
Cone IS 0'75_\ ‘ & HOPEX I;f'grjg
i i -« odies
Configurations  Biconical @ ">~a® Lifting body
with minor lift shaoned X-38

Fig. 5: Aerodynamic efficiency of re -entry ve hicles modified from 12



1.3 EstablishedPrediction Methods

Forre-entry and hypersonic transport applicationsan aerodynamic configuration has to
be chosen which allows a stable flighin all passing flow regimes It is essential that the
flight behaviour is predictableover the whole flight trajectory either with numerical or
experimental approaches.

Due to the variety of appearingeffects along a re-entry trajectory, it is not possible to
use a single windtunnel facility or a single numerical tool for predictions of aerodynamic
effects at all parts alongthe total trajectory. Depending on the trajectory part different
physical effects govern the aerodynamic behaviouFor example from outer space the
re-entry vehicle passes through different regimes wére the governing effectscan be
described as follows First the flow can be regarded asfree molecular flow where
interactions between molecules are negligible. With increasing density the interaction
between molecules increases which leads to thdisturbed molecular flow. When the
density is further increasingthe re-entry vehicle passesitially the laminar and later the
turbulent phase of hypersonic flight. Subsequently the reentry vehicle passes the
supersonig the transonic and finally the subsonidlow regime.

In this work the focus is on hypersonic rarefied flow. The governing aerodynamic effects
are usually described by so called similarity parametéfts For this work the relevant
similaity parametersare especially the Knudsemumber, Mach number and Reynolds
number which can be related as follows, se¢l-2):

20 U )
U € YO (1-2)
Since the assumption that the fluid behaves like a continuumwhich leads to the
derivation of the NavierStokes equationsis not applicableto the rarefied flow regime,
alternative computational fluid mechanis tools are required. A well-established
numerical tool for the rarefied flow regime is the direct simulationMonte Carlo method,
a numerical method for solving the Boltzmann equation.The applicability of numerical
prediction methods in different rarefaction regimesis shown in Fig.6. Even though
computationally expensive the current prediction methods allow an accurate
determination of flight stability and steerability in the low-density regimewhen they are
compared o experiments conducted at similar conditionsThey can provide insights in
flow properties which are hard to measure.Both approaches can be used for a mutual
completion of the data set. But due to its computational costs, the numerical
simulations are usual limited to a few selected positionsalong the flight path and
selected flight attitudes With increasing densityin the transition to continuum, the
DSMC method becomes very time consumingdSMGC with its modelling of solely two-
body collisions betweenparticles is valid as long as the gas can be treated as a perfect
gas, i.e, as long as the attractive or repulsive forcebetween particles are negligibly
small An approachto make the predictions more efficientis to initially apply or modify
computationally lessexpensive continuum solvers tgredict the flight behaviour in the
rarefied flow regime. To determine the error magnitude in this particular caséhe results
are comparedto the experimentally obtained data.A typical modification is e.g., the
introduction of a wall slip condition where temperature or even velocitydiscontinuities
are allowed at the wall. When the resulting difference between both methods is
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assessedo be acceptable the numerical tool can be applied to similar predictions ira
second step/® The applicdility is, however, limited to similar flow fields, i.e. flight
configuration, flight attitude and degree of rarefaction.

Discrete particle | Collisionless
or molecular Boltzmann equation : Boltzmann
model | equation
Continuum Euler : Navier-Sokes Conservation equations
model equations: equations not applicable
llh'n 1 1 1 1 llh'n
0 =-— 1E5 1E3 1E1 1E+1 — |
Inviscid limit Global Knudsen number Free molecule limit

Knudsen number range of conducted experiments
Fig. 6: Rarefaction limits for numerical prediction methods modified from ©11

Experimental data is essential for comparison of available numerical data and the
assumptions madewithin, as e.g, in case of the DSMC method the selection of the
accommodation coefficients.While numerical simulations only contain physics explicitly
modelled, experimentscontain per definition all the physicsalthough not necessarily all
the physics of the real flight conditions.lis important to consider that the physics of the
conducted experiment can differ from thephysicsof the actual research problem to be
analysed when simplified experiments are performed. An example is here the noise of
wind tunnels which can influence the fow field by shifting the laminar turbulent
transition upstream, while in a real flight without noise the transition is further
downstream. Depending on the setup, experiments can further support the numerical
prediction by identifying trends due to dhanging flight attitudes.

In the 1960s and 1970s manyhypersonic ground test facilities have been put into
operation around the world for basic research and for investigations of aerodynamic
forces in the gas kinetic transition regime between continuum and rafied flow. Well-
known facilities arethe N-3 at the Princeton University(New Jersey USA)®, the VG
with its three test sections V1G, V2G an®/3G at the German Aerospace CentreLR in
Gottingen (Germany)?4 Bl 13211931941 the SR3at the Centre national de la recherche
scientifique (CNRS) inMeudon (Francg®™- -8 the Imperial College Graphite Heated
HypersonicWind Tunnel at the Imperial CollegeLondon (UK)22, the Low Density Wind
TunnelHS3(LDWT)at the University of Oxford (UK®®, and the T-327 at the Institute of
Theoretical and Applied MechanicqITAM) in Novosibirsk Russia®®. In the last two
decades, however, hardly any publications describing experiments in the listed facilities
appeared.

! Due to a lack of available datathe definition of a local Knudsen numberproposed by Bird is not
possible. Instead a global Knudsen number is used based on the continuum definiti@anfY'Q 1@ by
Koppenwallner!®. Inserting eq. (1-2) yieldsv #1Y'Q 1. Since the Reynolds numbers of the conducted
experiments are in the order of p it 11, 7the axis description has to be scaled with a factor op m,7and
the continuum limit can be determined to be about0 ¢ T8t m.prhe depicted NavieiStokes equations
regime can be extended by implementing wall slip conditions.
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Another prediction method is the so called bridging. This is an engineering method
which uses a suitable interpolation of locally predicted results in the range between
continuum and free molecular flow. The bridging methods have a limited accuracy and
are not uncontroversial due to their strong dependence on the flow field, flight
configuration and attitude. (141 54} [66}. [76], [90]. [91]

An overview aboutavailablenumerical and experimentaimethods is presented inFig. 7.

A Numerical tool for continuum flow
A Limited extension potential into rar  efied flow by
®v kk rkho bnmchshnmr

A Numerical tool for predic tions in free
molecular and rarefied flow
A Time consuming for increasing density

Ground A Simulates selected similarity parameters, e.g., Kn, M, Re
tests with, A V2G Operates in continuum near rarefied flow

e.g. V2G A Used for comparison purposes of numeric tools

A -Rths akd- hmsdgonk >shnm adlg
Bridging free molecular flow

A Based on locally predicted results

A Lift and drag prediction possible with restrictions

A Pitching moment prediction unreliable

Fig. 7: Numerical and experimental methods

Over the last years most of the research in the rarefied flomegime has beenconducted
numerically, possibly due to the increased numerical capabilities. Thisd to a lack of
extent and diversity of available experimentally obtained datarequired for the
comparison of numerical codes. For the comparison of current numerical codesver
twenty year old experimental results are use#® However, a good agreement between
numerical and experimental results of formerpossiblysimple shapedand purely convex
configurations does not necessarily imply a good agreement between results of todays
more complexshaped winged configurations with concave elges like Skylon In 2006,
Padilla et al!®® strongly recommended to conduct more experimental studies to broaden
the available data basis. Within this work such experimenire conducted by means of
ground tests n the DLR Hypersonic Vamm Wind Tunnel Goéttingen (V2G) with the
focus to directly compare rarefaction effects on aerodynamic coefficients betweena
blunt and a slender flight configurationin hypersonic rarefied flow



1.4 Investigation of Rarefaction Efects + PresentStatus and Aim
of Analysis

In the past many investigationshave been conducted to predict the aerodynamic
coefficients of lift, drag and pitching moment from blunt capsuleg®! 5859 to lifting
configurations as the Space Shuttle Orbitét !, up to slender waveriderst®”. The focus
of these studies was to determine the aerodynamic properties close to their respective
trajectory. Many such studies were conducted in the DLR Hypersonic Vacuum Wind
Tunnel  Gottingen!*3! (141 1361, [37]. [38]. [40]. [41]. [42]. [60]. [83). [84]. [%€] |0 opposite to  those
investigations the main focus o this studyis on a more fundamental researchscope In
the present work the effect of rarefaction on the aerodynamic coefficientsis regarded
more systemdically by directly comparing a blunt re-entry flight configuration with a
low lift / drag ratio, to a slenderre-entry flight configuration with a high lift / drag ratio,
at different flight attitudes. Thisdistinguishes this study from earlier conductedtudies.

In a prior study, within the EUco-et mc d ¢ ® E tAKitudg ¢lighcSpheedy Transport
1/ WW ognidbs "E@RS1/ WW( adsvddm 1/wer8
analysed on a lifting body configuration by means of force measurements ithe DLR
Hypersonic Vacuwm Wind Tunnel Géttingen (/2G) by the author of this study. For that
reason a 3component strain gauge force balanceable to measure simultaneously lift,
drag and pitching moment, has been designed and optimised based on former V2G
balance designsl. Although the precision of the force balance was improved,
compared to former V2G measurements a further development demand especially on
the balance zeraepoint stability was identified.

The resuls of the low-density force measurementsn FAST20XX qualitativelghowed a
distinct measurableeffect between the different degrees of rarefactionin the analysed
Knudsen number range. However, theras an ambiguity whether the observable effect
Is basedon rarefaction effects or on the simultaneously changing Reynolds numhddue
to the Mach number independenceprinciple of Oswatitisch®®, the Mach number effect
plays a minor role, seehapter 2.4.

The motivation of the presentwork isto concentrate on the extraction of the rarefaction
effects from the measured differencesand to quantify the rarefaction effects. During
the performance of the FAST20XXmeasurements some room for improvements was
identified concerning the measurement technique and the measurement proceduré&or
the presentanalysisboth are optimised, in particular to increase the accuracy, precision
and zero point stability The focus on investigating the rarefadion effects along a
trajectory is changed to a systematicanalysisat constant Reynolds numbes. Assuming
the applicability of the Mach number independence principle, the effects can be
interpreted as a pure effect of rarefaction.To investigatewhether the rarefaction effects
depend on the bluntness of the configuration both a slender and a blunt flight
configuration are selected(Fig. 8) to be analysed at different flight attitudes.
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Fig. 8: Investigated blunt and slender configurations

Recalling(1-2) it can be seen that the Knudsen number is scaling linearly with changes
in Mach number. Due to the V2G operating range, sed-ig.9, the experiments allowa
Mach number variation between aboutp mand ¢ qonly, which is a factor of about ¢®.
This is not very much when it is compared to the rarefied flow regime which covers at
least three decades of Knudsen number variation. To extend trenalysable regimeand
to utilize the whole V2G operating range the constant Reynolds number analyses are
conducted at five different Reynolds numbers sketched ifrig.9. In the evaluationit is
differentiated between results measuredat one constantReynolds number and between
results where the Reynolds numbers varied. Based on that procedure it is possible to
evaluate and assess the Reynolds number effect onto the aerodynamic coefficients.
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Fig. 9: Constant Reynolds number a nalysis with V2G operating range

Summarising, he aim of the presentwork is to analyse by means of exgriments how
the aerodynamic coefficients of lift, drag and pitching moment of a bluntlifting body,
and a slenderhigh lift configuration are affected by rarefaction effects at different flight
attitudes from angles of attackbetween mJ | o 1. Jhe experiments over for each
test article one order of magnitude in Knudsen number and are performed between
XZp T UE& w?p . Thecorresponding Reynold numbersand Mach numbersare
¢cqzpm YQ cdzpmandpm 0 ¢o
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2 Characteristics of Rarefied Flow

2.1 Definition of Rarefied Flow

Due to the gradual change of the atmospheric propertiesfrom the ground level to
space there is not a single well defined characteristic flow behaviour for a vehicle
crossing these regimes with hypersonic speeds. With decreasing densttyere are rather
different flow characteristics which dominate the flow field in a certain range.In the
following the characteristic behaiour is briefly explained from continuum to free
molecular flow in space.Legge*® distinguishes between four different flow phenomena
in front of the vehicle, occurring in the transition regime between ground and spaceand
illustrates the dominating phenomenaas they appear with increasing altitude, see
Fig. 10. Since the beginning and ending of the phases are strongly depending on further
influences as e.g. the body shape, the figue describes the phases only qualitatively and
no quantities are given.For each phase the pressure and the velocity characterisatong
the stagnation point stream line are depicted for a blunt body configuration.
Additionally, the shape of the compressin shock and boundary layer are sketched.
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Continuum I merged merged molecule molecule
ayer
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; shock |
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Sl ol avll el e

Particles

Fig. 10: Transition of flow regimes visualised by Legge  ©8

Continuum

The total pressure and velocity is undisturbed until the streamline reaches the deteed
normal bow shock seeFig.10. Along the stagnation point streamline the total pressure
drops across the shock abruptlydown to the value which can be calculatedfrom the
RankineHugoniot relations. During this irreversible process the entropy is rising. The
compression shock is then followed by an inviscid isentropic compression before the
flow reaches the viscous boundary layer where the entropy continues to increaséhe
velocity drops at the discontinuity down as well beadre it is finally decelerated at the
stagnation point. Hypersoniccontinuum flow is characterised by small bow shock stand
off distances and sharp discontinuitiesin case of asufficiently large Reynolds number
and a boundary layer thicknesgar smaller than the distanceof the detached bow shock
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to sgd ud g h b k significantr visapues “ effedts-occur within the displacement
thicknessonly. The displacement thickness is a definition of the classical boundary layer
theory and describes a procedure to gmarate a flow field into an inviscid far field region
and a viscougregion around the vehicle.

Viscous Layer

With decreasing densitythe boundary layer becomes thicker until it fills the full regime
between body surface and detached bow shock. Theompression shock is still a sharp
discontinuity but the total pressure decreasefurther than in the continuum case Since
the boundary layer is thicker, theparticles on the stagnation point streamline start to
decelerateearlier.

Incipient Merged Layer

In this phase the shock starts to blur androadens This layer can still be described as
continuum but the classical RankingHugeniot-relations lose their validity. Due to the
shock blurring the velocity discontinuity changes into a steep slope. The regime beten
detached bow shock and body surface is completely filled with the boundary layer.

Fully Merged Layer

In the fully merged layer phasethere is no shock existent and theotal pressure at the
stagnation point rises. The velocityecreasesdown to a value greater than zero at the
stagnation point, i.e., a velocity slip at the wallis present

Disturbed Molecular Flow

Macroscopic parameters like e.g. temperature, are irrelevant in ths phase. The
molecules reflectfrom the wall and collide with incoming molecules with a certain
probability. The total pressure at the stagnation point and velocity right before the

stagnation point increasefurther and approach the total values of the free streamwith

increasing rarefaction Since the incoming flow is affeted by the reflected molecules
the principle of free molecular flow is not valid yet but the numerical treatment can be
simplified, for example by limiting interactions between incoming and reflected

molecules to one collisiononly.

Free Molecuar Flow

In this phase the reflected molecules collide with the incomin@t distancesfar away
from the body surface so that the resulting effects can be neglected. Thiotal pressure
and velocity values on the stagnation point streamline remain practically unchaed
until the moleculescollide with the wall.

2.2 Molecule Surface Interaction

Molecules impingingon a surface are reemitted into the flow mainly depending onthe
surface roughnessThree cases can be distinguished, séég. 11 (top) s
U Mirrored reflection (only very smooth and clean surface)
0 Reflection depends on incidence angle only
o Normal momentum is transferred to the body surface
o0 Tangential momentum remains unchanged
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U Diffuse reflection (typical for rough surfaces)
o Reflection depends on surface conditions only
0 Molecules are initially adsorbed and normal and tangential momentum is
transferred to the body surface
0 Molecules adopt the surface temperature and leave by diffuse effusion
with the thermic velocity
U Mixed reflection
o Empirical description with accommodation parameters’!

S

Mirrored reflection Diffuse reflection Mixed reflection

Diffuse reflection on real surface

Fig. 11: Gas body surface interaction, mirrored, diffuse a nd mixed reflection of
molecules on the surface (top), detailed view of diffuse reflection on real
surface (bottom) [

For a better imagination of the reason for the diffuse reflectiona real surface can be
sketched, seeFig.11 (bottom). An impinging molecule enters some kind of cavity where
it impinges several times, loses all its momentupbefore it randomly escapes with solely
thermal velocity.

2.3 Similarity Parameters

In fluid mechanics many so called similarity parameters are introduced to allow a scaling
and simplification in the treatment of similar fluid dynamic problems. Depending orthe
configuration and the details of the flow problem, some similarity parametersare more
relevant than others An important parameter for the analysis of rarefied flovs is the
Knudsen number U ¢ the ratio of the mean free path to an appropriately chosen
reference length0 of the consideredgeometry (2-1). Depending onthe consideredflow
problem, the reference length has to be varied, i.e.for example for investigations at the
stagnation point the nose radius would be an appropriate reference lengthwhile for
investigations of overall aerodynamic coefficients the tal body length would rather be
suitable. In this work 0 is always the total vehicle length. The appearance of the
previously explained rarefaction effects can be distinguished by this ratio. The mean free
path _ is the average distancetravelled by a moving particle e.g. a molecule or atom
between succesivecollisions
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Fig. 12 sketches a flow field @ ground level (top) and in space (bottom) The molecules,
sketched as bluedots, are always in motion, however, for clarity the red velocity vectors
are displayed for few selected moleculesnly. The green velocity vector indicates the
movement of the considered flight vehicle. The free path aglenotes the travelled length
of the chosen particle to its next collision. Considering the whole flow fieldthe free
path of all molecules can be averaged to obtain the mean free path.

At ground level (seeFig.12, top) the mean free path is far smaller than thereference
length (_L 0), hence, the moleculemolecule interactions are dominant compared to
the molecule-wall interactions. The gas dynamic problem can be treated as a continuum
flow using the macroscopic approach with pressur@, temperature "Yand density” .

&
” —_
e oS
Hight Particle
velocity Collisions Velocity Particles

vector \ vector

\ 4
Y

L
Fig. 12: Free path at ground level (top) and in space (bottom)

At the other extreme in space (sed-ig.12, bottom), the density is far less and the mean
free path is greater than the rderence length (_  0). The moleculewall interactions
become dominantwhich characterisedree molecular flow.

The similarity rules can be applied to geometric similar flight configurations. In case of
the rarefaction, for instance, that means that for a test articldength of p A | and a
flight configuration length of p 1t , the rarefaction effects in both cases are equal if the
mean free path isp 1T times greater in case of the flight configuration such that both
Knudsen numbers are equal.

Apart from the Knudsen number, the Mach number and the Reynolds numberare
considered The Mach number0 describes the flight velocityd in relation to the local
speed of sound @ (2-2). The Reynolds numbetyY ‘On turn relates the inertial forces to the
viscous forces(2-3). ” is the density,0 an appropriately chosen reference length and
the dynamic viscosity.
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The three introduced similarity parameters are not independent from each other but can
be related, see(2-4). 84

., 0 ™
0 S (2-4)
[ is there the ratio of specific heats and’ the Ludolph's constant. This relation is of
particular importance for this work since the similarity parameters Macmumber and
Reynoldsnumber can be indepencntly adjustedin the experimental test facility utilised
for this work. For the evaluation of rarefaction effects the results are presented as a
function of both the Knudsen numberand the rarefaction parameterdescribedon the

next page.

In classicalcontinuum fluid mechanics Mach numberand Reynolds number can be
selected individually to fit the research problem. Due to arising importance of the
Knudsen number in the rarefied flow andits direct relation to Mach and Reynolds
number, the mutual dependence has to be taken into account. Plotting relation2-4) in
a diagram with Mach number versus reciprocal Reynolds numbers shows tHates with
constant Knudsen numbers describe a hyperbolic characteristic, Jeig. 13.

. \ \ =—Kn = 1.0E+00
\ —Kn = 1.0E-01
Kn = 1.0E-02

—Kn = 1.0E-03

T N Kn = 1.0E-04

0.0 0.1 0.2 0.3 04 05
1/Reynolds number [ -]

Fig. 13: Constant Knudsen numbers in Mach number versus Reynolds number
plot (based on ©®)

Mach number [ -]
o = N W ~ O
)

In continuum where the Knudsen number approaches zerahe plot collapses to a quasi
one-dimensional region which is either mainly defined by compressible or by viscous
effects. Where the reciprocal Reynolds number approaches zero, j.@he Reynolds
number approaches infinity for a selected Mach number, the bouttary layer thickness
tends to zero and compressible effects dominate the flow field. On the othelimiting
casewhere the Reynolds number approaches an order of magnitude of onand the
Mach number tends to zerq there is no boundary layer existent. Instahviscous effects
range over the whole flow field. In case of rarefied or free molecalr flow, both
compressible and viscous effects can be simultaneously significant in the flow field.
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Additionally to the Knudsen number the rarefaction parameterd F/YQ introduced by
Schaaf & Chambré&3, servesto classify the transition regime between continuum and
rarefied flow. Investigations of Koppenwallnel &8 (40 141, 1421 showed, that in this

transition regime it can be valuable to pbt the aerodynamic coefficientsversus the
rarefaction parameter instead of the Knudsen numberwhich correlates with 0 7Y Qto

analyse trends The reason is that in this flow regime close to continuumthe boundary
layer effects are still significanfor the overall flow field.

Since hypersonic flow is usually connected to the occurrence of high temperaturdsvo
more similarity parameters are usually considered, the Stanton numbél oand the
Damkohler number'O @ The Stanton number relates the heat transferred into an object
to the thermal capacity of the fluid and becomes relevant when thermal analyses are
performed, see(2-5). 0 is the integral heat transfer per area in7 fi , ” is the fluids
density, 0 its velocity, & fjthe specific heatat constant pressure and Y Y the
difference between the adiabatic wall temper#&ure and the actual wall temperature.

0 00

Y —= ; - VI
O”Zonﬁ Y Y YO i

(2-5)

The Stanton numberis strongly depending on the geometry of the object and the
position where it isdetermined. It can be described as the ratio of Nusselt numbaF 6to

Reynoldsnumber and Prandtl number0 i The Nusselt number represents theatio of

convective to conductive heat transferwhile the Prandtl number is defined to bethe

ratio of the vismus diffusion rate to the thermal diffusion rate.

The Damkdhler numberdescribes in general the ratio of time scales. In the context of
aerathermodynamical analyses it is commonly applied to describethe ratio of reaction
rate to convective mass transpdr In other words the Damkdhler number correlates the
flow time scale to the chemical time scale and is a measure whether chemical reactions
are in equilibrium, nonrequilibrium or frozen and whether they have to be considered
for an analysis or not.

These similarity parameters and the chemically changing gas composition play an
important role for hypersonic flight. During ground tests, however, it is practically
impossible to match all in hypersonic flow relevant similarity parametei@nd chemical
processa at once such that, depending on the research focusonly the most dominant
similarity parameters and chemical processesare simulated. For investigating
aerodynamic force coefficients in hypersonic rarefied flowthe Knudsen number Mach
number and Reyndds number are found to be the most dominant similarity parameters
A simulation of these similarity parameterscan be performed incold hypersonic wind
tunnels without simulating the caloric gas properties and flow chemistry.Although
Mach number and Reymlds number can be correctly simulatedn cold hypersonic wind
tunnels, the flow velocities to be generated are lower compared to real rentry flight
due to the lower required free stream temperatures.Further the gas composition is
known due to the abserce of chemical reactionslike dissociation or ionisation which
simplifies comparisons to numerical results. For investigations of aerothermodynaatic
effects, cold hypersonic wind tunnels are not sufficient and the caloric gas properties
and the flow chemistry have to be simulated.
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The desired dimensionless force coefficients relatthen the measured aerodynamic
forces to the dynamic free streampressurepj ¢z” 26 and a selected reference area
such that the aerodynamiccoefficients become independent from the free stream flow,
and different flight configurations with different sizes and can be compared

2.4 Mach Number Independene Principle

As this study ains at investigating aerodynamic coefficients at hypersonic Mach
numbers a brief discussion onthe Mach number independenceprinciple of Oswatitsch
is important. 1 25 [271.[63]. 641 8] The principle describes that above a certain Mch
number, usually at aboutd v, some aerodynamic coefficientslike e.g. lift, drag and
pitching moment, become asymptotically independent from the flight Mach numbe,
such that there is no pronounced Mach number dependency determinable. This is
illustrated in Fig. 14 for the drag coefficient of a sphere and a conecylinder.
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X Sphere (Hodges, A. J.) Cone-cylinder (trend)

——Sphere (trend)

Fig. 14: Drag coefficient for a sphere and cone cylinders gathered and compared
by Anderson © from 151 (271, [86]

It can be seen that in case of the sphere there is no Mach number dependence of the
drag coefficient identifiable aboveld  v. In case of the cone cylinder the Mach number
dependency of the drag coefficient decreases from&® Pbetweend vand0d p 1O
p® Pbetween 0 Pand0 p mDue to the asymptotic trend it is expected that the
Mach number dependency reduces further at higher Mach numbers.

The principleis derived for a calorically perfect gas and inviscid flow only. Results from a
theoretical and numerical study by Kliche® showed the applicability of the Mach
number independence principle for blunt bodies in viscouslaminar flow. Due to low
Reynolds numbersd® z prt to ¢& z prt built with total body length) caused by very
low densities of aboutprt to pt E @ , the flow field past the test articles is mainly
laminar in the conducted e)eriments. Hayes et al?®l showed that the Mach number
independence principle applies to rarefied and freemolecular flow as well when the
configuration is blunt.
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At hypersonic speeds the boundary layer thickness is inordinately increasing with Mach
number squared (2-6). This causes, in particular for slender geometries, a significant
change of the inviscid flow outside the boundary layer, such that the configuration
appears aerodynamically bluntef’ Due to the viscous interaction the surface pressure,
especially in the nose region, is significantly greater compared to inviscid flow and is
possibly affecting the applicability of the Mach number independere principle in case
of slender configurdions. This is addressed iohapter 6.1.4.

78 0 (2-6)
Ny Q
Applying the Mach number independence principleto the present investigation yields
the consideration that changes of aerodynamic coefficients between measurements
performed at a mnstant Reynolds number are interpretable as a pure effect of
rarefaction since solely the Mach number is varied @  p TISee(2-4).

Compared to slender vehicles, blunt bodies tend to approach Mach number
independence at lower Mach numbers!* Since thepresentinvestigations are conducted
at Mach numbers betweenp m 0 ¢ gthe Mach number independenceprinciple can
be applied without restrictions for the blunt flight configuration. In case of the slender
flight configuration, the applicability of the Mach number independence principle
cannot be clarifiedat this point and isdiscussed during the analysis of the results.
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3 Test Facility V2G

3.1 Operating Rinciple

V2G is the 2™ test section of the HypersonicVacuum Wind Tunnel Géttingen (VXG) of
the German Aerospace Cene (DLR) in Gottingen, sed-ig.15 (top). It is a continuwously
running wind tunnel with theoretically unlimited test time simulatirg a flow with high
Mach numbers between p mand ¢ @at high atmospheric altitudes from x Ttto
p ¢ E(.The first test section V1@ 821331134 s g similar designed vacuum windunnel
with a smaller test section diameterof ¢ UA | and higher reservoir pressures and
temperatures, whereas the third test section V3G is a free jet facility connecting to the
same pump assemblies. An overview about the VxG components (seéig.112), a
reduced figure containing V2G relevant components only (sed-ig.113), and an
overview about the specifications (se@able7) can be found in Appendix A. The three
test sections of the VxG facility became operational between 1964 and 1970 to
investigate the transition regime between continuum and free molecular flow.

Reservoir ~ Windows Test chamber Supersonic diffuser Cooler

Heater /@ 400 mm Subsonic diffuser >

| — :
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To Tegt article P Aitot :
U’-' y robe | Fitot probe a
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T6m
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Fig. 15: V2G side view (top) and V2G sketch with roughly , in green sketched test
rhombus (bottom )

The V2G, sketched in Fig.15 (bottom), expands high pressure gas, usually Nitrogen,
with up to p ® O Ahrough a convergent-divergent nozzle to very low pressures. With
pressure ratios ofp 1 to p 1t between test section and reservoiit is possible to
accelerate the test gas to high Mach numbers at low densities. Due tthe extreme
expansion, the gas must be heated in advance to up toplw T+ to prevent
condensation. Downstream the noz#e, the hypersonic flow passes through the
cylindricaltest chamberwith a diameter oft mtinti and a length of ¢ ttirti . Two small
and two large flanges are equally spaced around its circumferencéo allow attaching
different types of model supports By defadt the flanges are closed by Plexiglas
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windows, see Fig.15 (top). To provide some distance to the combined supersonic
subsonic diffuser and hence to avoid the influence from disturbances generated
downstream, two @ Ttfrti long cylindrical wind tunnel parts are connected downstream
the test chamber. At the streamwise position of the supersonic diffuser the test gasis
already decelerated from hypersonic tosupersonic Mach numbers by the oblique
compression shocks generated by thempinging nozzle flow on the cylindrical test
chamber. The supersonic diffuser decelerates then the supersonic flow to high subsonic
speeds before the test gas is further decelerated by the subsonic diffusérhe task of
the diffusor is the pressure recovey and to prepare the flow to be pumped by the
further downstream following vacuum pump facility.

Further downstream the gas passes a heat exchanger cooled by water before it is finally
continuously pumped out by a multistage vacuum pump facilitysee Fig.16, which is
the actual centrepiece of the facility. The pump facility consists of three individual pump
assemblies with a total maximum pump speed ofp @ i ¥Oin the pressure range of
0 Ato p o @ ADuring wind tunnel operation the pump facility keeps the static
pressure as low ap 0 AAfter passing the vacuum pumps the test gas is exhaust into the
atmosphere. Besides the standard test gas Nitrogent is also possible to operate V2G
with dry air or other gases as for @ample noble gasesHowever, since the facility design
does not provide a recycling of the test gasit is uneconomic to use expensive noble
gases. Except for the test chamberand the cylindrical tunnel part where the Pitot
traverse mechanism housing is #&ched all parts of the V2G are watercooled during
operation.

Fig. 16: Picture of vacuum pump facility in cellar with 21 pumps (left), picture of
biggest vacuum pump in front compared to 2 m high door (right)

Despite the heatng the static temperatures decrease during the expansion down to low
two -digit values The isentropic expansion relation$ predict temperatures betweeny +

to p ut. Thereforg the wind tunnel flow has to be considered & a cold hypersonic flow
which differs from real hypersonicre-entry flight. The hypersonic flow at the nozzle exit
is not parallel but slightly divergent The remaining divergence of the flow resultsn a
further expansion within the downstream cylindrical wind tunnel parts and flow
gradients in stream direction. The actual usable flow field, the so called core flow, is
upstream defined by nozzle boundary layer and further downstream by theoblique
compression shocks generated when the expandng nozzle flow impinges on the
cylindrical walls of the test chamber see green lines inFig.15 (bottom). As further
upstream limit the nozzle exit plane is defined since the axial flow gradients increase
strongly in the heavily expanding nozzle flow. Though the flow gradients can be
guantified, a correction of the measured integral forces iglifficult to realise, see chapter
5.3. Due to the thick boundary layers occurring in the hypersonic low Reyrdd number
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flow, the maximum test article size is limited to aboutp 1A . The boundary layer
thicknes®s can cover morethan v 1t bf the wind tunnel diameter. Since the boundary
layer thickness and hence the core flow dimensions are strongly depending on he
operating conditions, it would be possible to use larger test articlesit some operating
conditions, however, simultaneously the variety of possible operating conditions is
reduced further. At the given test article size the Reynolds numbers arebetween
¢mnm'YQ o inmand the Knudsen numbers reachfrom about vz p 1T to about
p T . An extension to higher Knudsen numbers is possible by using smaltest articles
though, simultaneously with decreasing test article sizethe force measurenents
become even more challenging. Due to lower measureablsignals the signatto-noise
ratio decreases and less force components can be resolved

V2G is mainly used for investigating flow problems on models of flying objects and
space vehiclestypically operding at altitudes from x 1o p ¢ & i, and for basic research
in the field of rarefied gas flows to disturbed molecular flows at high Mach
numbers [13], [14], [16], [35], [36], [37], [38], [39], [40], [41], [42], [43], [49], [60], [75], [83], [84] Wlth the VZG
measurement tedwinique, it is possible to conduct force, pressure, and heat transfer
measurements on models and qualitative flow visualisation by radio frequency
discharge. For the flow characterisation the test section contains a permanently
installed Pitot tube on a taversing mechanismseeFig. 15 (bottom), movable axially and
perpendicularly to the flow direction The traversing mechanism is installed in a housing
attached to the first cylindrical wind tunnel part downstream thetest chamber and
provides space that the Pitot probe can be retracted if not in use.Measuring the Pitot
pressure andthe reservoir conditions allow thedetermination of the remaining flow
properties using equations presented inNACA113518. The equationsare derived for
high speed compressible lbw. The report provides relations forcontinuous one
dimensional flow and for normal and oblique shock wavesas well asPrandttMeyer
expansions forperfect gas

For the attachment of the test article, different model supports are availablee.g., a
model support allowing movements in two axes and rotations around two axe, and
also test article injection system to accurately control the exposure time for heat
transfer measurenents. The model supports can be connected tthe two large flanges
at the test chamber

Measuring aerodynamic forces is the main research task V2G. Over many years
various studies are performed on both re-entry vehicles and simple shaped
bodies. 3] (141, [16], [35], 36}, [37], [38], 40}, [41], [42], [49]. [60), [83], [84). [96] \/jq suitable scalingof the forces
and moments to flight conditions, this data is usedto determine aerodynamics of the
actual flight vehicle. Due to the rarefaction of the flow the aerodynamic forces and
moments acting on the vehicle are quite small ( @ . ) and the measurement d them
is a nontrivial task. Fig. 17 shows a lifting configuration analysed with the reestablished
force measurement technique in V2G.

After many years of operation the VxG were practically put out of service for about
twenty years The second test section V2Gwas then reactivated for new force
measurements on reentry vehiclesin 2009. Within this reactivation the measurement
technique, the motion control software, and the data acquisition system were
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substantially revisedThe main focuswas on the re-establishment and optimisation of a
V2G force measurement techniquadescribed inchapter 3.4 and 3.5.
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Fig. 17: V2G force measurements (test article with the AB-component force
balance located in water -cooled housing )

3.2 Standard Measurement Technique

The flow properties in the test section of V2G are determined by measuring the reservoir
pressure, the reservoir temperaturemass flow and Pitot pressire profiles in the test
section. Thetraversing directions of the Pitot tube aresketched in Fig.18 (left). The
origin of the coordinate system is at the intersection between nozzle exit plane and
nozzle symmetry axis, se€ig.19. The Pitot tube coordinate system is shown ifrig. 18

(right).
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Fig. 18: Pitot tube test regime HKx HKA49 mm, -187 Xy K187 mm, z = 0 mm (left),
Pitot tube coordinate syste m and CAD drawing (right)
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Fig. 19: Standard surveillance measurement device positions and movable
mechanics at V2G, tunnel coordinate system origin located at intersection
between nozzle exit plane and t unnel axis
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In order to guarantee proper operation of the wind tunnel, mass flow, reservoir
pressure, reservoir temperature, Pitot pressure, cooler temperature and different static
pressuremeasurements(PSunnei(z), PSunnei) 8Nd PScooier) are measuredat different positions

of the wind tunnel (Fig.19). Temperature gauges arehighlighted in red, pressure
gauges in blueand mass flow measurement devices in purpléVhile reservoir pressure,
reservoir temperature, mass flow and Rit pressure are used to ensure a proper
adjustment of the operating conditions the other measurement devices are used to
evaluate the general tunnel operation and effects caused by the backpressuas for
example an asymmetric flow field.

As pressure gages only temperaturecontrolled Baratronsare used for the low pressure
range. Forry sensotec pressure transducers are available with measurement rangestof
-¢ TA Addd t- p 1 At A Dhe Pitot tube is also utilized during theperformance of force
and moment measurements to monitor the Pitot pressure in the free streamn order to
allow the comparison with the pressure obtained during the free stream calibration at
the same corresponding positionFor this purpose the Pitot probe is moved to a posdn
where a mutual interference with the test articles is impossible.

Each time before the wind tunnel flow is started the tunnel pressure is measured to
ensure that a static pressure of less tharp m | A A €an be reached to keep
disturbances due to too high back pressure to a minimum. Fathis procedure pSunneiq)
and psumneiz) are used because they have the besaccuracy in this pressure range. During
operation the pressure atpsunney can increaseto about p m | A Aand indicates how
much the back pressure is affecting the flow field.The psunneizy device is not directly
connected to the tunnel flow, but to the housing of the Pitot tube traverse
mechanism’®, and is used for monitoring the pressure in the large housing cavityDue
to the long slit (t Yiti longando 1t | wide) between the housing and the tunne) it
is possible that disturbancesan spreadfurther upstream via the cavity of the housing,
and in the thick boundary layer when the back pressure is not low enough.The
measurement gauge at the cooler monitors the flow properties before the gas enters
the cooler. This information can be used to evaluate the diffusor efficiency when it
related to the Pitot pressurel?y Exact measurement device positions arghown in a CAD
drawing in "],

At the utilized reservoir temperatures betweent 1# and ph T+ the vibrational
modes of the nitrogen moleculesare partially excited From Anderson®! follows that for
a diatomic gas the vibrational excitation starts above 1 ftand reaches @ll excitement
at about ¢t Tt ftHowever, in V2G the vibrational relaxation process freezes upstream of
the nozzle throat ¥ This analysisis performed for the V2G conical nozzle but is also
applicable to the currently utilised contoured nozzle due to similar nozzle throat
diameters and almost equal expansion rates Consequentially the assumption of a
calorically perfect gas is justified for the nozzle and test section flgwsuch that the ratio
of specific heats is for the tesigas nitrogen considered to be constantly pg&.

3.3 Supplemental Measurement Devices and Test Article Support

In addition to the permanently installed Pitot tube it is possible to attach a test article
support at the four test chamber flanges instead of a wndow, see Fig.15 (bottom), to
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conduct, e.g., heat transfer measurements on a copper sphere, sdeg.20. The purpose
of these heat transfer measurements is to gain further information about the flow fitl.
This measurement techniqueis used to determine the possible operating conditions
explained inchapter 4.3 and is here touched briefly for the sake of completeness.

The sphere is solid and has a diameter af U | with a thermocouple implemented in
the centre point. The position of the sphere stagnation point is invariable at¢ wi |
downstream the nozzle exit. By default the sphere is located in its parking position in a
cavity outside the cylindrical tunnel flow. The suppdrallows that the sphere can be
quickly injectedin the centre of the core flow and pulled out of the test chamber flow
(indicated by red arrow inFig.20). In parking position the sphere is located directly
behind a metallic pipe(seeblue arrow in Fig.20) which is connected to ambient air and
which can be manually controlled to cool the sphere by blowing it wh highly expanded
ambient air.

By attaching a model support the test chamber ischanged dueto the large attached
cavity. A numeri@l analysis,simulating the cavities with the hydraulic diameter,showed
that there is a further expansion due to the cavities in the test chamberlthough the
effect on the magnitude of the Pitot pressureis rather small.l”®

injection /
ejection
movement

5 Injection
pe.for i system
coollng\ Copper
e Nozzle Tc=1 | sphere
“allowing cooling —]
of sphere between

< &\_ I
] Test chamber ~ Windows
Fig. 20: Sphere for heat transfer measurements  (located in V2G core flow )

experiments

3.4 Force Balance

3.4.1 Requirements andDesignLimitations

For the present investigation a 3component force balance is re-established in an
optimised version The detailed design, construction and calibratiorare described in’”
and are here only briefly explained tounderstand the measurement capabilities and
limitations. The new implemented force measurement techniqués established and used
within the frame of the EU FAST20XX project’®

24



The reestablishing of the force measurement technique at V2Gis accompanial by

many constraints. On one hand the connection between balance and test article 8&o

stay unchanged to allow experiments with former test articles. On the other hand is

desired to use as much as possibleomponents from the existing watercooled model

support which enables to change the angle of attack and yaw angle of the test article
and to adjust its position in V2G. Although the movable model support requiredsome

repair works and exchange of components, it could be made operational with
acceptable effort, compared to acomplete re-design and construction. Due to usage of
the existing infrastructure the installation size of the new balanceis limited. Based on
an exchange of assessmentswvith experiencel former staff about the peculiarities of
conducting force measurements in V2Git is decided to use the principle and similar
design of former strain gauge balancesvith some optimisations explainedater.

The setupof the force measurementsincluding test article, balance, model support and
wind tunnel is sketched inFig.21. The geometric dimensions of the balance housing are
shown in®, |t can be seen that the balance is located side the cylindrical part of the
test secton and is shielded from the free stream flow.Due to the hollow test article
design the balance is partially covered by the test article and further downstream by the
water-cooled balance housing. The balance is able to measure normal and axial forces
aswell as the pitching moment. For the evaluationof the force componentsthe forces
are afterwards transferred into the aerodynamic systemA sketch of the V2G force
balance and the strain gauge positions is presented irig. 22.

Nozzle Test chamber Test article

Balance housing

— Balance
—_—
—»
Fee stream
Model
support
housing R

\ Model

support

A
y

- &

Fig. 21: Sketch of force measurement setup in V2G (top view) , weight forces act
normal to the drawing plane
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Fig. 22: Sketch of V2G force balance

3.4.2 Load Determination

The magnitude of the aerodynamic forces for thepresent configurations can be easily
estimated from the various force measurements in V2G in the pase.g.®%. Due to the
rarefaction the aerodynamic forces acting on thetest article are as low aspi . and
their measurement is challengingConsidering a test article size op 1A |, the maximum
aerodynamic force is aboutp Tt irt.. Without available data another approach would
have to be used. A possibility is to consider therée molecular and continuum results
theoretically, numerically or experimentally to estimate the loads in the transition
regime. Wuest®! describes in detail an analytical approach for the free molecular and
continuum condition for simple shaped bodies.

Due to the balance principle the test article must be as light as possible. The desired
force measurement is based on the difference of two measurement signalst(ain
gauges along the beam, seeFig.22) which are both proportional to the sum of
aerodynamic loads and dead weight of the test article. Since the test artidedead
weight acts as a high preload, which iswith o 1Cto T T€commonly three to four times
higher than the aerodynamic loads, the desired signal can easily drop below the noise
levelwhen the test article becomes heavierHowever, the potentials to achieve a further
weight reduction are already nearly exoited. For typical test article dimensions of
p 1A [, the test article wall is only about T& | [ thick and very fragile The test article
accommodates only the structure necessary for the attachment onto the balancsee
disassembled test article irFig.23. For assembling the inner structwe is inserted with
the balance attachmentin front, into the hull and screwed together with the hull at the
back plane

Hull g

Back span/s\ ————

Fig. 23: Light weight COLIBRI test article , hull (left), inner structure (right)

Back plane

Front span

Balance attachment

Since the preload caused ly the test article weight is the weight multiplied with its
lever length, it can be reduced additionally by decreasing the lever lengtfihe lever
length is measured from the strain gauge positions on the bending beam (sd&g.22) to
the centre of gravity of the test article.Due to the small test article size it is technically
not possible to place the balance completely inside theest article It is though possible
to shift the balance attachment position into the test article by up to @ 1t Fof the test
article length.
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Despite lightweight construction the high body weight compared to the aerodynamic
forces demands a rigid balance designThis rigidity in turn leads to small signals and
thus to a necessity for amplification factos as high asp it 1t ift output signals of up to

v 6 for the maximum design load arerequired. Using amplification factors of this
magnitude means that even smalperturbation effects can easily becoméarge enough
to significantly influence or even exceed he desired force measurement signal.
Especially the longterm zero point drift becomes an enormous problem due to the long
test times of V2G experimentsand is addressed in detail inchapter 4.7. An effective
thermal shielding and an accurate calibration and monitoring of the balance
temperature by sensors close to each pair or strain gauges are indispensable. For that
reason the protective housing of the force and moment balance is waterooled and
designed to ensure that the wnd tunnel flow cannot directly impact the balance.
Additionally, already in the design phase of V2G force measurement test articlethe
heat transfer from test article tothe balance has to be considered and kept as low as
possible.In detail this is desribed in chapter 3.5.

3.4.3 V2G Strain Gauge Balance Principle

The operating principle of the strain gauge forceand moment balance is that a
mechanical load causes a bending deformation in deliberately designed structure and
consequently a stretching or respectively a compression oithe sides where the strain
gauges are fixed Fig. 24, left). Due to the fixed connection between the strain gauges
and bending structure, the strain gaugesare stretched or mmpressed andchange their
resistanceaccordinglyand supplya measurable signalThis principle process is sketched
for a typical foil strain gauge inFig. 24 (right) where the strain gauge grid is stretched.
Srain gauges do not only measure bending deformation, but also pressure, tensile
stress and are very sensitive teemperature changes. These undesirable effects have to
be compensated or taken into account for the analysis of the signals.

Load Strain gauge (stretched)

»

Srain gauge

Voltage

O 4— O

Bending
structure

Strain gauge (compressed)
Fig. 24: Strain gauge measurement principle (left), foil strain gau ge (right)

The strain gauge does not measure directly the applied force but rather the
deformation resulting from the applied force. Within the materials elastic range the
relation between applied force and resulting deformationislinear r Gnnj d-r Kk~

On the one hand it is essential that there is a measurable deformation in the balance but
on the other hand a deformation is undesirable since the test article deates from the
adjusted position and attitude in the wind tunnel during the experiment For these
reasons the overall structure is designed rather rigid wita pliable narrowing, where the
strain gauge is positioned, seeFig.25. Thus, he overall deformation is reduced to a
minimum, while having measurable deformations at the strain gauge position at the
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same time. For the redesigned force balancethe angular deformation is ensured to be
lower than T@® Jand the lateral deformaion lower than pi [ for the maximum design
load of T® . which is the sum of @ . aerodynamic load andm& . zero loads of
balance and model weightin the FAST20XX camaign.

Ap Stran gauges

[
[r—

AR

Fig. 25: Narrowing for s train gauge attachment

3.4.4 Desigh & Concept

Hg. 26 shows that the chosen design of the V2G balance consists of two balance
transducers, the normal force and pitching moment transducer, denoted as normal
force transducer (blue) and tangential force transducerdd). The green parts are hollow
adapter pieces with a wall thickness ofig | | to reduce the heat transfer from the test
article into the balance. As adapter pieces several designs are available. The long adapter
piece containing the test article holding fixture is always usedwhile the shorter adapter

is only used if no rolling moment transducer is implemented to ensure a constant
balance length.

Tangential force transduce

Normal force & pitching
moment transducer

Adapter
pieces DXB

Test article DXF

holding
fixture

BYB
BYF

Hg. 26: 3-component balance (normal and tangential force transducer)

In opposite to earlier versions of the balancethe thickness of the narrowing at BYF and
the narrowing at BYB are not equal. The thicknessis rather designed that a load
applying at the position where the normal force transducer endss resulting in an equal
bending deformation in both narrowings. The measurement range of thebalance is
larger compared to versions with equal notch thicknesse3he disadvantage ighat the
measured signals cannobe directly related to normal force, axial force and pitching
moment, but require a more complex calibratiorfirst, seechapter 3.4.6.

3.4.5 V2G Strain GaugeCircuitry

The strain gauges change their resistance due to the applied strain caused by the local
deformation. They cannot distinguish between defomations caused by a mechanical
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load or temperature changes. Compensating this fact requires several strain gauges at

one measurement position. Thecircuitry of the V2G balance strain gauge elements is
carried out in both full and half Wheatstone bridge cicuits which increases the signal
output by simultaneously compensating strain in undesirable directionsand due to
thermal expansion. The normal force components are wired in half bridgesvhile for

the tangential force component a full bridge circuit isused. FromHg. 27 it can be seen

that theoretically temperature changes affect the output signal only if the temperature is

not changing uniformly for all strain gauge elements Otherwise the bridge voltage
remains unchanged. Fa the half bridge circuitry all strain gauges have tdace the same
temperature, while for the full bridge either the two on top and the two on the bottom ,

or the two on the sides have to have the same temperature changeSince a non
uniform temperature change resuls in a zero point drift, the strain gaugesare usually

fixed very close to each otherZeroon hms c¢cqhes b " m ad cdehmdc
sgd hmchb sdc ydgn né&®andls™ nv hmmgqg Imnk khxmoatds ® rhofc
et mbshnm ne shl d [ Becauseqf smallldiffedeqcessitheg thermal
characteristis of the strain gauges and slightly different temperature distribution in the
balance frame it is usually not possible to compensate the thermal effects completely by
using Wheatstone bridge circuitry Consequently the strain gauges should be kept at a
constant temperature.

Sense +
== -3
ﬁ HB1
. Power
supply
HB2 Bridge
H voltage
e ———————— -3
Sense -
C— Srain gauges —— Mechanically stretched
HB# Half bridge strain gauges —— Mechanically compressed
FB# HRull bridge strain gauges —— Thermally deformed

Hg. 27: Wheatstone bridge circuitry , half bridge (left), full bridge (right)

The undesirable effect of the cable resistance can be compensated if the Wheatstone
bridges are wired with a fivewire connection for the half bridges and with a sixwire
connection for the full bridges respectively?® In particular an additional sensewire is
installed in parallel to both power supply wires (se&g. 27). The supply unit is thus able
to measure and adjust the voltage directly at the connection between the supply and
sense wire.

Based onHg. 27 for a voltage feed bridge supply,the bridge voltage can be calculated
with (3-1) and (3-2) for the half and for the full bridges respectively.

* * Y
Y Y - (3-1)
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and

~

Y

(3-2)

Very important for a high measurement quality is the use ofarrier frequencyamplifiers,
because of the \ery low measurement signals and correspondingly high required gains

of p tt .mCarrier frequency

amplifiers have the advantag that constant voltage

offsets, as they can occuy e.g.,, as a result of electromagnetic interference or

temperature changes withn the

cables, are not affecting the measured signa¥.”!

3.4.6 V2G Force Measurement Technique
Basedon the obtained signals the actual applied forces and moments can be derived.

Normal force Fn

Strain gauges wired in
Wheatstone bridges —_

Signaloutput

-

\
\

Tangential force Ft 60 { 00 _—— _4 /) 0¢
| —— ,,T: <: %ﬁ 5‘»:=Lj
% (T =T
PItChlng moment PM ReStralnt4 (L L L L L L EL L
\ A J
| |

Normal force & pitching moment transducer

Tangentialforce transducer

Hg. 28: V2G force balance sketch (BM: bending moment signal, BYF, BYB: stain
gauge positions, DX: axial drag signal, COG: centre of gravity)

From Hg. 28 the following system of equations can be set up for the force
determination by consideringequilibrium of forces at BYF and BYBach

00 00 "0 a (3-3)
60 00 O a a (3-4)
Combining equation (3-3) and (3-4) yields
.. 060 00
O¢ : (3-5)
a

¥ 00 00 ‘ ‘

OO 00 5 z qQ a (3-6)

and hence
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VU ou p 5 ou 5 (3-7)
The distanced is a bodyfixed valug while the distance & is the distance
from the strain gauge positions BYF to the centre of gravity or force reference point of
the test article and depends on the test article geometry as well. This value haso be
determined for eachconfiguration of balanceand test article. The relation between the
bending moments andthe mechanical loads is established bthe calibration described
in chapter 4.7. The required geometric dimensions are listein Tablel. With an equal
thickness of both narrowings, it would be possible to solve(3-5) and (3-6) before
applying the calibration. The advantage would be that the characteristic of normal force
and pitching moment could be easily determined during the measurement process.

The relation between the tangential force and the DX strain gauge circuit signal is a
linear calibration described inchapter 4.8. There is no further calculation necessary as
for the normal force and pitching moment.

In the last gep the forces and moments have to be transformed from the balance
coordinate system into the aerodynamic coordinate system using@-8) and (3-9), see

Fig.29. Since the referene point remains at the centre of gravity, the Pitching moment
remains unchanged.Fig. 30 shows a picture of the V2G force balance.

Fig. 29: Coordinate system transformation  from balance to aerodynamic sy stem

"0 "oz AT|0 08 OEIT (3-8)

O oezOET 08 ATl |0 (3-9)

Fig. 30: Picture of V2G force balance
Table 1: Geometrical data of V2G force balance

Length
Distance BYR: BYB i T
Distance balance tipt BYF | | o
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3.4.7 Analytical Approach

For the dimensioning of the balance both force transducersare analytically calculated
Fig.31 shows the separation of the normal force transducer in eight Macauld} 2
integration regimestogether with the applied loads The separation becomes necessary
sincethe moment of area of the normal force transducer varies. The dead weight of the
balances cannot be neglected and has to be taken intaccount for the whole frame.
The influence of additional weight and stiffness of strain gauges, adhesive and circuitry
IS neglected, as well as the tiny radi between the different beam cross sectionsThe
weight forces of the normal force transducer are applied as distributed loadand is
depending on the angle of attack. The normal force and the pitching moment are
applied at the balance tip. Since the balance and thetest article are mounted upside
down, the weight force has the same sign as the normal force. Tangential forces are
neglected for the calculation since the bending angle isvith below @ Jery small.The
assumption of small deformation angles simplifies the equations because it can be
assumed that OET | and AT|O p. Due to the changing moment of area, a
second reference model, a bending beantomposed of beam partswith constant cross
sectiors each is applied where, starting from left,the forces and deformations foreach
regime (na till nh n Fig.31) are calculated. During calculation the reference model is
assumed to be rigidy restraint on the right. The resulting bearing loads are calculated
and serve as reaction force (with the opposite sign) for the load apptien the next step.
Since the total bending angle is smallit is assumed that the applied force acts
consistently normalto the beam for all integration regimes. The bending angle and the
deflection within a regime are calculated for each loop as welkxis the distance inw
direction where & Tt in each regime is the left side of the bending beam reference
model.

A

z lha  lhblnc lng lne |t Ing ln [— Integration regimes
Fnh—bfb«b«—b»ﬁq—»:;
ero L. N2 nb nc nd ne nf ng nh|——Dead weight
D X =] =i 7 .
BM'nuuuuuAuAAuAAuuuAunuuununuuuuuuu 2 —Model Welght

+ aerodynamic forces

freve  fnrsys fﬂ:;-cdw fneys  fnreve Coordinate SyStem

Fig. 31: Normal force transducer reference model with applied loads

Equations (3-10) to (3-14) show the necessary integration exemplarily for the integration
regime na. Equation (3-10) contains the distributed loads. The integration of (3-10)
yields the normal fore equation (3-11) with the applied normal loads as integration
constant. With a further integration the bending moment equation (3-12) is obtained
with applied moments as integration constant. Integratingfurther and multiplying with
Xntmf-r I nctktr =~ mcyield thelberiding adgie £quatien(3-13). dhe
angle at the restraint on the right side corresponds to the integration constanép. The
final integration leads to the bending deformation equation (3-14) with the integration
constant ¢g as deformation at the restraint on the right side. The two integration
constantsap and ¢t  can be calculated from the boundary conditions.

2in German referred to FopplP®
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Q¢ ¢ AT 1060 (3-10)

"0 M AT IOGO OO0 (3-11)

6 0 g’n:c, AT 0G0 0RO 6 060 (3-12)
Q) %o %‘Qé AT |0&0 g"o&‘ﬁ 600 op z'Q (3-13)
o - ¢ CﬁT"Qé AT 1O &0 %‘oz@o’ gaa@o wép 20 G

o

(3-14)

For the determination of the deformation and deformation angle at the left sideg it is
necessary to setup and integrate primarily the force equation8-10) to (3-12) from the
integration regimes na to nh to dbtain the overall forces and momentsaccumulating at
the integration regime nh. Sincethere the restraint deformation and angle is known to
be zero, the integration constants can be inserted. Fothe determination of the
deformations on the left side the deformation equations (3-13) and (3-14) have to be
solved backwarddor all integration regimesfrom nh to na.

The dimensioning of the tangential forcetransduceris calculated with the same scheme
but it is far more complex since the frame structure is a closed beam structuvéhich is
statically multiple-indeterminate and has changing cross sectionssee Fig.32 (left).
Therefore, the deflections are derived for a reference modesketched inFig. 32 (right).

tCDE
z tp € te td
— 5 tDN Fia 7
a o w tNO Mg th o tig
T X | tKOP ) L Jto
tAeﬁ— K GH RO BM.x ta by Fia ig
tQ
tM
|—Integration regimes —— External forces ——Coordinate System |

Fig. 32: Reference model of tangent ial force transducer (left), simplified and
subdivided (right)

It can be seen that the whole structure has to b subdivided irto seventeen integration
regimes (ta to tq) shown inFig. 32 (right). The system can be simplified if all thick drawn
integration regimes are assumed to be rigid. They have a thickness of at least a factor of
ten higher, comparedto the thin marked integration regimes (te, th, tj, tn, tm, tq), and

a moment of area which is higher by more than a factor of thousand. With this
assumption the resulting loads in point tCDEfor example, can be directly calculated
with for ces and moment in tA, the weight forces in ta, tb and t¢ and the corresponding
lever lengths in x and zdirection. Further thedead weight of the thin -drawn beams can
be neglected because of theirsmall thickness while the others have to be taken into
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account. As for the normal force transducer, the influence of additional weigt and
stiffness of strain gauges, adhesive and circuitry is neglected.

To solve a statically indeterminate closed beam structyrehe structure has to be broken
up in a staticallydeterminate one, seeFig.33 (left). Instead of the previous restrictions
external forces and moments with an unknown sign and magnitude are applied. The
framework can then be calculated. After the force, moment, bending angle ad
bending deformation distributions are obtained the additionally applied external forces

can be determined.

: n
tDN’ with Fxon r
! ; Ryt
Fzion, BMion \, A+ tDN with Fn _
F - Fxon, Fz A s - 5t -
niA \ tDN, tDN’, — T /4 =1
1 BMion: ti-: ! '::ly Vet
(& . 1 Ftia
BM s Ftia tQ’ with j A 1A
P, Fziay, BM:a t ul
777 Y BMyg 777 ~F

Fig. 33: Statically determined tangential force
local coordinate system s (right)

transducer (left), together with

The further boundary conditions, bending angle and deformation are set to:

%o %o (3-15)
-0 -0 (3-16)
- & - £ (3-17)
%0 T (3-18)
-0 T (3-19)
& T (3-20)
That means for the forces ad moments that:
0 %% @2y
060 60 (3-22)
O goo Ooo (3-23)
a Oa
00 00 (3-24)
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The dead weight of the balance frameis not shown in Fig. 33 (left) for clanty, however,
except for the bending beamsthemseles (te, th, tj, tn, tm and tq) it is included in the
calculation. The local coordinate systems are sketched kig. 33 (right).

The six equations(3-15) to (3-20) are building a system of equations in which the
equations (3-10) to (3-14) for each tangential force ransducer integration regime have
to be inserted. The six unknown force and moment components in tDN and tQare

presented in equation (3-21) to (3-24). The difficulty is here not the solving of the
equation system but the setup the inserting of equations and ther simplification. Since
the equations of all integration regimes have to be inserted into each otherthe

equations become far too big for typical math programsas e.g. MAXIMA. However, a
numerical solution by SCILABfor example, becomesonly possible when the equations
are manually simplified and structuredn a matrix format.

Solving this equation system vyields the forces, moments, deformation angleand
deformations in all integration regimes. Fig.34 gives an overviewof the deformation
due to normal and tangential forces as well as pitching momentresulting from the
calculation reference model. By adding the deformations in the tangential force
transducer to the normal force transducer the overall deformations at the balance tip
can be obtained. It can be seen that the normal force transducer (beam to the left in
Fig.34) measures normal forces and bending momentswhile the tangential force
transducer (rectangular structure on right side) independently measures the applied
tangential forces.Based on the calculation reference modethe deformations can then
be superposed on the actual geometrysee Fig.35. The forces applied inFig.34 and
Fig.35 are far higher than the maximum allowed forces andare only chosen for better
visualisation.
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——undeformed ——normal force tangential force ——pitching moment
Fig. 34: Balance deformation caused by appl ied normal - and tangential loa ds
and pitching moments
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Drag [N] = 715

Lift [M] =

Pitching m. [Nm] =

Drag [N] = 0

Lift [M] = -7 ||
Pitching m. [Nm] = 0

Drag [N] = 0

Lift [N] = 0 L
Pitching m. [Nm] = 0.7

Fig. 35: Deformations shown on balance geometry

Since the calibration of the force balance requiresnore information about further
conducted optimisations it is treated at the end of the preparation of experiments in
chapter 4.8.

3.5 Test ArticleDesign

There are two limitations defining the size of the test articles. The maximum size is
defined by the core flow diameter in V2G which strongly dependson the selected
operating condition. Flow characterisations showed that at nearly all operating
conditions a core flow diameter of aboutp TA | is achievable. The restriction for the
minimum size is not as well defined but the used force balance yieldke best signal /
noise ratiowhen the aerodynamic forces are highSmaller test articles yield accordingly
lower aerodynamic forces, and it becomes difficult to distinguish between measured
signal and noise. For the best force measurement results V2G modelare usually
designed to be near the upper size limit.

To obtain a very lightweight test article as described inchapter 3.4.2, the wall
thicknesses have to be very thinand the test article can only contain the necessary
infrastructure to fix the test article on the balance bute.g., no additional measurement
devices. A typical hull thickness for V2G test articles 8 | [ . A thicker wall would
increase the weight unnecessarilywhile a thinner wall would complicate the hardling
of the test article even furtherdue to less stiffness

This design restriction limits the possible construction method#s in the past, todaythe
hull of the test articles can be manufactured only galvanoplastically. In emperation with
the Frawnhofer Institute for Manufacturing Engineering and Automation (IPA)the hull
of the SHEFEX Il test articlss manufactured by ekctrolytic metal separation ona
positive core, seeFig. 36.
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Fig. 36: Electrolytic metal separation on a positive core of SHEFEX IIl with
adjustment planes for post -processing at the support structure in the
background

The ekctrolytic metal separation is conducted until the metal layer reaches more than
™ | 1. While the hull is still on the positive core the outside has to be cut to the
nominal values with a wire cut machine to keep the tensions and temperatures as low
as possible. Machining the hull with a milling machine would increase the risk that the
hull is locally sepaating from the core and being destroyedduring the process. Only
after the complete machining including polishing is finishedthe hull can be separated
from the core by cooling both parts in liquid nitrogen and subsequently heatingip the
hull. After demoulding and polishing off the nickel remainders the core could be used
for another test article. However, due to several times of polishingthe core dimensions
become slightly smallerwhich is significantly increasing the wall thickness andhe
weight and limits the number of re-uses.

Approaches to construct the test articlehull via 3D metal moulding are not promising at
the current stage of development since the surface roughness is comparably bad and
requires much polishing effort. Due to the lack of atemporary support structure inside
this method is considered as inappropriate. The same applies to a material change from
nickel to titanium which has much better material properties at first sight. However,
titanium chemically reacts with thedecelerated hot nitrogen flow in the wind tunnel to
titanium nitride with unpredictable results.

The inside structure of the test articless usually designed in differential construction,
see Fig.37 for the SHEFEX Il test article. Dog a further improvement the inside
structure, except front span and heat shield could be built with 3D metal moulding by
simultaneously reducing the weight of the structure ly ¢ v bfor both COLIBRI and
SHEFEX Il configuratien
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To reduce the lever lengtls from the strain gauges to theforce application point, the
balance is usuallyplaced as far as possible into the test article, sedig.37. The water
cooled-housing reaches almost to the attachment point. This overlapping is
simultaneously shielding the balance from facing thedeceleratedhot wind tunnel flow
behind the shock The strain gauges on the balance are extremely temperature sensitjve
so that the heat transfer onto the balance has to be reduced as much as possible. &n
the test article operates in a vacuum environmentthe heat can be transferred to the
balance by heat transfer via the hull, by radiation from the hot stagnation point area,
but not by convection due to the very lowdensity. Due to construction limitations the
material cannot be changed but the distance from the hot stagnation point to the
balance can be extended. The idea is to design the front span very thin and fragileo
that the major part of the heat transfer has to take the longdistance via thehull, the
backplang and back to the front via the cylindrical tube before it reaches the
attachment point and then the balance see Fig.37 (attachment point painted in light
green, covered by heat shieldpainted in semttransparent red). Additional, the tip of the
balance is protectedby a heat shieldin the front section seeFig.37. Together with short
time measurementsof about oi E fest time, which finish before the temperature at the
strain gauges is significantly increasing the temperature depending error becomes
nearly negligibleand can be compensated After a test cycle the test section has to be
ventilated to allow a quick heat equalisation within test article and balance. Tprevent
measurement errors by temperature changes in the cooling water, the water
temperature is controlled and keptat a constant temperature of¢ «3tJ

minor contact between
hull and front span

water-cooled
housing

balance tip

heat shield
heat transfer only in front (red)

via backplane

broad overlapping of
balance andtest article

attachment point
Fig. 37: CAD drawing of V2G SHEFEX llkest article

Parallel to the performance of the experirants, an improved internal structure for both
test articlesis designed and constructed for further measurements at higher angles of
attack in a following measurement campaign see cut drawings inFig.38 and Fig. 39
respectively The updated version contains internal heat shields for both configuratioris
Additionally, the weight of the internal structures could by significantly reducedc( v p
due to a new construction method using Selective Laser Sintegr(SLS)Both test articles
are already successfullyested at the last measuremers of this test campaign.

8 In contrast to the SHEFEX llI test article the original version of the COLIBRI test article is not equipped
with a heat shield.
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indicated balance tig

heat shield

. : e water-cooled housing,
— B inside and outside wall
Fig. 38: CAD cut drawing of revised SHEFEX lll test article

water-cooled housing,
inside and outside wall

indicated balance tig
Fig. 39: CAD cut drawing of revised COLIBRI test article (heat shield not
displayed)
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4 Preparation of kperiments

4.1 Facility Setup

As approach to improve the flow homogeneity by means of smaller radial flow gradients
in the test chamber, the present experiments are conducted using the new cetoured
nozzle instead of the conicahozzle used during the low-density tests within FAST20XX
Detailed geometric dataof the nozzle is published i®. The experiments are performed
with the standard test gas nitrogen.

To obtain a variation of the Knudsen number at a constant Reynolds numhbethe Mach

number has to be varied, seg2-4). Adjusting reservoir pressure and temperature yields

only minor variations in theMach number so that the nozzle throat diameter has to be

adjusted. Due to the modular design of V2Gs gd hmmdqg rn b kkdc ®&mn
containing reservoir chamber, nozzle throat and the first part of expansion to a diameter

of o 1 |, can be easily &changed seeFig. 40.

reservoir chambe

A

Fig. 40: Nozzle core parts with 2 mm and 10 mm throat diameter

The V2G is designed for nozzle throat diameters betweerg and p 1t | which
corresponds to nominal Mach numbers 6 ¢ tto p o Nominal Mach numbers are
calculated by the NACA1135 equation$§® using the geometric dimensionsFor the data
evaluation the actual Mach numbers are determined by the ratio of Pitot pressure to
reservoir pressure, such that the effect of a reduced area ratio due to thick boundary
layers is accormodated. For the present analysis nozzle throat diameters o€, o, v, X
and p 1t | are used to obtain a good resolution at one Reynolds numberThe
charactersation of the test chamber using the V2G contoured nozzlé® 8 s
concomitantly analysed numerically as well at selected conditiori®! % The complete
flow characterisation isdescribed in detail i and is here only brieflyexplained

4.2 Test Article Selection

For the andysis of blunt and high lift / drag configurations the aim is to use possible
flyable configurations instead of basic geometries as sphere and flat plat&he two

different test article configurations COLIBRI (Concept of a Lifting Body for Rentry

Investgations)®2 7 a blunt, capsulelike shape with a flattened lower surface and

SHEFEX Il (ShafgdgeFlightExperiment}®, a sharpedged, slender vehicle are

investigatedrepresentatively seeFig. 41 for CAD drawings.
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Fig. 41. CAD drawing of SHEFEX Il (left) and COLIBRI (right)

COLIBRIwas a project of the Insttute of Space Systems (IRS) at the University of
Stuttgart in the 1990s. In this time the DLR in Goéttingenwas commissioned to build a
wind tunnel model and to perform force measurementsin V2G. However, the program
was stopped after the test article was operational but before the wind tunnel
experiments could be conducted.

SHEFEX Il in turis the third version of a DLR flight configuration concept with the aim

to increase the aerodynamic efficiency, i.e. lift / drag ratioby simultaneously develop
cheaper and simpler thermal protections system designs. SHEFEX |, the first flight test
configuration in this development ling was launched onthe 27" of October 2005 from

the Andgya Rocket Range in NorwaySHEFEX Was launched from the same launchsite
seven years later on 22 of June, 2012. SHEFEX Was considered as a potential flight
test configuration and was designed as a small scalenodel of the DLR REX Free Flyer
Prototype, a proposedflying test bed for zero gravity experiments However, within the
reorientation of DLR r r o~ bd qd rthe SHEREX IPrbjecthwad stoppdd in
2014.

SHEFEX
Development Strategy

Micro-G-Free Flyer REX

Technology and platform
for Microgravity Research

s

=2 Technology for
SHEFEX 1 SHEFEX 2 SHEFEX 3 Re-Entry Vehicles
Sub-orbital Sub-orbital Near orbital

r 45
£005 2010 2015 / SHEFEX 4/IREX Prototype

_—— 4 Orbital active Technology for
S W 2018 Future Launchers
"\@
/“.‘. 5

Spaceliner
Spacetravel

b SHEFEX lalHIFEX, SHEFEX lib Technology for
(‘ Sub-orbital Hypersonic Aircraft

Fig. 42: SHEFEX Development Strategy *”
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Both concepts COLIBRI and SHEFEX Il areseimoepresentativdy as blunt and slendey
sharp-edged configuration. The COLIBRIs selected because itepresents the classical
capsuleshaped configuration, and a correspondingVV2G test article still existed from
earlier projected wind tunnel tests in the 1990s SHEFEX lih turn represents the group
of future re-entry vehicles with high lift / drag ratios and simplified geometric shapes for
geometrically less complex thermal protection system&Vhile the test articles for this
work were selected SHEFK lllwas planned as flight configuration.

Due to slightly different test article lengths the COLIBRI test article ip Y Bshorter, the
analysis at equal flow conditions yields slightly different Reynolagaimbersand Knudsen
numbers. Thishas to be takeninto account when the test articles are directlyjcompared
with each other. Both test articles are equipped with a 7° body flap.

Koppenwallner distinguished the definition of slenderness into a geometric and an
aerodynamic shape criterion*!! For the geometric slenderness the projected frontal area
is compared to the wetted area, i.e. the total surface, while in case of the aerodynamic
slenderness the flow behaviour is decisive. Accordinglyhere are geometrc shapes
which result always in a blunt configuration as e.g. spherelike configurations like the
COLIBRI test configuration. On the other hand there are geometric slender
configurations which can be aerodynamically blunt or slender depending on their aiegy
of attack, e.g. configurations close to a flat plate andlikely the sharp edged facetted
SHEEX lll test configuration. Due to that definition the COLIBRI configuration can be
always considered as bluntwhile the bluntness of the high lift / drag SHEFK Il
configuration is depending on the angle of attack.

For the test articles to be analysed within this work, the area ratios are presented in
Fig. 43 for configurations with and without a X Jbody flap. Additionally, results fa a flat
plate and a sphere are showrsince they represent the two extreme cases.

0.5
©
£ 04
2
- = |
S $0.2 —==
E c ///
E 0.1
(8]
2
2 0 -
- 0 10 20 30 40 50 60
Angle of attack U[°]
——SHEFEX Il (w/o flap) COLIBRI (w/o flap) Sphere
—SHEFEX Il (7° flap) —COLIBRI (7° flap) flat plate

Fig. 43: Ratio of projected area / wetted area of test articles and reference
configurations
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A sphere has a constant ratio ofi® uvover all anglesof attack, while the flat plate ratio
changes fromTt at | T o T@® at | w Tt Jn case of both tested configurations the
ratios of projected frontal area to wetted area are for low angles of attack almost
constant or even slightly decreasing and start toncrease significantly at anglesf attack

of more than p ¢ id case of the SHEFEX Il configuratipand more than p 1 i case of
the COLIBRI configuration respectively. As expected, the SHEFEX Ill configuration is
closer to the flat plate area ratig while the COLIBRI is closer to the area ratio of a sphere
for high angles of attack

The aerodynamic slenderness is more difficult to determine. An approach is to use the
ratio of the velocity components 6 76 L p and refer to the corresponding small
disturbances of the flow field, see sketch inFig.44.™ For more complex vehicle
configurations, this becomes challenging, espeally because it changes with the angle
of attack. An accurate determination when the SHEFEX Il configuration becomes blunt
is, therefore, not easily possible. The idea is to evaluate the results and determibased
on their characteristic at which angles of attack the configuration is rather slender or
rather blunt. In between thereis a transition regime where the configuration is neither
aerodynamically slender nor aerodynamically blunt.

Shock
u Uz
Ui \
Ux
o d
Y

Fig. 44: Sketch for the explanationlz)f slenderness o—f flight configurations

The geometric data for both test articles is given if%. The analysis is conducted at
angles of attack betweentt J | o T With a ¢ Jesolution, seeFig.45.

fin

free strean

—>
—>
—>

Fig. 45: Side view of CAD drawing of SHEFEX Il (left) and COLIBRI (right)

4.3 Determination of Operating Conditions

Since it is desired tocover as much as possible afhe rarefied flow regime within this
analysis it is important to take full advantage of the possible V2G operating range. The
first step is to determine and approach the operating limits.As Fig.46 qualitatively
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shows, the V2G qperating range is defined by multiple hard and soft limitations Hard
limitations are, e.g., the maximum reservoir pressure, mamum mass flow or room
temperature. These limits areunchangeable connected with the facility design. In
opposite, there are sof limitations which vary with the facility setup and operating
conditions, as e.g, the minimum reservoir pressure, boundary layer thickness, the heater
limit, or the condensation onset so that they have to be analysed separately for each
nozzle throat insert. The heater limit, i.e., the maximum reservoir temperature for a
certain reservoir pressure and nozzle throat diameters more a question of economic
feasibility since the abrasion of the heater is stronglyincreasing above a certain reservoir
temperature, so that the life span of a heater can decrease from more than a year of
measurementsto few minutes or evenless.Due to the variety of parametersthere are
no tables for recommendations. With the experience of experimenter and wind tunnel
operator, it is in the end an approach of carefully trying.For the present analysis the
criteria is that the heater should at least last for several hours to allow timeonsuming

flow characterisations.
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Fig. 46: Qualitative V2G operatin g ranges

Whether a V2G operating condition within the hard limitations is suitable for the
investigation of a hypersonic flight configuration or nof has to be experimentally
investigated for each operating condition separately. At V2G there are currentliyo
experimental methods established which indicate the condensatioonset One method
usesthe permanently installed Pitot tube, while the other method uses the heat transfer
measurement on a copper sphere. In both cases initially a reservoir pressuresés
Subsequently the reservoir temperature is gradually increased from ambient
temperature, while the Pitot pressure or heat transferespectivelyis measured.For the
present analysis a step size of 1t is selectedwhich corresponds roughly to theV2G
reservoir temperature adjustment accuracyAs described if’® the expected accuracy of
the condensation onset prediction via the heat transfer measurement is less than with
the Pitot probe, so that they are usal for few reference measurements only.Both
methods have the disadvantage that they are able to prove the existence of
condensation but they are unable to confirm that there is no condensation in the flow
field, which is more important. The reason is thatbetween compressionshock and
surfacethe decelerated hotflow has sometime to re-evaporate. To make sure there is
only negligible condensation in the identified operating range a temperature safety
margin is implemented. When the condensation onset issharply determinable by a
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steep pressure increasdhe chosen safety margin ig; ¢, i.e., one reservoir temperature
step size away from the Pitot pressure changdn cases of a blurred pressure increase
the chosen margin is larger to accommodate the inacurate determination of the
condensation onset.

By using the method with the Pitot tube one takes advantage of the fact that the Pitot
pressure suddenlyin- or decreaseswhen condensation becomes significantat high
Mach numbers.® Although the same applies to the even more sensitive static
pressuré?l, it is far more complex to investigate the condensation onset with a static
pressure probe due to very long seling times in the rarefied flow and due to the
adjustment sensitivity of thestatic pressureprobe.
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Fig. 47: Pitot pressure condensation measurements, d “ =2 mm, Pitot tube at
X =448 mm,y =0 mm
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Fig.47 shows the condensation caused change in the Pitot pressure distribution for
selected reservoir pressures betweeg tand @ TA A ®hich covers almost the total
investigated range Starting with T TA A @ndition (red), with the Pitot tube positioned
at T T Wi downstream the nozzle exiton the tunnel axis the Pitot pressure is
independent of the reservoir temperature for reservoir temperatures abowe v ¥t Below
that temperature the Pitot pressure slightly decreases and increasdsefore at about
Y 1 #t a sudden and strong increase in Pitot pressure follows. After that increase the
Pitot pressure reaches a local maximum before it decreases similarly strobm nearly
reach the original pressure level and increases finally again to reach and remain at a
roughly vt b higher pressure levelHefer?¥ explained that the initial sudden pressure
increase is caused by the released heat of coedsation. He assumed that the Pitot
pressure osillation during a further reservoirtemperature decrease is related to flow
inhomogeneities caused by condensation. Additionally, Reynolds number effects within
the changing gasdroplet-mixture, as well as vaporisation effectscould further be
responsible for the observed oscillationSince the condensation always starts at the
lowest expansionvelocities,the condensation onset is expected to start fadownstream
of the test chamber and to move upstream with decreasing reservoir temperature.
Therefore the analysis is performedin the downstream end of the test section at
@ T T Wi. Comparing different operating conditions it can be observed thatthe
condensationonset moves tohigher reservoir temperatures when the reservoir pressure
is increased A higher reservoir pressure yields a thinner boundary layand a larger
effective area ratio of nozzle throatto test chamber and therefore, a correspondng
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stronger expansion.The result is that the expasion reaches further beyond thenitrogen
saturation line and the risk of condensation rises. Operating conditions with higher
reservoir pressures require thus higher reservoir temperaturesagoid condensation.

It is unlikely that condensation occurs duringorce measurements unlesscondensation
is detected during the flow characterisationwhen no test article is installed Due to the
bow shock in front of the test article, the flow in the vicinity of the test article is
compressed compared tahe pure free dream and a lower risk for condensationexists

4.4 Radial and Axial Pitot Pressure

After the condensation freeoperating range is determined (see grey area irFig.9), the
core flow can be characterisedThe am is to analysethe flow field and check if the core
flow is sufficiently large to cover theavailabletest article size and to determine radial
and axial flow gradients. In opposite to free flight, there are almost always flow
gradients in wind tunnel experiments as described ichapter 3.1. For an interpretation
of force measurements these flow gradients have to be quantified. Further, it is
investigated if there are anycompressionshocks occurring in the flow field.

For that purpose the flow properties in the test section are investigated. Pitot pressure
profiles are measured in streamwise direction betweem @& 1 t i and in radial
direction between p @ mw p @il with the single Pitot tube described inchapter
3.2. The origin of the coordinate system is at the intersection between nozzle exit plane
and nozzle symmetry axis, seEig.19. The radial profiles are resolved ini | stepsand
are recorded everyu 1t | in flow direction from i | to v t Wi . Additionally, one
axial Pitot pressure profile is measured in the range af @ T 1 i with a vl |
resolution on the wind tunnel axis at« i [ . For both radial and axial drections a
staggered measurement procedure is used here, i.e., if for example @i | spaced
radial profile is considered between p ¢ iti , on the forward sweep the values from

poto p@ini are determined in steps ofp 1t |, while on the backward sweep
the remaining values are recorded.At each Pitot probe position vt T walues are
measured within one second and averaged toeduce measuremenmnoise.

In the following the results of the flow field characterisation are explained exemplarily
for one selected operating condition. The full set of plots and data tables for all
investigated operating conditionsis presented inl"®. Fig.48 shows the results of the
radial Pitot pressure profilesat different positions downstream the test chamberfor the

¢ | T nozzle throat diameter insert withy 1 TA Aabd”Y w Y
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Fig. 48: Pitot pressure radial profile for cond. no. 3, see Table 3 or in detail "
(Mg, Reg Kng based on data at x =150 mm,y = 0 mm, ref. length =100 mm)

In Fig.48 primarily noticeable is that all radial profiles have a distinct plateau in the
centre where the Pitot pressure is almost independent of the radial position. Outside this
plateau the Pitot pressure isncreasingwhen moving further away from the centreline.
The position of the increase is strongly depending on the operating conditioand is
hardly changing in stream direction

Boundary layer Compression shock Nozzle boundary layer
\
Conical nozzle \, XO X EtZ(Xo / &L(M)

\ -

— Useable flow field
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/ Nozzle boundary layer
Boundary layer Compression shock

Fig. 49: Sketch of V2G flow field and radial Pitot pressure profiles for both
conical (top) and contoured nozzle (bottom)

The increase is caused by two different effectsee Fig.49. The radial profiles close to
the nozzle exit are limited by the expansion of the nozzle wall boundary layer. This can
be tracked downstreamin Fig. 48 by following the broad small amplitude peak at either
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side of the profiles which is moving outwards. Parallel to the outwards moving peaks
the pressure plateau in the centre is decreasing with growing sliance to the nozzle exit
showing the further downstream expansion of the flow. Further downstream the core
flow is limited by the shock angle of the inward targeting oblique compressionshocks,
generated when the expanding flow impinges on the cylindrichwind tunnel wall, see
Fig.49. Theseoblique compressionshocks can be identified by narrow peaks with high
amplitude. The differences are highlighted inFig.50 where the foremost and the
furthest downstream measured radial profils are shown. The Pitot pressure peaks
generated by the obliguecompressionshocks on the left and right side differfor some
operating conditions in amplitude and position. The main reason is an insufficient spatial
resolution of the Pitot pressure measurements (radial spacing of 5 mm). However, for
the determination of the core flow properties the determination of the positiors of the
obligue compressionshocks are sufficient.
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Fig. 50: Selected Pitot pressure radial profiles of Fig. 48 (contoured nozzle cond.
no. 3, see Table 3 or in detail )

The shape of the Pitot pressure profilebetween the peaks, caused by nozzle boundary
layer or oblique compression shocksdepends on the nozzle contour as Fig.49
visualises. In case of a conical nozzl¢he radial flow gradients cause a smooth Pitot
pressure increase whiclibegins on the wind tunnel axis. The experimenter has to decide
which radial gradient is tolerable forthe researchquestion and defines theuseableflow
for the operating conditions. In oppositeto the smooth Pitot pressure increase in case of
the conical nozzle the contoured nozzle is designed to generate an almost parallel flow
field within the centre region. The useable flow field is usuallyimited to the region with
the almost parallel flow field since the radial gradients outside the plateau occur
abruptly and are stronger compared to those of a conical nozzle at this position. The
reason is that the position and magnitude of the Pitot pressure maximuydue to nozzle
boundary layer or oblique compression shocksare almost the same forthe available
conical and cortoured nozzles since they are primarily depending on reservoir
conditions, wall temperature, nozzle area ratipand length of the nozzle. Only in few
exceptionswhere the radial gradients outside the parallel flow field arealso acceptably
small it is possible to use bigger test articles which exceed the parallel flow region.
Within the presentexperiments the contoured nozzlas used only.
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The already mentionedPitot pressure decrease in stream direction is visualisedHig. 51.
The blue line is based on a separately measured axial profiehile the coloured dots are
taken from the radial profiles. It can be seen that the axial gradient is stronger close to
the nozzle exit and decreases in stream direction. In the region of ¢htest article, which
is located betweenw p piti andw ¢ ¢ i, the axial gradient isfor this operating
condition 1@ O A | . Thiscorresponds to a Pitot pressure decrease pf ® b over the
test article length referred to the test article nose positionat about & p p frti . The
axial Pitot pressure gradient is not negligible and is discussed in the evaluationtbgé

results in chapter 5.3. The dynamic pressureof all used operating conditions is listed
int7el,
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Fig. 51: Pitot pressure axial profile for cond. no. 3 with test article location
(grey), see Table 3 or in detail [

For some operating conditions an inhomogeneity canbe identified within the centre of
the core flow region, i.e., the Pitot pressure islocally increasing or decreasing on the
tunnel axis Responsible for this araliscontinuities in the second derivative of the nade
contour and tiny junctions between the nozzle parts’® Both lead to inward moving
expansion and compression waves inside the core flow region where they interfere on
the wind tunnel axis and cause thePiiot pressureinhomogeneities.

Due to the earlier explained forward / backward Pitot tube sweeps and slightly
fluctuating operating conditions, a little zigzag pattern might become noticeable in
some Pitot pressure profiles when they are plotted in their geometric order and not in

the order they are recorded Since the reason is known and their magnitude smalthey

are neglected.

Based on the measured Pitot pressure and reservoir conditionshe remaining flow
properties can be determined using NACA11388. The viscosity which is required for
the determination of the Reynolds number s here determined using the LennardJones
potential ?® in a simplified and exrapolated version for V2G application§?. Based on
Mach number and Reynolds numberthe Knudsen number is determinedusing (2-1).
The similarity parameters are evaluated based ondhflow field data at @ p v Il
w i I, the average test article location,and on the typical test article length of
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p TA [. Later the individual test article length of the blunt and slender flight
configuration is used for the final evaluation.

After the determination of the radial and axial Pitot pressure profiles the test matrix can

be set up for the selected test article sizelFig 52 shows the operating conditions and
indicates the different nozzle throat diameters with different colours.
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Fig. 52: V2G operating conditions

4.5 Test Matrix Definition

Hm ° oghng rstcx vhsghm-Astge HigD-Speed (Tnarsmbit
1/ WW oqni dbs -¢ompaird fofca\déastrement f2chnique for the V2G
was re-establishal by the author of this study”. It was used to investigate the effect of
rarefaction on the aerodynamic coefficients lift, drag and pitching moment of a selected
lifting configuration (HERMES), shown irFig.53, at six different flow conditions, see
Table2"., The aim was to investigate the effect of rarefaction on the aerodynamic
coefficients of a lifting configuration at a high and a low altitude, hence at a low and a
high Reynolds number and three different nominal Mach numbers with a conical wind
tunnel nozzle. The used operating conditions are related to the rarefaction parameters
introduced by Schaaf & Chambrél™®, see Fig.53, to allow a classification of the
experimentally investigated flow regime The rarefaction parameter distinguishing the
free molecular flow, is determined from the ratio of Mach number and Reynolds
number, while the other rarefaction parameters determined fromthe ratio of Mach
number and square root of Reynolds number.
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Fig. 53: FAST20XX operating conditions vs. rarefaction parameters introduced
by Schaaf & Chambré ["*! shown with lifting body test article HERMES

Table 2: FAST20XX test matrix with nominal V2G operating conditions
(similarity parameters calculated by isentropic expansio n for perfect gas [1#)

Cond. no. Reg(9.7cm)[-] Mg[-] Kng(9.7cm) [ -] Altitude* [km]

1 6.0E+03 11.8 2.9E03 93
2 1.8E+04 12.5 1.0E03 88
3 8.1E+03 15.5 2.9E03 93
4 1.9E+04 16.8 1.3E03 89
5 7.8E+03 21.4 4.1E03 95
6 2.2E+04 22.8 1.5E03 90

* related by Knudsen number (ratio of mean free path tatest article/ vehicle length)
and scaling of test article length to reentry vehicle length

As lifting configuration served an already existing testréicle of the European HERMES
project, investigated in the late 1980s and early 1990%%, see test article inFig.53.
Most of the original data was preserved so that the reestablisted force measurement
technique could be compared to the results of the former force measurementg3- 9 |t
turned out that the re-established force measurementdchnique was able to achieve
more accurate results than the results performed in the early 1990s. Within the project
the results were used by CIRAto compare CFD and DSMC predictions and to create
bridging functions. 76} °01. [91]

During FAST20XX it turned out that there are some distinct effects of rarefaction visible
in the characteristis of the aerodynamic coefficierts in the analysed flow regime. The
lift coefficient is decreasing with increasing Knudsen numbef® In case of the drag
coefficient the effect of rarefaction becomes even more significant. The drag coeffigie
characteristis of all investigated conditions are shifted to higher values with increased
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Knudsen number. Since the drag coefficient gproaches itsmaximum in free molecular
flow M4, this trend is plausibe. Due to the changing lift and drag coefficient the
aerodynamic efficiency is affected as well, resulting in decreased lift / drag ratios with
increasing Knudsen number as qualitatively described by Koppenwallner®l, It is
observed thatthe pitching moment becomes more positive with increasing rarefaction.

The key result of the lowdensity experiments in FAST20X®! is that the rarefaction

effects on the aerodynamic coefficients are strong and clearly measurablein the

investigated comparably narrow and near continuum, flow regime between Knudsen
numbers of p8tz p Tt to T2 p 1 . Considering that the rarefied flow regime in total

covers from p 1t to p about three orders of magnitude of Knudsen numbers, a
Knudsen numberincreas, from e.g. p8tz p 1t to 12 p 1, reduced the lift coefficient

already by @ Pand increased the drag coefficient byp 1 Hor an angle of attack of ¢ @ J
The corresponding aerodynamic efficiency thus experiences a reduction @fu pwhile

the pitching moment coefficient is modified such that the trim point is shifted to higher
angles of attack from | YAt E pGrzp T top patL € qBZpP 1.

Due to the Reynolds numbervariation within the FAST20XX experimenisthere is an
ambiguity whether the determined effects are caused by a change in Reynoldsd
Knudsen number or solely by a change inKnudsen number. Because of this further
experimentsare conducted, during which the Reynolds number is kept constant within
the adjusting precision of V2G by solelyvaryingthe Mach number for the adjustment of
different Knudsen numbers to ensure that only one setting parameter is varied i.e.
YQ ®é &8i0& "Q0 . Within the presentinvestigation the force measurements are
conducted at constant Reynolds numbetsby solely varying theMach number to obtain
different Knudsen numbers, see test conditionson dotted lines and V2G operating
range in Fig. 54.
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Since theadjustable Mach numbers at V2G ranges from about) p o 0 ¢ ythe
possible Kiudsen number variation at a constant Reynolds numbaes slightly more than

a factor of two. This islittle compared to the ranges of the rarefied flow regime which
covers more than three orders of magnitude. For that reason the constant Reynolds
number analysis is repeated aseveral constantReynolds numberscovering the whole
regime which can be simulatedusing a typicalp 1A | test article in V2G. Instead of the
six investigated operating conditions during FARO0XX the present investigation is
performed at 26 operating conditions for a more detailed analysis. All investigated
operating conditions are listed briefly inTable3 and in detail in"®. Additionally, few
other force measirements are performed while keeping the Knudsen number constant
atog z p T and varying the Mach and Reynolds numbei.e.0 ¢ @& £8i00 "QYQ

Table 3: Operating conditions used for constant Reynolds number analysis

Cond.no. Reg*[-] Mg[-] Kng[-]]|Cond.no. Reg*[-] Mg[-] Kng*[-]
4.75E+03 23.33 7.28E03 14 1.45E+04 17.92 1.83E03
7.84E+03 24.31 4.60E03 15 1.02E+04 17.77 2.59E-03
1.35E+04 25.15 2.76E03 16 4.25E+03 12.30 4.29E03
1.21E+04 25.18 3.08E03 17 7.90E+03 13.45 2.53E03
2.41E+04 25.69 1.58E03 18 6.61E+03 13.32 2.99E-03
4.72E+03 19.44 6.10E03 19 1.43E+04 14.16 1.47E03
7.96E+03 21.20 3.95E03 20 2.68E+03 10.44 5.79E03
1.08E+04 22.66 3.11E03 21 1.52E+04 11.42 1.12E03
1.42E+04 22.85 2.38E03 22 7.71E+03 11.22 2.16E03
10 1.00E+04 14.57 2.16E03 23 7.26E+03 11.21 2.29E03
11 454E+03 13.84 4.53E03 24 5.09E+03 11.13 3.24E03
12 7.33E+03 14.89 3.01E03 25 4.50E+03 11.16 3.68E03
13 7.87E+03 15.93 3.00E03 26 2.46E+04 11.97 7.21E04
* reference length 10 cm

O©oo~NoOoOoLh, WN PR

4.6 Model Support

For the force measurements the V2G is equipped with a watecooled model support
able to change the angle of attack and yaw angle and to adjust the position of the test
article, see Fig.21. The movements are controlledby SCMWY, a LabView program
developedin the DLRSpacecraftDepartment in Gottingen, which is also responsible for
the control of the data acquisitioning system.The watercooled housing of the balance
replaces the white dunmy shown in Fig.55 left. The model support is designed such
that angle of attack changes can be realizedwhile the test article positionis kept at a
constant position, by simultaneously compensating movements in x and-direction
(Fig.55 right). The centre of rotation can be changed by adjusting the geometric
parameters in the control software Currently, there are two support frames availablg
one for low angles of attack (seeFig.56) and oneto realise high angles of attackof up
to ¢ m by presetting the angle of attack. The model support is later mounted
horizontally to the side of the wind tunnel, so that the movement for a variation of the
angle of attack is solely in he horizontal plane. Thishas to be done to avoid changing
dead loads on the balance transducers due to shiftingof the gravity force vector
relativelyto the balance fixed coordinate system.
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Fig. 55: Model support (left) , angle of attack adjustment (right)

Test article
rotating point

Fig. 56: Support frames allowing p re-setting of the angle of attack

4.7 Balance Improvements

In preparation of the present experiments the force balance and the measurement
processare optimised, compared to former measurements within FAST20XXetween
2009 and 2012. The optimisationfocus is on a reduction of the balance zeropoint drift
which is found to be the dominating negative effect As explained in3.4.5 the zero
point drift is a function of temperature and time. Hence, the zero point drift can be
reduced by keeping the temperature as much as possible constarand by reducing the
test time to a minimum. To obtain best results several measures are taken to rech
both temperature change and test time. The approaches are presented in the following.

The thermal effects are theoretically compensated within a bridge circuithowever, it
turned out that the slight differences in thermal characteristics, even withinstrain
gauges from a single product batch, are sufficient to strongly influence the measured
signal. The temperature changes due to evacuatiorhence, decreasingconvective heat
transfer, due to operation of vacuum pumps and of course due to thehot wind tunnel
flow.

It is found that a major effect is caused by the cooling watersupplying the balance
housing and keeping the balance at low temperatures during the wind tunnel
operation. Originally, simply tub waterwas used. However, its temperatures changing,
amongst others with local weather conditions and season. Additionally, the tub water
has usually a temperature belowp v#)while the equilibrium temperature of the balance
in a vacuum environment is due to its electrically supplied strain gaugesat about ¢ y#J
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Cooling the balance housing with low tub water temperatures cause strong and
unpredictable thermal gradients in the whole balancewhich resultsin poor zero point
stability. For thepresent approach the tub water is preheated toabout ¢ w#Jby a heat
exchanger while the temperatures are monitored at the inflow and outflow of the
vacuum region

A further step aiming at a lower temperature change is taken in the new test article
design. Few of the former test articlesvere already designedo reduce the heat transfer
from the hot nose to the balance by a structure where the heat is mainly transferred via
the test article backplane and then back to the front.Additionally, using this design the
test article shields the small gap between baftece housing and test article andmpedes
the balance from a direct impact of free stream flowthrough that gap.

Different is that the newly designedsharp-edged slender test articlas equipped with an
additional internal heat shieldwhich protects the balance tip from a direct impact of
radiation from the hot leading edge, seeFig.37. In case of the sharpedged slender
configuration, this is of particular importance since the expected heat loads at the
leading edge are much lager than the heat loads occurring at the nose of the blunt
configuration due to its smaller nose radius, se€l-1). Due to the larger bluntness and
the lower absolute heat flux, the existing blunt configuration is not upgraded wih a
similar internal heat shield in front of the balance tip. Nevertheless, the redesigned
internal structure of the COLIBRI configuration included a heat shield. The differences
between the tests performed with the new and the original internal structutue showed
no differences based on the error margin of the experiments.

To reduce time influence of the zero point drift, the force measurement processsi
optimised to decrease the time between the zero load measurement in the beginning of
a test cycle, desribed in chapter 5.1, and the end of the measured force measurement
profile. As already conducted in former experimentsthe test articles are shielded during
the wind tunnel start-up and shut-down phase, to reduce the exposue time of the test
article and, hence, to decrease the aerodynamic heating.

Apart from the balance zero point drift, electric and electromagnetic noise plays an
important role. Since the unamplified balance signals are very low, down to 1T 6, the
force measurement technique is very susceptible to all kinds of electric or
electromagnetic perturbations while at the same time during wind tunnel operation
large vacuum pumps and wind tunnel heater generate excessive electric and
electromagnetic noise Therefore, all openings of the balance housing and connectors
are thoroughly closed withseveral layers ofluminium tape. Challenging is additionally
that it is with justifiable effort hardly possible to implement preamplifiers directly on the
balancewith the aim to transmit already amplified signalsThe space within the water
cooled balance housing is limitedand the pre-amplifiers would have to withstand the
environmental conditions as e.g. vacuum andg hence almost no cooling effect by
convection is present As explained the amplification is conducted with carrier
frequency amplifiersdescribed in3.4.5. Due to the very low signals it is essential that
the balance calibration is performed with the complete measurementrain.

The result of the taken measures is exemplarily shown ifig.57 for the BYB balance
component. Although the test article nozzle typg and operating condition are
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different, the improvement due to the taken measures is clarly identifiable. As in case
of the Pitot probe measurements see chapter 4.4, the force measurements are
conducted with forward / backward sweeps as wellto unveil possible hysteresis effects.
Especially in the case ofthe FAST20XX measuremenisit can be seen that the
connecting lines deviate slightly between theforward and the backward sweep. This
deviation is caused by thermal zergoint drift. In case of the measurements of the
presentanalysis the results of the forward and backward sweep are that close together
that the connecting line appearsalmost as one thicker line. The differencas more
clearly when the connecting line is compared to the regime between 1 &And| G J
where only one line is shown.

5.0E-05
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Fig. 57: Improvement in reducing zero  point drift for BYB, comparison of
(») forward and («) backward sweep (FAST20XX cond. no. 5, d* =2 mm,
pe= 10 bar, T¢=778 K, HERMES and present analysis cond. no. 4, d* =2 mm,
pe= 40 bar, T¢= 1090 K, SHEFEX I

After successfully implementing the measureghe remaining zero pointdrift magnitude

is small compared to the measured signal such that compensation would not be
necessary but ngertheless it is performed routinely. The small drift magnitude allows a
compensation assuming a linear zero point drift over the measured valueg-or that
purpose the signals at | ¢ Jare calculated with the Newtonian 2¢ degree
interpolation equation ushng the values at| m Jt Jand Y Jrom the forward sweep
measurements, seg4-1).1©2 Since the zero point drift is very sensitive to temperature
gradients between the strain gauges ofone bridge circuit it is not possible to measure
accurately the temperature gradient without affecting the balance sensitivityDuring the
balance design four temperature sensorare installed one in close vicinity to each strain
gauge pair. Although the temperatures at the different positions of the balance can be
monitored, it is impossible to analyse temperature gradients within a strain gauge pair.
Therefore the zero point drift has to be estimated.Assuming a linear thermal zero point
drift over the short time period of o E &nd assuming that the movements between the
angles of attack taking similarly long the drift can be linearly compensated by using
(4-2) at each angle of attack. The equation is designed that the ir@l measured value at
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| 1t Jemains unchanged while for all others a fraction from the determined deviation
between the calculated and measured value at ¢ Js subtracted depending on the
order they are recorded. The final value at ¢ Jis compensated to reach the
interpolated value.

. N Q Q
Q 5, Q 4 — 2 NN
[ T
Q ;0 59 5 510 51 3l 31 3 (4-1)
| 31 3 I T I R T R
Q Q 0 Q
0 P
Z - 4-2
5 0 (4-2)

Compared to the measurements performed in FAST20XX, the zero point stability is
now in average more than oneorder of magnitude better, especially for the signals BYF
and BYB on thebalance normal force transducemwhere the effect of the improved test
article design becomes strongly noticeable. The results obtained in FAST20XX in turn
were, however, already much better than the experimets conducted with the former
force measurement technique in the late 19808%, where the pitching moment results
are hardly interpretable (Fig. 58).
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Fig. 58: Pitching moment measurements at selected operating conditions
1. FAST20XX results, 2 results of former test campaign in late 1980s
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4.8 Balance Calibration

For the calibration of the strain gauge balance, defined loads are applied to the balance
in specified directions.’”7 Due to very low expected signals, seehapter 4.7, the
measurement technique has to be calibrated with the complete measurement chain
containing amplifiers, cables and connectors.The calibration is performed in three steps.

U Outside the wind tunnel a detailed calibration with regard to the gradientof the
ratio of bridge voltage to the applied load to the balance linearity, balance
resolution, hysteresis effects,zero point stability, response time and mutual
component independenc of force transducers (mechanical crossoupling) is
performed. The balance linearity is the most important parameter of the
calibration since the balance is an elastic system with smaleviations so that
Gnnjd-r kv b’ m a dnonlmeaikcachcteristicrpleegtiohethe g d
force measurement technique is defecand the balance cannot be used.

U Before each tunnel installation a brief calibration is performed to assure that ¢h
balance performance is unchanged.

U A third brief calibration is performed after the installation in the wind tunnel to
assure that the adjustment inside the tunneis done properly.

The calibration of normal forces / pitching moments and tangential forceis performed

independently in two calibration cycles.Both signals resulting from the normal and

tangential force transducer are simultaneously measured to check their mutual
component independence i.e., whether, e.g., the normal force transduceris influenced

by tangential forces (mechanical crossoupling).

The experimental setup of the balance calibration is shown iRig.59. Instead of the test
article, a low-friction wheel supported by a fork is mounted onto the balance toassure
that only forces and no moments are applied. The values for the bending moments are
determined later by using the applied normal forces and the corresponding lever length.
As sketched the defined loads Q¢ and "Od are applied at the yarns in tvo separate
calibration cyclesWeights from p to ¢ 1€Cserve as loadsvhich are attached to theyarns
after these are redirected with another low-friction wheel to use the earth gravity as
constant acceleration.

i
I\ yarn
AN 4 BYF BYB DX
R :///’i/’ \\J // ——_|“ -= ::::A:Z::::- R
whee\l\\\"‘]"‘ “";;'Iﬂ—_"
= \ CAL-BYF BYB-BYF
fork

Fig. 59: Side (top) and t op (bottom) view of balance calibration set up
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Fig.60 and Fig.61 show the calibration results to applied normal and tangential loads.
Thereis a linear relation betweenapplied forces and recorded bridge voltage. Thereby
only the gradient of the relation is important. The signatintercept of the linear
calibration can be arbitrarily shifted within the elastic range of the balance frame by
balancing the Wheatstone bridge.Pre-loads as e.g., the dead weight of the balance
and different test article weights canbe compensated.

Additionally to the calibration Fig.60 and Fig.61 show the regression lineswith their
functional equation and the standard deviation, of the measured signal The standard
deviation refers to theabsolute signaldeviation of the measured values to the regression
line and isdetermined by subtracting the regression line from the measured valuesor
the transducer signal DXn Fig. 60, the regression line fits the data wellas the standard
deviation of the measurements to the regression line showd he response of the normal
force transducer elements at the positions BYFa BYB show nearly no influence except
the noise. The data related to BYF and BYB fall on top of each other Fig.60, and are
inseparable The response of the balance to an applied normal calibratioload is shown
in Fig.61. The recorded values for the bending moments at BYF and BYdBow here a
linear characteristicand have dso a low standard deviation The DX characteristic shows
in this plot only noise and no mutual componentdependence.

The balane resolution can be determined considering thathe maximum design forces
are of a magnitude of T . , seechapter 3.4.2. According to the data sheet of the used
analogue digital converter the smallest possible resolution is out vi 6 for the
maximum input voltage range of p 16. This allows to determine the minimum
resolvable force (se@able4).
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Fig. 60: Balance response to a defined tangential load (y and 0 in [V])
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Fig. 61: Balance response to a defined normal load (y and G in [V])
Table 4: Force and moment balance resolution

Transducer component Minimum resolvable force/ moment

BYF x o®zpm .|
BYB x vguzpm |
DX X eg®dzp
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5 Performance ofForce Measurements

5.1 Procedure

At this point all preparations for the experimental investigations are completed. The
desired operating conditionsare selected and their flow fields are characterised. The
V2G measuement technique containing balance but also test article design and
measurement procedure, is further improved, compared to the measurements
performed within FAST20XX.From the calibration of the V2G balance the linear
relation from applied load to obtained signal is known. Further V2G lightweight test
articles are available forthe sharp-edged, slender SHEFEX Jland for the blunt (COLIBRI)
configuration so that it is now possible to startwith the actual force measurements.

The V2G force measuremert process follows an optimised sequence to reduce the error
caused by temperature related zergoint drift. Amongst others the zero point drift is a
function of time, and if the exposure time of the balance to the flow is reducedthe
drift during the test sequencess reduced as well.The duration of one test cycledefines
the maximum uncertainty due to zeropoint drift.

Before the wind tunnel flow is started, the amplifiers are balanced and the zero load
signals i.e., the remaining sensor unbalanceof all force components ismeasured. This

allows a later removal of signal offsets from the force measurements whichre too

small to be removed by hardware balancing via the amplifiers.

Model support Test article

.’w\ \ :

R
Flow direction

| Hollow wedge
Fig. 62: Shielded test article during facility start-up and shut -down

While the flow is started and the desired operating condition is setupthe test article is
moved to a parking position where it isshielded by a hollow wedge (seeFig.62) to
reduce the aerodynamic heating After the desired flow condition is established the
shieldis removed and the test articleis moved to the desired position in the test section
via SCMVthe movement control and data acquisitioning software For each operating
condition a complete angle of attack profile (SHEFEX illtJ | o 1, JCOLIBRI:
mJ | o T Btep sizet Jis performed in a forward and a backward sweep, see
chapter 4.7, to reach a final resolution of ¢ Jsteps. Fig.63 shows both test articles
during the experimental force measurements with an angle of attaclof o 1t J
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Fig. 63: Test articles during experimental analysis:  SHEFEX Il (left), COLIBRI
(right)

Due to the different lengths of the test articles, it is necessary to use the moel support
to position the shorter COLIBRI test article further upstreansuch that the nose of both
test articles is located atw p p k| downstream the nozzle exit. In case of the
COLIBRI test articlehe model support hasless remaining travelling distance leftso that
translational movements caused by vaying angles of attack could be compensated in x
and z-direction up to ot bnly.

After the experimental datais recorded the test article is moved back to the parking
position and is again shielded during the shutdown of the facility, followed by
ventilating the tunnel to allow a quick heat equalisationin the test article and balance.
The shielding during shutdown of the facility prevents the test article from further
aerodynamic heating and reduceshe time to cool down and the time to the next test
cycle.

At each position vfit Tt malues are recorded within one second andiveraged in the
evaluation, to remove dynamic elements within the measurement signake.g., due to
electric noise or mechanic vibrationsHigher frequencies are already removed within the
amplifiers by using ap E ( ldw pass filter. Together with the sampling rate of v E ( &hd
the low pass filter cut-off frequency, the procedure complieswith the NyquisttShannon
sampling theorem. Due to the facility design and the experimental setupcurrently only
steadystate analyses can be conducted. Although the bala® design allows transient
analyses the results have to be averaged to smooth the scattering caused by the
mechanical and electrical noise of the large vacuum pumpseeFig. 64 and Fig. 65.

Although the actual measurements take only aboutoi E,Tthe total test cycling

including force measurement, shut down of wind tunnel flow, ventilation, heat
equalisation, evacuation and start of the subsequent operating condition sums up to at
leasto & E.IThe effort is rewarded with temperature related drifts such smallthat they

could be even neglected for some operating conditions.
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Fig. 64: Raw signal and averaged values (cond. 4)
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5.2 Measurements

The measurements and theprocessing of the data from raw data to the aerodynamic
coefficients lift, drag and pitching moment is exemplarilyexplained for the operating
condition no. 4, using the ¢ i 1 nozzle throat diameter with T TA A@®servoir pressure
and p T wrTtreservoir temperature At this condition the Knudsen number is
D& o®zp 1, the Reynolds number iSYQ p& & p m and the Mach number is
0 ¢ &. The processing is the same for all force measuremenfBhe figuresand tables
containing the aerodynamic coefficientsare shown in"®, The data processing procedure
for the determination of the aerodynamic coefficients isvisualised as flow chartin
Fig.114 in Appendix A

Within the so called signal quick checkthe data is visualised in a early stadium of
evaluation. Directly after the preevaluation where remaining sensor unbalancg i.e.,
the zero load signas are subtracted and the signals are diued through the gains, the
signals areplotted versus the angle of attack see Fig.66. The results of the forward /
backward sweeps are very close together that they appear rather as one thick linEhe
result of the linear zeropoint drift compensation (chapter 4.7) is shown inFig.67.
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Fig. 66: Signal quick check for cond. no. 4, SHEFEX Il (») forward sweep
(«) backward sweep (see Table 3 or in detail )
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Fig. 67: Compensated thermal zero point drift for cond. no. 4, SHEFEX Il
(») forward sweep ( «) backward sweep (see Table 3 or in detail ")

5.3 Evaluation

The first evaluation step is to apply the calibrationsf the sensors BYF, BYB and D
the thermally compensateddata. For the two Wheatstone half bridges BYF and BYB
located on the normal force transducer it is important to use the correct geometrical

-

dimensions listed inTablel. The unit of BYF and BYBs. |, while the unit of DX is. .

The next step is the determination of theforces and momentsin the balance coordinate
system by applying (3-5) and (3-7). Subsequently using (3-8) and (3-9) the force
components are then transformedinto the aerodynamic coordinate system of the test
article, see Fig.69. The physical meaning of the characteristicof the aerodynamic
forces is explained in the next step where the aerodynamic coefficients adetermined.
There the resultscan be directly compared between both test articles.

It can be seen that the maximum aerodynamic loads exceeup . where the balanceis
originally designed for, seechapter 3.4.3. Due to a horizontal fixing of the model
support to the wind tunnel side, the test article weight acts on the balance as side force
Sinceit is neither affecting the normal force, nor the tangential force, nor the pitching
moment, seeFig.68, the balance can be used for asdynamic forces up totT® . , while
remaining in its designed total range,seeFig.21.

= = Balance

Tunnel axis
Test article weight

Fig. 68: Measurement plane (blue) and normal acting test article weight
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Fig. 69: Forces and moments in aerodynamic coordinate system  for cond . no. 4,
SHEFEX lIj (see Table 3 or in detail )

The aerodynamic coefficients arghen obtained with (5-1), (5-2) and (5-3). As dynamic
pressure an averaged valuef the region where the test articles are located is used. The
detailed procedure is explained ifi°. The reference areas definedto be the projected
test article planform area, i.e, the in the horizontal plane projected cross section of the
test article at| 1t JThe reference lengthis defined to be the total length of the test
article without body flap. The pitching moment is built around the cente of gravity. The
quantities of the test article reference aread , the reference length & and the
position of the centre of gravity are taken from "9,

* 0
© fnes .

* 0
© AR =2

- 00
(5-3)

Aneo  ca

Fig.70 and Fig. 71 show finally the aerodynamic coefficientsfor lift, drag and pitching
moment, together with the aerodynamic efficiency for both the SHEFEX ldnd COLIBRI
test article configuration for the selected conditionnumber 4. The full data set and full
set of plotsis shown in 9],
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cond. no. 4, SHEFEX Il (see Table 3 or in detail )
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Fig. 71: Force and moment coefficien ts in aerodynamic coordinate system of
cond. no. 4, COLIBRI, (seeTable 3 or in detail ')

Starting with the SHEFEX Iikonfiguration, see Fig.70, it can be seen that the lift
coefficient starts at| T Jvith a negative value and is increasing with increasing angle
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of attack to nearly ™® «at | o 1 at this operating condition. The zero crossing is at
| o JThe drag coefficient starts af 1 Jwith a value of about & pand initially
decreases withincreasing angle of attack to a locaminimum at | o Jbefore the drag
coefficient starts to increase with increasing angle of attack. At the maximum measured
angle of attack of | o 1, dhe drag coefficient reachesalmost @ ¢ Based on the lift
and drag coefficient characteristis, the maximum aerodynamic efficiencyd & can be
determined. At an angle of attack of | ¢ 1, Xhe lift / drag ratio reaches a local
maximum where the aerodynamic efficiency approaches almop8t

The pitching moment coefficient shows primarily a decreasing characteristic with
increasing angle of attack. That means if an aerodynamic force pushthe vehicle away
from its originally trimmed flight attitude, a counter acting pitching moment is
generated which moves the ehicle back to its original flight attitude, i.e., the vehicle is
aerodynamically statically stableHowever, the pitching moment approaches at ¢¢gJd
a local minimum before the trend is reversed. That means that the vehicle becomes
statically unstable at angles of attack largethan ¢ ¢ at this operating condition. It can
also be seen that the intersection point between the pitching moment charderistic and
the x-axis, the so called trim point, idocated at| T Jor this operating condition.

Turning towards the COLIBRI configuration, seEig. 71, the lift coefficient has a similar
characteristic as theSHEFEX Itlonfiguration. It can be seen that the lift coefficient starts
at | 1t Jalso with a negative value and is increasing with increasing angle of attack.
Though the starting value is not as negative as for th&HEFEX Itlonfiguration, and the
slope of the pitching moment seems to decrease at high angles of attack, indicating a
nearby local maximum. At the highest measured angle of attack of the COLIBRI
configuration at | o 1 dhe lift coefficient is ¢ p Hower than in case of the SHEFEX llI
configuration. The zerocrossing is close t¢ ¢ JThe COLIBRI drag coefficient has also
a similar characteristic but with a local minimum close to 1 Jnd far higher values.
The drag coefficient starts at 1t Jalready with a value of aboutm®@ @and increases
with increasing angle of attack to almost @@ xat | o 1t JThe aerodynamic efficiency is
correspondingly far lower and reaches only@ ¢at this angle of attack. The decreasing
slope of the aerodynamic efficiency at high angles of attack indicates that the maximum
value s nearby o 1tahd that the maximum valueis not significantly higher.

The pitching moment coefficient is continuously increasing with increasing angle of
attack, contrary to the characteristic of the SHEFEX litonfiguration. This pitching
moment charaderistic shows statically nstable behaviour and indicates that the body
flap is too small for the position of the centre of gravity. Detailed measurements of the
COLIBRI showed that the used body flap is indeegli 1, i.e. p x Ptoo short, compared

to the test article scale. This difference can be the reason for the statically instable flight
attitude. However, there are no restrictions for the significance of the regarded analysis
of rarefaction effects.

For the error discussion theneasurementerrors aredistinguished inrandom errors and
systematic simulation errorsi?®), Random errors can change from measurement to
measurement and aredefining the preciseness of the reproducibility The systematic
errorsin turn describethe deviations of the measuredresultsfrom the true values. The
systematic errors can only be determined by comparing the results to other investigation
methods, as e.g. numerical predictionsand are only described and estimated.
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The error bas shown inFig.70 and Fig. 71 correspond only tothe random error. Since
the random errors are very smallthey are presented for one case in a detailed view in
Fg. 72.
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Fig. 72: Detail of force and moment coefficients in aerodynamic coordinate
system for cond . no. 4, SHEFEX Il

The angle of attack error is determined to be below| @ Joy adding the balance
deformation and the adjustment accuracy of the model.lt is lower than the requested
balance accuracy of T® ,J see chapter 3.4.3. The reason is that the maximum
balance loads are strongly reduat by mounting the model support horizontally, such
that the test article weight loads are not applied on the balance signalSince only
aerodynamic loads are applied,the total balance deformation is much smaller
Concerning the systematic errgrthe angular deviationincreases withincreasingnormal
forcesbased on the balance principleand, therefore, with increasingangle of attack.

The error bars of the aerodynamic coefficients are determined [selecting the minimum
of the single standard deviation @termined during the balance calibration and the
absolute error due to the minimum balance resolutionErrors related toaveraging raw
data (Fig.64) are not considered.The error bars of the aerodynamic efficiency are larger
than the other shown error bars as a result of error propagationThe systematic error
based onthe inhomogeneity of the flow field, i.e. flow gradients in the free stream is
not included. Instead the distribution of the dynamic pressure, used for the
determination of the aerodynamic coefficients, is listedin"®. Further the standard
deviation of the averagal dynamic pressures listed for each experiment together with
the correspondingaerodynamiccoefficientsin [,

Due to the inhomogeneity of the dynamic pressurgi.e. its decreasein flow direction,
the pitching moment can be stronger affected than the dynamic pressuré™. The reason
Is that, opposed to lift and drag coefficients the pitching moment coefficient is very
sensitive to the location wherethe resulting force of the dynamic pressureattacks. The
variation of the dynamic pressurealong the test article generates an additional raising
pitching moment as indicatedin Fig.73. For a detailed quantification of the pitching
moment sensitivity a detailed analysis of local flow properties along the test article
surface is required. Thisinformation cannot be determined from the conducted
experiments where only integral forces and moments are measurethstead the detailed
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flow field data along the surface should be determined numerically, after gaining
confidence by comparing integral foces between experimental and numerical results.

Raising pitching moment

cog
Free
stream
EE——
> aps
S

"

Fig. 73: Pitching moment distortion due to inhomogeneous dynamic pressure

The pitching moments measured in a further expanding wind tunnel flow are always
more positive than the pitching moments in a homogeneous flow field. The magnitude
of the influence is dependingon the operating condition and on the angle of attack* In
the present analysis the projected test article length in stream direction decreases with
p AT Oand yields maximum decreasesof p x bfor the SHEFEX Il configuration
( o 1) &nd of p o Hor the COLIBRI configuration| ( o m),JseeFig.74. That
means that with increasing angles of attack the influence of axial dw gradients
becomes less. Since the test articles are rotated around their centre of gravity@ 1t p
the change of the averaged valugemainsin the magnitude of T8t v b
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Fig. 74: Pitot pressure axial profile for cond. no. 3 with t  est article location
(SHEFEX llhat different angles of attack  (grey)

An approach to compensatethe axial flow gradientswith simple engineering methods is
not possible and yields quickly to a full numeril simulation. The reasons are that the
detailed flow field behind the compression shock and in the boundary layer is unknown
and that the processes are taking place in a flow regime where the friction forces

adbnld rhfmhehb " ms rn sg°s sgd ®ghr shigx

expectked, that the rarefaction effects on the pitching moment coefficient are therefore,
difficult to distinguish from other changes caused by different flow gradients.

4 The magnitude of the influenceis independent from the angle of attack for a sphereshaped test article.
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The aror values for each experiment are listed together with the aerodynamic
coefficientsin "%,

At this point the data set of aerodynamic coefficients is available covering &6 tested
operating conditionswith both test article configurations at angles of attack ofrt J |

o T id case of the shap-edged, slender SHEFEX Itlonfiguration, and of 1t J | o Ttid
case of the blunt COLIBRI configuratignrespectively. Thus, now52 diagrams are
available™ to investigate the behaviour of the aerodynamic codicient characteristics at
different degrees of rarefactions. Considering p yangle of attack positions for the
SHEFEX Il configuration anpl gangle of attack positions for the COLIBRI configuration,
it sums up to a database of aboutw 1T @xperimentally inestigated test cases.
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6 RarefactionEffects

The effects of raefaction are analysed by comparing theaerodynamic coefficients at
operating conditions with different Knudsen numbers. The first step is here to compare
only operating conditions at a constantReynoldsnumber each to make sure that there

Is a pure effect of rarefaction. For an extension of the effect this analysis is repeated at
different Reynolds numbers. In a second step aerodynamic coefficients of the single
constant Reynolds number compasbnsare comparedto quantify the Reynolds number
effect. As countercheck of the rarefaction effects on the aerodynamic coefficientghe
results of operating conditions at one single Knudsen numbeare then compared in a
third step. The results of step oe and two can also be used to check the applicability of
the Mach number indeperdence principle in case of the slender configuration at low
angles of attack by comparing the results of both test configurations.

Since the test article sizes are slightlyifterent, their reference lengths for the similarity
parameters are different as well,such that the Reynoldsnumbers and the Knudsen
numbers of the COLIBRI test configuration arslightly deviating from the SHEFEX Hést
configuration, although they are analysed at the same operating conditions.The
similarity parameters of both test configurations share, however, a large overlapping
range where a directcomparison is possible

The variation of the Knudsen number between theoperating condition closest to
continuum and the most rarefied operating condition is always in the range of a factor
of ¢ at one constant Reynolds numbey due to the direct relation of Knudsennumber,
Reynoldsnumber and Mach number and the limited Mach number adjustment rangein
V2G experiments.

6.1 Comparison at Constant Reynolds Number

6.1.1 Aerodynamic Coefficients versus Angle of Attack at Constant
Reynolds Numbers

The aerodynamic coefficient characteristicshowing the aerodynamic coefficients versus
the angle of attack, are plotted as explained by means ofFig.70 for each test
configuration and operating condition. As mentioned in chapter 5.3 now 52 diagrams
are available.Based on these diagrams he four aerodynamic coefficientsof lift, drag,
pitching moment, and lift / drag ratio are separated into four diagrams To evaluate the
rarefaction effects aerodynamic coefficients determined at equal Reynolds numbers are
plotted in one figure with Knudsen number as parameter.Simultareously with the
Knudsen number the Mach number varies as well but due the Mach number
independence principle there is no dependencgxpeckd at these operating conditions
in case of the blunt configuration and in case of the slender configuration at higlangles
of attack. Based on the comparison of the behaviour at low angles of attack between
both test configurations, the applicability of the Mach number independence principle
for the slender configurationat low angels of attackcan be assessed.

The effects for both test configurations are exemplarily described aine large and one
small constant Reynolds numbey see Fig.75 to Fig.78. The whole set of figures
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showing all constant Reynolds number invéigations is presentedin Appendix B from
Fig.115 to Fig.124.

Starting with the SHEFEX Itest configuration and the operating conditions close to
continuum, i.e., the operating conditions with the largest Reynolds numberjt can be
seen that in case ofthe lift coefficient characteristicshe values of both experiments are
nearly indistinguishable on top of each other, see Fig.75. The maximum difference is
below p®z p 1T .

In opposite a distinct difference can be observed in the drag coefficient characteristic
where the drag coefficient increases already with increasing rarefaction. The increase is
constant over the fullanalysed variation of the angle of attak. In percentthe increaseis
varying from ¢ ¢ Pbat | mtJto only Y b at | o 1. JThe corresponding random
measurement erros at these angles of attack are for both experiments belowp® P The
standard deviation of the dynamic pressure of the flow field i)&o b for the rarefied
operating condition and o® Pfor the operating condition close to continuum.

In case of the pitching moment the rarefaction seems to slightly affect thepitching
moment coefficient characteristic by rotatingit around the pitching moment coefficient
value at about | X Jsuch that the pitching moment becomes more negative with
increasing rarefaction for ~ x J

The characteristic of the aerodynamic efficiency, i.ethe lift / drag ratio, shows also a
dependence on the Knudsen number. Due to the almostonstant difference in the drag
coefficient over the analysed angle of attack range and an unaffected lift coefficienthe
characteristic for the more rarefied condition becomes flatterThe intersection is located
at a lift / drag ratio of & and an angle of attackof | L JThe maximum aerodynamic
efficiency decreases already by o pwhile simultaneously the angle of attack with the
best aerodynamic efficiencytends to shift slightly from about | ¢ Ttd about| ¢¢J
and, hence, to higher angles of attack. Due to the measurement resolution of¢ Xhe
actual shift cannot be resolved.

Looking at the results of the second smallest Reynolds number a slight effect of
rarefaction becomes noticeable in the lift coefficient characteristiceeFig. 76. Although
the effect is still smal] it can be observed that the slope of the lift coefficient decreases
with increasing rarefaction.

Turning towards the drag coefficient, it can be seen that the effect of increasingdrag
with increasing Knudsen numberis intensified. The increaseis alsoconstant over most
of the analysed variation of the angle of attack as welbut increases slightly more at
high angles of attack In percent the increase isvarying from o { Fat | mdo ¢ p Rt

| oT1.J

The pitching moment coefficient is at this degree of rarefaction significantly affected.
Fig.76 indicates that the pitching moment becomes more positivewith increasing
rarefaction and is hence directly opposed to the previouslyexplained high Rgnolds
number results As a direct consequenceof the pitching moment change, the vehicles
trim point is shifted to higher angles of attackat an unchanging flap deflection in this
case fromo Jdo about p 0. J
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As in the earlier explained casethe aerodynamc efficiency of the SHEFEX lliest
configuration decreases with increasing rarefaction. The logs aerodynamic efficiency is
in case of the more rarefied condition already¢ o P compared to the operating
conditions close to continuumat 'Y Q t&2z p 1t A shift of the angle of attack with the
best aerodynamic efficiency cannot be observed or rathdre resolved here.

Comparing the results of the SHEFEX lltest configuration to the COLIBRI test
configuration, it can be seen that the effects of rarefactionare similar in both casesbut
differ in a few aspects. As in case 0SHEFEX Jlboth lift coefficient characteristics of the
COLIBRI test configuration are almost superimposable in case of the largest Reynolds
number, seeFig.77. Also the rarefaction effect on the drag coefficientcharacteristic is
similar anddecreases from¢ p Fat | T do only p Tt Rat | o Tt Apart from the fact
that the COLIBRI pitching moment shows a complete instable behaviguhe influence
due to rarefaction effects is similar to theSHEFEX ltesults. The aerodynamic efficiency
Is also decreasing with increasing Knudsen numbers. The maximum lfdrag ratio is
reduced byp p Fand the angle of attack with the best aerodynamic efficiency is shifted
from ¢ Jtoo 1 J

At the second lowest Reynolds numbersee Fig.78, there is already a significant
decrease in the lift coefficient characteristiof the COLIBRI configuratiomoticeable At
the highest analysed angle of attack of ¢ 1 he maximum lift is decreased by 1 b
In case of the drag coefficient again the constant offset between the different
characteristics can be observed but the drag coefficient decreases even further from
¢ X Rt Tt o only p X Rat| o T Jhe pitching moment becomes more positive
with increasing rarefaction and is directly opposed to the high Reynolds number results,
which agrees to the results of theSHEFEX I¢lonfiguration. The maximum lift/ drag ratio

in the measured rangeis reduced byo v Pat | o 1 JThe aerodynamic efficiency
characteristic indicatesthat the angle of attack with the best lift / drag ratio is larger
than | o 1tand not in the analysed range.
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Fig. 78: Rarefaction effects on aerodynamic coefficients (Re s= 3.8e+3, COLIBRI)
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6.1.2 Aerodynamic Coefficients versus Knudsen Numbeat Constant
Angles of Attack

To quantify the effect of rarefaction it is convenient to plot the aerodynamic
coefficients versus the Knudsen number for selected angles of attackig. 79 to Fig.86
show the results of both test articles atselectedangles of attack oft Jp 1@ 2t And o 1t
Since Koppenwallnef™ 138l 1401141 421 formerly used mainly the rarefaction parameter
0 TNY Cas basisfor the evaluation of the V2G experiments in rarefied flow, another set
of plots is added where the investigated aerodynamic coefficients are showrbased on
the rarefaction parameter. Both approaches are compared inchapter 6.1.3. In both
approaches aerodynamic coefficients determined at a constant Reynolds number are
connected with solid lines, while the line isdisconnectedwhen the Reynolds numier is
changing, see detail inFig.79. In the detailed vew the process is illustratedor the case
of the lift / drag ratio. Connected solid lines belong to one Reynolds number denoted
from "YQ to 'YQ. The corresponding Knudsen numbers are denoted from & to U &
where  refers to the subscript of the corresponding Reynolds numbefSince there is
only one measurement atYQ, it is not connected to any other opeating condition and
Is not regarded in this diagram type.

The plots allow an overviewof all experiments performed for the constant Reynolds
number analysisby simultaneously highlighting the values obtained at a constant
Reynolds number. Although some aerodynamic coefficients show a large scattering
especially at larger angels of attacka clear trend is visible.The question about the
Reynolds number influence, which arose from the results of the former measurements
performed within FAST20XX see chapter 1.4, can by answered by analysing thse
diagrams andis discussed in thischapter.

Fig.79 shows the aerodynamic coefficients and the liff drag ratio for the SHEFEX Il
configuration at an angle of attack of | 1t JFor all analysed aerodynamic coefficients
a general trend is visible not only within one constant Reynolds number but over the
total analysed Knudsen number range fromx& zp m to x& z p 1t . Although the
Reynolds number effect cannot be deniedthe Knudsen number is clearly dominating
the general behaviour.

As described previously the lift coefficient at 1T Jseems to be hardly influenced by
rarefaction effects. Regarding the change of the lift coefficient absolute value at the
large Knudsennumber condition related to the small Knudsen number conditionin
percent, however, it turns out that there is a decrease of abouio X PDue to the low
absolute value of the lift coefficient compared tq e.g., the drag coefficient, this is not
clearly visilte. Therefore the differences of the aerodynamic coefficients between the
large Knudsen number and the small Knudsen number are briefly summarised in
Tableb.

The drag coefficient significantly increases by ¢  With increasing Knudsen number.
The absolute value of the lift / drag ratio, which decreases by ¢ Pis, therefore,
dominated by the larger drag increase. The pitching moment change is in percent even
more severe and increases by more than 1t 1. P
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At higher angles of attack ( p m,Jthe lift coefficient is in the positive range and
shows only a slight decrease with increasing Knudsen numbefThe behaviour of the
drag coefficient isalmost unchanged compared to the| Tt Attitude, seeFig.80. Due
to less changes of the lift coefficient the lift / drag ratio loss decreases tov v PlIn
Fig.80 the changes in pitching moment coefficient become clearly visiblas it becomes
evenmore positivewith increasing Knudsen number.

The trend explained at | p Tt dontinues at higher angles of attack asFig.81 and
Fig.82 for | ¢ mdnd | o mtshow. The values of the lift and drag coefficient are
continuously rising with increased angle of attack. Their r&d seems to have amaximum
somewhere between | p tand | o 1t Jrhis is a very rough localisation ands

refined in chapter 6.1.5. At high angles of attack of | ¢ Tt Jt can be observed that
especially in case of the pitching mment strong interferencesoccur. The suspicion is
that despite of constant Reynolds numbes, determined eachat the reference position at
p v i downstream the nozzle exit on the tunnel axis the flow gradients are
responsible for these strong variations. The effect of the flow gradients is explained in
chapter 5.3 and is analysed irdetail in chapter 6.3.

The same behaviour can be observed in case of the COLIBRI configuration where a
Knudsen numbe range from Y&z p 1 to Y@z p 1t is covered. At low angles of
attack, see Fig.83 for | 1t Jthe lift coefficient is still in the negative region and
experience there regarded in absolute valuesan increa®, see Table5. Responsible is
the negative deviation of the lift coefficient at the largest Knudsen number where the
consideration is based on.

A clear effect of rarefaction is particularly visible ifrig.83. The drag coefficient increase
reaches here@ 1 pwhich is the half of the change the SHEFEX IIitonfiguration
experiences at the same angle of attack. Howevethe absolute COLIBRI drag coefficient
values are at 1t ;and the small Knudsen number already more than a factor of two
larger than in case of the slenderSHEFEX Itlonfiguration. The absolute drag coefficient
increase of both tested configuratiors is similar.

The lift / drag ratio at | T Jremains almo$ constant at vz p 1t over the whole
analysed Knudsen number rangdrom @z p 1t to Y&z p 11 . The pitching moment
coefficient is in this Knudsen number range also nearly unchanged.

Moving on to the | p 1t diagram presented inFig.84, it can be seen that the lift
coefficient is in the positive range and decreases with increasing Knudsen number. The
drag coefficient has over the whole analysed Knudsen number range slightly higher
values while the absolute increase is almst unchanged compared to| 1 JBased on
the change in lift and drag coefficient, the aerodynamic efficiency, i.e.the lift / ratio,
shows a significant decrease of aboub v Rwithin the regarded Knudsen number range
related to the lowest analysed Knudsen numberConcerning the ptching moment
coefficient, it can be observed that aside from the increased scattering it becomes more
positive over the Knudsen number range.

As in the case of the SHEFEX IBonfiguration, the explained trendsfor the COLIBRI

configuration are continuing to higher angles of attack too. Especially in case of the

pitching moment coefficients but also in case of the other aerodynamic coefficienfghe
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scattering increases with increasing angle of attack, see ¢ mand| o Ttid Fig.85
and Fig. 86 respectively.

From that it can be found that the percentage effect of rarefaction on the aerodynamic
coefficients for both te st configurations is, except the COLBR] 1t Xondition, always
larger in case of the drag compared to the liftat the investigated angles of attack of
| o 1 Jhe trend indicatesa change at higher angles of attack, since the percentage
lift coefficient change increaseswhile the percentage drag coefficient change decreases
with increasing angle of attack, se€Table5.

Table 5: Changes of aerodynamic coefficients between maximum ( i) and
minimum ( 9 Knudsen number

SHEFEX Il COLIBRI
U | clFclg cDRcDg cMFcMg (clHcDR-| clRclg cDRcDg cMRcMg (cLHcDR-
(clg/cDg) (clg/cDg)
0° | 24602 1.7601 7.8603 3.6E01 |-1.6E02 2.2E01 -8.3E04 -4.5E03
-37% 128% 203% -72% 77% 64% 37% 8%

10° |-3.8503 1.7E01 1.8802 -4.5E01|-2.6E02 24E01 2.0E02 -1.4EO01
-3% 117%  -115% -55% -27% 63% 637% -55%

20° | -3.0802 15E01 3.0802 -5.7&01|-8.1E02 25E01 3.0E02 -2.8E01
-10% 63% -104% -45% -30% 49% 111% -53%

30°|-6.7602 1.6E01 3.0802 -4.1E01|-1.4E01 2.4E01 3.3E02 -2.8E01
-13% 35% -138% -35% -31% 32% 54% -48%
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Fig. 86: Rarefaction effects on aerodynamic coefficients shown vs. Knudsen
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Summing up it can be $ated that for both test configurations:

1. at low angles of attack (tJ | p 1 Jthe rarefaction effed on the drag
coefficient in percentis larger, compared to the effect on the lift coefficient (see
Table5 and compare almost constant lift coefficient versus increase in drag
coefficient in Fig. 79 / Fig.80 and Fig.83 / Fig.84).

2. at high angles of attack ¢ m J| o 1t Jthe rarefaction effect on lift and drag
coefficient in percent become more similarand indicate, that for | o 1ithe lift
coefficient might be even more affected by rarefactionsee Table5 and Fig.81 /
Fig.82 and Fig.85 / Fig. 86)

This constellation indicats that rarefaction is affecting pressure and friction forces
differently. To illustrate this consideration lift and drag forces are separated into
normally Fn and tangentialy Ft acting forces, i.e. pressure and friction forces
respectively, sed-ig.87.

‘a
Dra

Fig. 87: Normal and tangent ial fractions of lift and drag  (at the wall)

While the drag is composed of a pressure part from the projected frontal area and a
friction part from the tangential forces at the wall, the lift is strongly dominated by the
pressure part and has an almost ndgible friction part at low angles of attack. At
higher angles of attackwhere the friction part on the lift becomes noticeable the effect

IS not as strong anymore.

The stronger rarefaction effect on the drag coefficient compared to the lift coefficiehat
already low Knudsen numberss attributed to lessdecrease of friction forces compared
to the stronger decreasing pressure forces.Since the friction part of the drag is in
percent larger for slender configurations it is expected that the effectsare stronger for
the slender SHEFEX Idompared to the blunt COLIBRI.This istrue and is discussed in
chapter 6.1.5. Koppenwallnef*! explains thepercentage increase of drag forcesvith an

increased viscositgffect when 0 7MY'Q 1@t pwhich is truein all investigated cases.

An explanation can be found whenregarding the gas moleculebody surface interaction
In practice usually the diffuse reflectionis observed“® Snce in the continuum limit, the
molecule-molecule interaction is far greater than the moleculevall interaction, the
average reflection behaves like a mirrored reflection. Thikads to the Newtonian
pressure distribution where the momentum is solely dependent on the surface angle. In
free molecular flow in contrast, the molecule-wall interaction becomes more and more
dominant and the single molecule reflections have to be treated independentifConse
guently, the diffuse reflection becomes dominant. Due to the adsorption, the whole
momentum of the molecules is transferred to the surface which explagithe increased
ratio of friction to pressure forceswith increasing rarefaction.Sinceonly integral forces
on the test configuration are measured within this work, a separation in drag and
friction force fractions during the evaluation is not possible.This question should be
addressed numerically \Wwere a separation of drag and friction forces is easier possible.
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6.1.3 Aerodynamic Coefficients versus Rarefatn Parameter at Constant
Angles of Attack

Turning towards the plots showing aerodynamic coefficients versughe rarefaction
parameter, it can be seen that both approaches lead to similar characteristice case of
the rarefaction parameter based plotsthe results of different Reynolds numbers appear
more compressed due to larger overlapping along the diagras xaxis.

In case of the slender SHEFEM configuration at | 1 J the results of the drag
coefficient show a better agreement between different Reynolds numbers wheplotted
versus the Knudsen number (seeFig.79) instead of the rarefaction parameter (see
Fig.88) where slight offsets are visible. In turn when regarding the lift / drag ratipthe
plot versus therarefaction parameter shows a slightly clearerend. The lift and pitching
moment coefficients show no significant difference. At higher angels of attackat

| p 1t (@&ompare Fig.80 with Fig.89) and| ¢ Tt (@ompare Fig.81 with Fig.90), the
Knudsen number based drag coefficient shows still a slightly bettertrend between
different Reynolds numbers, however, decreases with increasing angle of attack. While
lift and pitching moment coefficients show no significant difference between plots
versus Knudsen number or rarefaction parametgthe rarefaction paramete basedlift /
drag ratio reveals large offsets between different Reynolds numbers. At the largest
analysed angle of attack at | o 1 (bee Fig.91), the offsets in the lift / drag ratio
decrease but remain larger than irplots versusthe Knudsen number, sed~ig.82. Due to
larger overlaping between experiments at different Reyntuls numbers in the plot
versus therarefaction parameter the pitching moment coefficient results can be rather
interpreted as random scattering than along a curve.

Regarding the blunt COLIBRI configuratigrthe differences between the plotsversusthe
Knudsen number and theplots versus therarefaction parameter are not as clear as in
case of the slender SHEFEX lll configuratidbspecially ailow angles of attack at| mJ
(compare Fig.83 with Fig.92) and | p 1 Jcompare Fig.84 with Fig.93) both
approaches show similar good agreements over all regarded aerodynangoefficients.
At higher angles of attack at| ¢ 1 Jcompare Fig.85 with Fig.94) and | o
(compare Fig.86 with Fig.95), the plots versus theKnudsen number show with the
angle of attack increasing offsets between the aerodynamic coefficients measured at
different Reynolds numbers. Mainly the drag coefficient and lift / drag ratio are affected
but also slightly the lift coefficient. The pitching noment coefficient in turn shows a
more distinct trend in the plotsversusthe Knudsen number.

Generally it can be summarised thatthe trends of how aerodynamic coefficients are
affected by rarefaction areslightly more distinctin plots versusknudsen number in case

of the slender SHEFEX Il configuration. In case of the blunt COLIBRI configuration
trends are visibleslightly clearer when plotted versusthe rarefaction parameter.This is
understandable sincehe slender SHEFEX Il configuration experiescrarefaction effects

at the same operating conditionearlier than the blunt COLIBRI configurationRecalling
that Schaaf & Chambré&® used the rarefaction parameter to distinguish the transition
regime between continuum and rarefied flow, and the Knudsen numberto describe the
rarefied flow, confirms the result additionally.
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Fig. 88: Rarefaction effects on aerodynamic coefficients shown vs. rarefaction
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6.1.4 AssessingMach and ReynoldsNumber Effects

The trends of the aerodynamic codiicients plotted versusboth Knudsen number and
rarefaction parameter yield similar good resulisso that it is justified to select one
parameter for both test configurations to allow a direct comparisonbetween both test
configurations. Since the applicality of the Mach number independency principle has

to be assessed in case of the slender SHEFEX Il configuration at low angles of attack
(seechapter 2.4), the plots versus Knudsen number are selected.

The diagrams, shown inFig.79 / Fig.80 and Fig.83 / Fig.84, are suitable to assess the
Mach number effects and the applicability of Mach numberindependence principle in
case ofthe slenderSHEFEX Itlonfiguration at low angles of attack For that purposethe
diagram setup from Fig.79 to Fig.86 is usedwhere the aerodynamic coefficients are
plotted versus the Knudsen mmber. For this analysis, however,the aerodynamic
coefficients measured at operating conditions with high Mach numbers are connected
with a solid line, while the aerodynamic coefficients measured at operating conditions
with low Mach numbers are connectedwith a dotted line, see Fig.96 to Fig.99. When
the Mach number independence principle is not applicable or has limited applicability
only in case ofthe slender SHEFEX Igeometry, one would expect diferences between
the aerodynamic coefficients measured at high and low Machumbers, hence, between
solid and dotted lines see Fig.96 and Fig.97, which exceedthe differences between
those in case ofthe blunt COLIBRI configuration, se€ig.98 and Fig. 99.

Although the boundary layer thickness is inordinately increasing with Mach number
squared(2-6), as explained inchapter 2.4, the resultsshow that the differences between
high and low Mach numbers are similar in case of both configurations. Therefore, the
Mach number effects are considered as smallsuch that the Mach number
independence principle can be applied to the slendefSHEFEX Idonfiguration at low
angles of attack as well within the measurement accuracy.The existence of Mach
number effects cannot be excluded butthey are not of significant importance in the
performed analyses.
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Fig. 96: Mach number effects on aerodynamic coefficients ( SHEFEX IE ='0°)
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Concluding it can be said that in all presented figuresHig.79 to Fig.86) the effect of
the Reynolds number influencei.e., the scatteringbetween connected pointsrelated to
the trend, see Fig.100, is visible but it is small compared to the Knudsen number
influence. With increasing angle of attack this effect increasesiAn exception are here
the pitching moment coefficients at higher angles of attack where theoverlaying effects
of Reynolds number influenceand axial flow gradients arerising significantly for both
test configurations. However, for a clear assigment numerical investigations are
essential. Due to the uneven characteristicsprobably caused by flow gradientswithin
one constant Reynolds number analysighich are based on up to five pointsonly, it is
not possible to compensate the effect based on the present dataFurther experiments
adding more data to the defined Reynolds numbers would increasthe resolution in the
diagrams and could allow a compensation of the Reynolds number effects.
Complementary numercal investigations can help here significantly to distinguish the
source of the observed effects.

It can be seen that the analysis of the COLIBRI test configuration covers slightly higher
Knudsen numbers fromy®)z p 1 to Y@z p 11, comparedtox& z2p 1M to x& z2p T

for SHEFEX lltlue to its lower reference length. However, in the major part both
Knudsen number ranges are overlappingn both cases the aim to analyse a full order of
magnitude in Knudsen number could be realised.
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Fig. 100: Rarefaction effects on aerodynamic coefficients approximated with
linear regression line for COLIBRE =m0°

6.1.5 Comparing Effects of Rarefactionof Both Test Configurations

In a further step it is now possible to analyse how much the aedynamic coefficients
are affected by increasing rarefaction. For that purpose the results shown Fig.79 to
Fig.86 are primarily approximated with a linear regression line see Fig.100.
Subsequently, the values are calculated at the highest and lowest analysed Knudsen
number. The ratio of the aerodynamic coefficients determined at the maximum
analysed Knudsen number to the aerodynamic coefficients determined at the minimum
measured Knudsen numberis visualised inFig. 101 to Fig.104, i.e., the shown change
corresponds torarefaction effects overone order of magnitude of Knudsen number, for
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SHEFEX Iffom x&zp 1t to x& 2p 1 and for COLIBRI from@z p 11 to Y&z p 1t
respectively The blackchain line indicates the factor of one and hence no effect.

For these plots the whole available data setis used to obtain the initially measured
resolution in ¢ Jsteps while only selected angles of attackare shown in Fig.79 to
Fig.86. If the ratio is larger than one it describes that the aerodynamic coefficient is
increasing with increasing Knudsen number, if it isrsaller the aerodynamic coefficient is
respectively decreasing. A value of one means no effect of rarefactioiExcept for the
drag coefficient ratio, there is a strong oscillation in the range betweenrt J | pTtd
visible, which is caused by aerodynamicoefficients close to zero. Sincehe linear trend
iIs a rough approximation it is difficult to interpret the ratio when the aerodynamic
coefficients become close to zerpespecially when the scattering isarge.

Concerning the lift coefficient, presented in Fig.101, it can be seen that beyond the
oscillation regionat low angles of attack the ratio is at angles of attack of@ J | o
nearly at a constant levebelow one in caseof both test article configurations. Obviously
that means that there is a distinct rarefaction influence on the lift coefficient which is
small and difficult to visualisein the earlier presented plots Therarefaction influence on

the lift coefficient of the blunt COLIBRI configuration isconsisently lower, between

¢ 1 kand o 1 pPand, hence, decreasing slightly stronger, se€ig.101. In case of the
slenderSHEFEX Itlonfiguration the reduction isbetweenp mmkRand¢ b

Therarefadion influence on the drag coefficient, shown in Fig.102, is for low angles of
attack stronger and decreases at higher angels of attackn case of the SHEFEX Itest
configuration, there is almost a factor of¢ between the drag coefficients at the large
and small Knudsen number conditionat angles of attack of about t ,JJ where the
configuration is aerodynamically slenderln case of the COLIBRI configuratignthis
factor reachesa maximum of p&. Above| T he rarefaction caused drag coefficient
increase is reduced but remains above; 11 Pat angles lower than | o 1t JThe
percentage decrease shown in Fig.102, is caused by the increasingirag coefficient
value at increasing angés of attack while the absolute changes remain almostonstant
at the same sizeindependent of the angle of attack. Considering that the investigated
Knudsen numbers arein the rarefied regime but still close to continuum, these results
are particularly emarkable. Such a drag coeffident increasehas a strong impact on the
flight characteristics and has to be considered during the vehicle desigiihe resulting
effect on the flight trajectory and, hence, longitudinal and cross range, is depending on
how long the vehicle is flying in the rarefied regime and has to be evaluated in a mission
analysis. Since the SHEFEX ldonfiguration has lower drag coefficients the stronger
rarefaction influence causes theSHEFEX lilirag coefficients to increase more and
approach the blunt COLIBRI drag coefficientsFor | ¢ T Where the aerodynamic
bluntness of SHEFEX lihcreasedurther, the rarefaction influence onthe SHEFEX Idirag
coefficient approachesthe rarefaction influence onthe COLIBRI drag coefficiest i.e.
both are equally affected

Corresponding to that the rarefaction influence on thelift / drag ratio is decreasing in

both cases see Fig.103. Beyond the oscillation regionat low angles of attack the

rarefaction effect on the COLIBRI configuration decreases thaerodynamic efficiency

almost constant byt 1 Bo v 1T Hor angles of attack of] Y JIn case of theSHEFEX Il

configuration the decrease is stronger and can cause a reduction a 11 Pbetween
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@J | p ¢. JThe decreasing effect is weakening at higher angles of attaclsuch that
there is a decrease of only 1T Rt | o 1. Summarising it can be stated thatbelow an
angle of attack of about p x dhe effect is stronger for the slender SHEFEX Il
configuration. At higher angles of attack the effect becomes more dominant for the
blunt COLIBRI test configurationsuch that the lift / drag ratio characteristics of both test
configurations are differing further with increased rarefaction. Independent of the
rarefaction effect, the aerodynamic efficiency ofSHEFEX li$ always better between a
factor of ¢ to 1 in the analysed flow regime

For the pitching moment coefficient, the assumption of a linear trend line does not fit as
well as in case of the other investigated aerodynamic coefficientdue to its strong
dependence on the pressure gradients in the flowSince simultaneously the pitching
moment coefficient is close to zerq the oscillation is strongly increasing and requires for
the pitching moment coefficient ratio a scaletwenty times larger than in case of the
ratio of the other aerodynamic coefficients see Fig.104, and it is difficult to derive
meaningful relations about the rarefaction effect on the pitching moment fromthis plot.
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6.2 Comparison at Constant Knudsen Number

To evaluate the Reynolds number effect directlyfive experiments are performed with
both test configurations at a constant Knudsen number ofo ¢ o®2zp 1 in case of
the SHEFEXI configuration, seeFig.105, and of 0 ¢ o0&z p Tt in case of the COLIBRI
configuration, see Fig.106. Based on the rehtion between Knudsen number, Mach
number and Reynolds number (2-4), it means that if the Reynolds number e.g.
increases the Mach number has to decrease with the same factor so that the ratio of
Mach number to Re/nolds number remains constant.For the analysis at a constant
Knudsen number only one Knudsen number is selected which limits the analysable
range to the maximum V2G Mach number variation of about a factor of.

Concerning the lift coefficient the resuts of both test configurations show deviations
over the Mach number and Reynolds number variationBased on the previoushapter,

where the Mach number influencesare determined as small, the major reason for the
deviation is attributed to the Reynolds nuniber variation.

The Reynolds number caused change in drag coefficients is visible but is clearly lower
than the rarefaction effect determined in the constant Reynolds number analysig case

of the SHEFEX ldonfiguration, the effects is almost indistingiishable for low angles of
attack and increases at angles of attack af ¢ 1. JThe reason for this sudden increase

is not found yet and requires furtherinvestigations.
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The pitching moment coefficient shows a distincbverlayingdeviation in the magnitude
of the previously analysed rarefaction effectHowever, evidence that ths deviation is
based solely or to a certain extent, on the Reynolds numbervariation camot be
provided on bass of the conducted experiments. The cause is the lacking abjl to
distinguish between effects caused by Reynolds number variationand effects caused
by flow inhomogeneities

Based on the low influence on lift and drag coefficient their ratio isalmost not affected

by the Reynolds number variation. The robustness againReynolds number variations is
stronger for the blunt COLIBRI configuration.
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Fig. 105: Reynolds number effects on aerodynamic coefficients ( Kns= 3.1e-3, SHEFEX I}
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Fig. 106: Reynolds number effects on aerodynamic coefficients ( Kns= 3.8e-3, COLIBRI)
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