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Abstract

Past studies led by CNES have evidenced the intef@gnd biasing technique for trajectory optintioa, in
terms of angle of attack and nozzle deflectionisttas. The compensation, through trajectory opation of
part of the wind induced perturbation, allows desierg the need of commanded deflection and the
probability to reach high angle of attack levelscls technique can either be applied using a measosal
wind profile or a wind measurement performed beftaench. This last option would allow reducing
drastically the sizing loads for the structure, litunheeds to be considered as soon as possibléein t
preliminary design phases of a launcher developmEms paper proposes and validates adaptatiomeof t
sizing methodologies applied during phase 1 engingdoops of launcher developments, for both TVC
deflection and general loads, to account for theebeial effect of wind biasing techniques. A bemark
launcher is considered.

1. Introduction

In previous work led by CNES launchers directofafe a first impact study of wind biasing methods toajectory
optimization for European launchers was perforntedch methods, commonly applied on other launchesyst
(especially US launchers [2]), had never been @mnasl in Europe, probably due to the relatively l@wvel of

altitude winds velocity in French Guiana, compatiedigher latitudes.

Wind biasing simply consists in computing a relatixelocity vector including wind velocity componerisee Figure
1.1). The gravity turn process, which is appliedirty atmospheric phase of flight (after lift-off crpitch over
manoeuvre) is then biased, aligning launch vehangitudinal access with this new relative velooigctor instead
of the former one (which considered a fixed atmesehwrt Earth). The trajectory optimization processiains
unchanged except for this modification.
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Figure 1.1: Gravity Turn For Trajectory OptimizatiwVithout (Left) And With (Right) Wind Biasing.
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Two different approaches have been studied: the@iiaeseasonal mean wind to bias the trajectoryripation, and
the use of a wind measurement performed as clogessible to the flight time.

It has been demonstrated that the use of a windumea during launch chronology (typically 3 houe$dve launch)
to bias the trajectory optimization, and consedyeattmospheric phase attitude commands computatiuid allow
reducing the Qu parameter of at least 50% (where Q is the dyngreéssure and: is the angle of attack). This
parameter is the main driver of the lateral loadisctv are applied to the structure of the launchialetduring the
atmospheric flight. A reduction of about 25% of thaximum commanded deflection to the TVC actuadbtaunch
vehicle was also observed. Table 1.1 illustrates sesults.

Approach Parameter Expected gain (%)
Seasonal mean wind 99% Qo gauge maximum ~15
Seasonal mean wind TVC max commandefi <10
Day-of-launch (3h) | 99% Qo gauge maximum >50
Day-of-launch (3h) TVC max commandefl ~25

Table 1.1: Quantitative Order Of Magnitude Of WBIidsing Approach Impact

Such reductions probably depend on the launch leebnchmark characteristics, but are so signifitaat, if such

methodology (calleday-of launch wind biasirgvas considered at the beginning of a launch \elievelopment, a
significant gain could be expected on structures aabsystems design. In a second step costs arglsaéags can
be expected. Such gains could help fulfiling thgngent objectives of new launchers developmerthsas

ARIANE 6

This paper presents a tentative adaptation ofaimech vehicle pre-dimensioning methodologies te fako account
the positive impact of the day-of-launch wind higsi This adaptation concerns the so-called “phase 1
methodologies for both TVC control and general foealigh dimensioning.

The first methodology aims at dimensioning the mmaxin needed deflection and deflection rate of nazzad
consequently the TVC subsystem characteristics.Sedid Rocket Motors it also drives the charactegsof the
flexible joint, and for liquid propellant engine$ie gimbal design. The second methodology aimsra¢msioning
the loads applied to the structural parts of thendker (stages, skirts, booster attachments, #gtough a first
computation of a sizing @.gauge and mechanical fluxes.

Both these methodologies use simplifying assumptamd computations to ensure conservativeneserih dif large
set of unknowns at a preliminary step of developim@hallenge is to ensure representativeness ds wel

After a short presentation of the existing methodals, proposed adaptations are presented, andséiidated on
the same launch vehicle benchmark as considerdd],ito ensure consistency with the expected impactta
developed launcher. Objective is to show that théstical impact observed on the LV state pararseite a fully
representative set of 6dof simulations (those mteskin [1]) can faithfully be obtained on the réswf the “phase
1" methodologies applied to the same launch vehicle

Results from [1] are thus used as a referencedesasepresentativeness of the proposed appraaothér words,

results from [1] are considered sufficiently faithfo actual flight expected results, to be a refiee for preliminary
design methodologies validation).

2. Phase 1 launch vehicle sizing Methodologies pezgation

TVC Control deflection sizing

A point of interest in early launcher design phasescerns the control system sizing. Among optiggarding
control system architecture, a classical one ctsiusing Thrust Vector Control (TVC) on main puisive stages,
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which would then be potentially completed by otkgstems in order to ensure satisfactory 3-axisrobwf the
launcher.

Usual Phase 1 problem is to assess the deflectied at TVC level in order to provide preliminargueéements to
both engines and actuation system designers, thlebging to ensure launcher concept feasibilitgam as possible
in the design process.

To this purpose, computations are performed inra@assess the minimum nozzle deflection capgbitituired to
counter aerological disturbances during the atmesplilight. Aerological phenomena taken into aauoin those
calculations include wind shear and wind gust tteat be encountered at various altitudes along ahacher
trajectory. Methodology implies not to account fepecific controller data, since the controller sually not
designed yet at this point of a preliminary devetept. Simplified approach has been developed twadlimple
computation, combining the wind characteristics uhch vehicle physical characteristics.

Launcher sensitivity to wind disturbance in a giy#ane is directly linked to its intrinsic charadstics and to its
trajectory. Classical controllability criterion[3] relates to the ratio between control efficieranyd aerodynamic
instability defined by the following equations:

b T
1= T.Lp _ ﬁzﬂ?ﬁfhﬂlf
[ I

Where:
K1 is the control efficiency coefficient
A6 is the aerodynamic instability coefficient
T is the thrust
Lp is the lever arm between nozzle rotation ari launch vehicle Centre of Mass (CoM)
I is the LV inertia wrt its CoM
Q is the dynamic pressure
S is the reference surface for aerodynamic caeffis
CNa s the derivative coefficient of lateral forcetwine angle of attack
Lf is the lever arm between aerodynamic centpgressure and launch vehicle (CoM)

Indeed, those two parameters characterize the t@unggid dynamics around its CoM in front of wiiiducing

angle of attack) and provided a given amount ofighdeflection. A typical example of A6 and K1 dusént

evolution along the flight is presented on Figurg r a benchmark launcher. It is to be noted thi specific
launcher exhibits satisfactory control efficien@npared to its aerodynamic instability, since Kingre than twice
the value of A6 throughout this flight phase. Omm @lso remark than both K1 and A6 face significaaiations
with time, due to the strong unsteadiness of bbthlauncher itself and its environment, so thatigaar flight

times are more demanding in terms of deflectiom ththers.

A
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Figure 2.1: A6 & K1 coefficients of the benchmaakihcher
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Also, one can notice from their formulas that thosefficients are mainly related to launcher geoyetropulsion,
aerodynamics and trajectory. Thus, means of impgplauncher controllability usually ranges from exddaerofins
in order to decrease the aerodynamic torque, upetger modification of the overall launcher desigrajectory
modifications such as dynamic pressure adaptatienatso investigated on order to end-up with as&attory
compromise at launcher system level.

Even if A6 and K1 give relative information on laer needed control deflection, it is also muchedelent on
aerologic phenomena encountered during flight andemprecisely on the wind shear profiles for whichink with
required deflection need has been establishedethde constant wind profile requires much less Td&dlection
than a dynamic variation of the wind. Wind shears thus considered for TVC deflection sizing: diéfet
thicknesses of altitude (atmosphere) are considered

General loads sizing
The following preliminary data are used in phaderihe calculation of the general loads on thetdner:

- nominal trajectory: thrust, altitude, velocity, @mic pressure vs. time ;

- mass and centring: global and distributed valuéleatmain sections of the launch vehicle;
- aerodynamic database: global and distributed vddaeed on the external shape

- wind database representative of French Guyana ptmos.

All the 3 first sets of data are associated to eimpinary design of the launcher and are phase phase 1 loop
results.

The launcher is supposed to be rigid, the wind petpendicularly to its longitudinal axis. The mdifficulty of the
general loads computation in preliminary phasedeslopment concerns the non-availability of cdrar at such
step of the project. It is thus necessary to deefirpinary assumption, which is called “perfect trotier”: during all
of the atmospheric phase of flight, the launchersigpposed to counteract instantaneously the aeaotign
perturbation by an appropriate TVC deflection tdiofw the optimal trajectory path. The consequenéethis
assumption is that there is no angular acceleratem by the launcher.

The following state parameters of the launchercaraputed under this assumption:

- angle of attack (AoA): it is supposed that the angfl attack is null just before the wind perturbatis
applied, then the AoA seen by the launcher at titk &f the perturbation is supposed to be the geaamet

one
AoA = atan (VI/Vw)

Where:

\ is the launcher relative velocity wrt Earth

Vw is the wind amplitude

- nozzle TVC deflection: computed to counteract thedynamic moment
- longitudinal and lateral load factors from the giblmads projection in the longitudinal and trarrsed axis.

Aerodynamic perturbations considered are eithesteot wind amplitude or wind shear profiles.
Using these state parameters the general loadsn@hasnd transversal load, bending moment and megult
longitudinal mechanical fluxes) are then computgdibmmation of the loads applied to the launchegest: inertial

loads, aerodynamic loads and thrust loads.

Some margins are added to take into account themuatelized phenomena (dynamic loads, aeroelastiaitg the
uncertainties on the inputs.
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Wind database for the sizing studies

From previous methodologies description, one caterstand that sizing wind data are necessary tonerm\VC
control deflection and general loads phase 1 studie

Statistics of wind amplitude (for general loadsd#s) and wind shears (for both TVC control andegahloads
studies) are performed on representative datalsesd profiles. Different thicknesses are consadiefor wind
shears, from 100m to 3000m: it is justified by faet that some of them affect more the launcheradyins than
others, and are thus more demanding in term oédiidin, also generating AoA.

For qualification purpose, an extensive databaseseésl containing more than 14000 wind profilessTdatabase is
based on wind measurements. Since measurement areanst fully accurate at low wavelengths, thasdilps are
corrected adding a mesoscale component from a modehsure that the database is representativdl ofirals
characteristics. 14000 winds are necessary to ersulcceptable statistical convergence of thdtsesbtained in
qualification, and permit to compute monthly stidel values to take into account the annual ardicyariability
of the aerology. The envelope of the monthly resislthen considered.

This reference database is generated from wind unements performed at Oh and 12h every day duongesyears:
its use was obviously not possible in the objectivehe evaluation of the day-of-launch wind bigsinajectory
optimization for time intervals lower than 12h.

Another database, presented in [1] has thus besh ltscontains around 1500 pairs of wind profifesm ground to
15km and originated from CSG soundings, which Haaen corrected by the addition of a mesoscale modeder
to obtain realistic winds, as these seen durirght$i. This database has been chosen becausedtnsontind pairs
which have different time intervals lower than XRttervals cover from 30 minutes to 11 hours).

This database has been used as the first windcif g@ir can be considered as a measured wind dahiranology
and the second one as a launch wind. In [1] tls¢ fitnd was pre-treated and used for biased t@jgciptimization,
and the second one used in 6dof simulation to askedaunch vehicle state parameters during flight

Figure 2.2 hereafter represents the 99% statisfittse 1500 second winds of each pair. Modulessdngdrs for each
1km step altitude are statistically analysed, fellgy the same procedure as the Gtatistical analysis [1].
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Figure 2.2: 99 percentiles of 1500 wind databasarpaters: module and shear over thicknesses fr@m 16
3000m

Adaptation of the sizing studies’ methodology

The proposed adaptation of the simplified methogiet® for TVC deflection and general loads sizinglmse 1 of a
launch vehicle development, is simple: to consi@emput of the computations, not the module aheas statistics
over the wind database, but the statistics of tfierdnce between 2 wind profiles separated byarmginterval.
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The 1500 pairs of winds have been used to compatedifference between each pair of profiles ana tteir
statistics. This computation has been done atrdiffealtitudes and for various altitude thicknessegween 100m
and 3000m.

A sketch of the method is illustrated on next fegur

W=AW>_1+W, W= AW,
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Figure 2.3: Method of wind statistics computatiomen considering day-of-launch trajectory biasing

Trajectory biasing considering the first wind plefof each pair will modify the relative velocityeetor Vr of the

launcher with respect to the air, thus partiallynpensating for winds perturbation. In Figure 28 tomponent
represented as Ws measured prior to launch, and thus compendatedHowever, the intervalT, that separates
wind sounding from the lift-off, induces that thena profile can evolve, so that an additional comgrat, noted

AW, will be present at the moment of flight. The laueciill thus face someesidual winds, despite the wind-
biased optimization. The statistic computed betwi&shand second wind of each pair correspondéostatistic of

theseresidualwinds.

Actually statistics are performed over the differerbetween a pre-treatedf wind profile and the actual™®wind
profile of each pair. As explained in [1], some-meatments are indeed applied on the wind problefere they are
used to bias the trajectory optimization.

These statistics are also adapted to account éomtierval between®land 2° wind profile of each pair. Actually,
same hypothesis as in [1] is made, considering rdsitiual wind characteristics (module and shears) follow a
normal distribution, with a mean and standard d@ndinearly depending oAT. Impact of the day of launch wind
biased trajectory optimization can then be assefssatifferent durationdT between wind measurement and flight.

Figure 2.4 illustrates the 99% wind statistics #rtime interval between first and second wind (between
measurement and flight) of 3 hours. One can obsémat these statistics evidence a large reductibenw
considering the module and the large altitude théslses shears (typically over 2000 or 3000m atnswsgayers).
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Figure 2.4: 99 percentiles of considered the diffiee between the first pre-treated wind and therskwind - ratio
vs. absolute wind database

3 - Interest of “day-of launch” wind biased trajectory optimization for control
deflection sizing

Updated statistics have thus been applied to tmeHmark launcher, and the deflection needed torabttiem
subsequently computed using the phase 1 trajectoshould be highlighted that the methodology presd in
section 2 has been strictly followed: only the watgbar statistics in input has been modified.

As a result of this process, typical deflectiondsat maximal dynamic pressure period are presamtdtigure 3.1,
where the various curves correspond to differenatibns AT) between sounding and lift-off. One can obsehat t
pre-flight wind soundings performed more than 6rsdaefore flight do not lead to a reduction of tiedlection need
computed with phase 1 methodology, whereas souadiegformed 90 minutes before flight evidence a gai
deflection in the order of 10%.
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Figure 3.1: Deflection need depending on the dondbetween wind sounding and lift-off time
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Despite expectations from fully representative $ations results (from [1] and presented in Tabl®),1it appears
that wind-biased trajectory optimization would mead to significant reduction of the deflection desstimated in
preliminary design phases of launchers.

Investigations showed that the explanation of skiéement comes from the fact that low wavelengtbdiltered out
from the wind measurement®(profile of each pair), before the profile is ugedias the trajectory optimization. In
[1] such filtering is justified as these wavelergfthe low wavelength) correspond to the one aidobéing low
persistence through time. Actually, it has beeowshin [4] that wind variability is not to be tharse for all
wavelengths content of the wind: the more the domabetween sounding and flight, the higher thetlipetween
persistent and turbulent — meaning variable — vengths.

And the wavelengths which impact the most the dyinaontrol deflection are partly filtered out. Thetatistics are
not significantly modified when considering thefdience between the 2 winds of each pair.

These results show the limit of a simplified apmtoaused in preliminary phases of development fantrod
deflection sizing. These simplified methods canfimg definition) represent all the phenomena invdhia a
controlled launch vehicle dynamics, but focus oe thain ones, which are not those impacted by wiadel
trajectory optimization.

4 - Interest of “day-of launch” wind biased trajedory optimization for general
loads sizing

Q.a computations

In this paragraph, it is supposed that for eaclsidemed wind profile, the trajectory optimizatiomswbiased in front
of the wind which was sounded 3 hours before thadh time. As in [1] and as in section 3 abouest fineasured
wind is pre-treated in order to filter-out the wharggths lower than 2000m, which represent the mosbable non
persistent components of the wind for this timerval, see [1]. An example of the profiles of arpaiwinds from

the database is shown on the Figure 4.1.

To follow the first optimized trajectory, the TV@mmands are very low and the resulting lateraltiaeloads are
neglected, compared to those induced by real winfilg. As for the control methodology adaptaticed section 3
above), the angle of attack is the approximatethbyone resulting from the difference between &z launch wind
(second wind of each pair) and the pre-treated mmedswind before flight (Lwind of each pair). This difference is
calledresidualwind in the following paragraphs.
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Figure 4.1: Example of wind pre-treatmeWl realis the £'wind the pairW1 pre-treateds the one considered in
trajectory optimization, an@/2 realis the wind measured 3h later (considerethasch wing
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Then the angle of attack is calculated using tmes&lual winds statistics. The Figure 4.2 showsQtue obtained
using these 99 percentiles of residual wind pararsgtompared to the results coming from the sizdlsanalysis of
the fully representative time domain simulationsif [1]).

Q.a predicted by the simplified approach is in the sarder of magnitude as the reference one, andimsralightly
conservative (roughly 5%).

Without wind biasing, the maximal @.was achieved around 13km of altitude, where theadyc pressure is
maximal. With wind biasing approach, theoat this altitude is reduced of more than 50%, #redmaximum is
achieved at lower altitudes (it remains lower theféerence one at the same altitude in any case&).ekplanation
comes from the actual pre-treatment performed enfiist wind before it is used in trajectory optmaiion for
biasing: wind profile is truncated at low altitud@sefore gravity turn is applied, for altitudes kemthan 3km), as
explained in [1]. This treatment produces thus felbenefits on the @. at low altitudes. Activities are on-going to
improve this situation in the future.
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Figure 4.2 : comparison between the @tatistics from [1] and the simplified methodolaggults using
99percentile ofesidualwind shears and module

As a conclusion and contrary to the results for T¥&lection sizing in phase 1 (see section 4), @ versus
altitude profile is well estimated by the simpldigghase 1 methodology when considering the envetdp®@.a
induced by wind module and wind shears (up to 30@tloknesses). This evidences that the wind biasgectory
optimization has an impact on one (at least) ofrtteen phenomena involved in general loads sizimgl, ia thus
faithfully reproduced by the simplified approach.

Impact on mechanical fluxes during atmospheric fligpt

Once the Qu is known for each altitude layer of the atmosphé&ijectory, the different components of the gaher
loads can be computed (normal load, lateral loaddimg moment) at the main launcher interfacebgetased for the
mechanical sizing of the structures. These comgsrame combined to obtain the longitudinal meclelrflax.

The Figure 4.3 represents the compression fluximddaby the phase 1 general methodology as prdyidescribed
at 3 different sections of the benchmark launché&hout wind biasing and with wind biasing:

- section 1: at the bottom of the fairing ;
- section 2: at the bottom of the skirt betwe8hahd & stages ;
- section 3: at the top of the skirt betweérahd 2° stages.
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Figure 4.3: Impact of wind biasing trajectory optiation on the longitudinal mechanical fluxes osegtions of the
launcher. Left: flux curve versus altitude. Rigteduction ratio induced by wind biasing.

It can be seen that the reduction of the mechafiicats curve during the atmospheric flight follogmbally the

reduction of Qu. The gain is nevertheless lower than for tha nd is depending on the location of the sections:

the more the considered section is close to theclser fairing, the larger the reduction on the namitael fluxes,
because the lateral aerodynamic loading is the matributor for these sections. For the sectiowseniar away
from the fairing, the normal load due to the londinal inertial effects become more important dmal ¢ontribution
of the lateral aerodynamic effects decrease indtad mechanical fluxes.

5 - Conclusion

In this paper was proposed and validated an adaptaf the existing (and used) methodologies foageh 1
engineering loops of launchers developments, towtcfor the beneficial impact of day-of-launch dibiasing
technique in trajectory optimization. These besefitncern both TVC deflection sizing and generaditosizing.

Results obtained show that the benefits expectad this approach on TVC deflection sizing cannofdithfully
reproduced by a simple adaptation of the existirgghodology. This can be explained by the fact thatwind
biasing technique does not act on the main coritiilto dynamic deflection during atmospheric phafsight, and
is thus neglected by the phase 1 methodology.

On the contrary, results show that the large arsitige impact (more than 50% reduction) of the d&yaunch wind
biasing technique is faithfully reproduced on the @Qauge by the phase 1 adapted methodology. Impathe
sizing mechanical fluxes are also presented foctimsidered benchmark launcher.

Preliminary results obtained on a test case reptatee of ARIANE 6 concepts tend to demonstratat tthe
expected gain on this launcher are similar to thastained on the benchmark presented in this p&eES work
will continue to confirm beneficial impact on ARIANG design options in the future.
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