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Abstract

The system qualification process of an expandahladher is based on a statistical approach. As the
wind is a main contributor to angle of attack whisha driving parameter for general loads and
controllability, it has to be statistically corrctepresented.

The wind model which was used for the Ariane 5 ggyac upper stage configuration qualification
was updated with respect to the former Ariane Sigaration.

After the description of how this wind model hasetebuilt (combining measurements and
mathematical model), we will explain its validatiand its application on Ariane 5. This wind model
can be used for other space vehicles launched Kaumou.

1. Introduction

The system qualification process of an expandahladher is based on a statistical approach whigctole is to
get limit parameters for the launcher as precigeoasible in order to verify the consistency whkb specification.
The limit angle of attack is a driving parametartfte general loads and controllability in atmosph#ight. It must
be calculated with a probability not to be overgeasof 99% with a level of confidence of 90% inesrtb reach the
required reliability.

Among the scattered parameters (the thrust, thestihere (sound speed and atmospheric pressurestrticeural
mass, the centre of gravity, the wind and the agrachic coefficients), the wind is the only paramd@t cannot be
represented by a statistical law although it isnttaén contributor to angle of attack.

Its effect is the result of its speed and its azimbut there is also a “historical” or integratieffect due to the
gradients and the inversions of the wind directibherefore the winds cannot be reduced simply torosgopic
data such as speed or gradient which requires te laa representative wind profile database. The ethos
methodology is the estimation of the statistici@fof the other scattered parameters for eact pinfile. For one
wind profile, each rate of increase induced byadteced parameter allow to calculate the distrdsufunction due to
all scattered parameters. Then the global prolahilie to the effect of all the winds is obtaingdimtegrating the
probability density function of each wind.

In order to study the influence of the wind, thathe main parameter, we will focus here only tareffect on a
nominal launcher, that is to say that all the offeameters are nominal.

In this paper, we will first describe the real wéndatabase, then its validation in term of statisirameters, and
finally its validation by comparison with experienc

2. Building of real winds database

The real winds database is composed of hundredsnof profiles in order to describe correctly thenasphere in
French Guyana. Each wind is built from measurenzard model to give a Rebuilt Real Wind (ie Vent Reel
reConstruit (VRC) in French).

2.1 - Building of areal wind

The VRC are obtained by the superposition of R&hbandings (RS) made in French Guyana at Rochanibeau
Météo France covering a several years period ansbsoale fluctuations (see Figure 1). The validitytie
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transposition from Rochambeau to CSG (Guyana’s &Snter) was demonstrated by a study leaded bySCNR
(French National Center of Scientific Research).

The RS are atmospheric large scale fluctuationgtwhssociated wavelengths are longer than 1000y dbme
from Météo France regular sounding in French Guyamee 1991 at the frequency of two RS a day.

The mesoscale fluctuations correspond to atmosphberall scale fluctuations characterised by wawgtenbetween
30 and 2000m. They are induced by gravity waves thieg depend essentially on the static stabilitythod
temperature profile (see [4] for more details).

The mesoscale fluctuations are randomly built drel mathematical model has been calibrated by acaltedi
balloon campaign (VEHRT = VEnt a Haute RésolutionTempérature = wind with high precision in tempeara)
managed by CNES.

No turbulent fluctuations (wavelengths lower th&hn3) are accounted in this analysis since theyatealisturbing
for the launcher (very low energy).
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Figure 1 Example of VRC construction procedure :
(a) Radio Sounding profile; (b) Mesoscale profile;
(c) VRC profile obtained by the superposition gféad (b).

2 b - Evolution of the database

The database used since 2001 was composed of af@0@ VRC. 3800 RS measured from 1991 to 1999
superposed with 2 mesoscale profiles. This datavasedescribed in [1] and was used for ASECA qicalifon.

In order to quantify margin for robustness demaimn and to improve the statistical convergencthefbase, we
have recently increased the number of winds inragtiie RS measurements till 2005. The database gpeto
around 14600 winds (7300 RS superposed with 2 roaoprofiles).

It has been verified that the statistical charasties of the new winds are consistent with thevioues base.

2 ¢ - Evolution of the wind char acteristics along the year

In French Guyana, the wind characteristics depérmhgly on the period of the year. This is mainlyedto the
InterTropical Convergence Zone (ITCZ). The ITCZthe meteorological equator. Its position variestloa axis
North-South along the year and gets over Frencha@aywice a year. Its relative position with Guyalefines the
seasons and winds characteristics in low atmosphere

The wind speed and the wind gradient have beerysedhin term of mean, standard deviation and 99%evd he
significant variations of wind characteristic dgithe year have been confirmed but the worst petéegends on the
parameter (wind speed, direction, gradient...) andltitude studied. That's why it was not possildedefine a
worst period applicable for all trajectories of &me 5 (and even less for all other launchers).rEigullustrates this
variation on the 99% module of the winds for thman seasons.

The limit angle of attack that has to be calculatedt be the limit one during the whole year. Stiathl treatment
with the whole year wind would lead to too weakutesfor the worst periods (see [3] for a discussabout the way
to determine limit loads). Therefore, the duratidreach period has been set to one month becaosgésponds to
a period which is currently used for studying aega phenomena.
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Figure 2 : maximum limit (99%) of wind speed foetfour main seasons
altitude (10000m) as a function of the module ef #ind speed (m/s)

3. Statistical validation of thereal winds database

3 a- Statistical method

As stated in the paragraph above, the statistimall ig to get limit values that is to say value92% (99% quantile)
with a 90% level of confidence with samples of sal/bundreds of data. This computations shouldepeated for
each month, each altitude and each parametertefest, that is several dozens times.

We first tried to fit probability distributions shicas Weibull, Gumbel, Gamma. Although they for somhehem
performed well through statistical tests (such asnkgorov-Smirnov) ; the tail fitting was often qipoor (see
figure 3). The best check being ultimately the &lsone. All this was too complicated for an easyickl and finally
automatic use.
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Figure 3 : an example of poor fitting for the taith a Gumbel distribution (log scale).

We therefore choose to use distribution-free metl{ed called non-parametric methods). The mostlpopnd very
intuitive one is to compute the 99% quantile byneedr interpolation formula in the sample ; thatasnterpolate
between the 2 points of the sample that frame th& ©9%)-th point of the sample (where N is theesid the
sample). This method is asymptotically convergdmit;poorly as it uses only two points in the sanfilis called in
this document the interpolation method.

We then decided to try a distribution-free methdthvhe property of using more information in trergple. We
found a barycentric method (Harrel-Davis quantigineator called in this document HDQE) built on theler
statistics theory, as follows :
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One can see that the wholedf the sample are used and that the sum of the@efficient equal 1.

We made a kind of numerical qualification of thigthhod through Monte Carlo simulation, which conelddhat
with sample of a least 300 points, the method hbstter convergence than the interpolation onet ith with a
fewer standard deviation. It has to be noticed thatgain, although existing, is not great as ome expected
regarding the complexity of the formula.

Finally, in this study, regarding the computatidrttee 90% confidence interval, we used resamplauipriiques by
redoing several times the quantile estimation,ssm#ave the distribution of the 99% quantile.

3 b - Statistical conver gence of the Radio Sounding measurement of one month

In order to estimate if the number of RS of one thaa sufficient to represent the limit wind anddampute the
limit angle of attack, we quantified the effecttbk number of wind, working with RS only (in ordeot to be

perturbed by mesoscale profiles, the convergendbeoimesoscale profiles is treated paragraph 3€).u¢é the
whole database as a reference point with the hggithhat there are enough RS in order to haveeeoged value
at 99%.

For the wind speed and for the gradient of 1 kmcammpared the limit values calculated with diffdaranmber of

winds (each wind being randomly chosen in the widakabase). To be independent of the sample, vierperd the

calculation 1000 times and evaluated the valuesspanding to a level of confidence of 90%.

The comparison of the winds (paragraph 4a) is déithito speed and gradient. The comparison in terengfe of

attack allows to validate the effect of the windstbe launcher (including integration effects amgersion effects)
but also the whole simulation (control law, simatat...). That is why we also performed the same @amispn in

term of angle of attack with Ariane 5 simulations.

The result of the analysis of the winds was theesasithat of the angle of attack. We found that,6f0 winds

(number corresponding to one month), a margin batwe and 10% (depending on altitude, axis, etc...3trba

taken in order to assure dimensioning values takitmaccount the level of confidence (see figuréod the result
of one sample). In other words, this margin cotkeesrisk to underestimate the limit angle of attbekause of non-
sufficient statistical convergence. In figure 4e thegative values are used to define the margiausecthey
correspond to the risk to under-estimate the refax@alue.

0 600 2000 3800 5000 72

Figure 4 : Maximal difference (in %) with the refece value (7322 winds) in term of limit angle tthek
as a function of number of winds for both statatimethods
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The best statistical method is the HDQE, but therpolation one increased of some percent onlyrthigin to be
taken.

To confirm the convergence, we also verified trabidity of the results by shifting the month defions of some
days. We calculated the limit values for each mdmhinning the first of each calendar month andcsetl the
maximum on the year. The results with a shift oR21or 3 weeks are, of course, different for eacmtmgwe
changed one fourth of the winds) but equivalentierenvelop on the year.

The convergence of the database was demonstratiiskstability and by the fact that the margirattd in order to
ensure the level of confidence is rather low andld/mot decrease a lot if we increase the numbevindl in a
month. We considered then that the number of wiodeach month is sufficient to represent the migntyinds in

French Guyana.

3 ¢ - Number of mesoscale profilesto use

We put also into question the best number of medegwrofiles to combine with RS. For one month,imeeased
the number of mesoscale profiles until 56. Witht thamber of combination, wind speed, gradient anglea of
attack calculated for Ariane 5 are stable in tefmumnber of combination for both statistical method
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Figure 5 : Maximal difference (in %) with the reface value (32 mesoscale profiles)
in term of limit angle of attack as a function ofmber of mesoscale profiles

The figure 5 shows that 2 combinations are necessad sufficient to guarantee a good precision \gitlittle
margin. We calculated the margin to take for 90%ewél of confidence with a large number (1000)safmple of 2
mesoscale profiles. We obtain margins between 3H&hdrhis result is almost the same for both dteséismethods,
HDQE being slightly better.

4. Validation of the new database by comparison with experience

4 a- Validation of the database by comparison with winds measured

We explained at paragraph 2.1 that each VRC ig foin a RS measured at Rochambeau (around 100dim f
Centre Spatial Guyanais or CSG), at Oh TU or 12hvith wavelength higher than 500 m extended tor3®ith
mesoscale. Those three characteristics are thezatiffes with the wind that will be met by the lgharc

To verify the validity of the model, we comparedwith the winds measured after each flight. Thosedw are
measured at CSG, at hours of flights and with vength higher than 200-450 m for Ariane 4 and Ari&éne
measurements with Totex balloon (called RS4). Asrttodel of winds contain wavelength till 30 m, vileefed
those winds in order to be consistent with the Jemgth of the measured one. There are only 125 smineasured
after flight as RS4, this low number induces areon the comparison (lack of convergence).

Firstly, we compared qualitatively the wind measuadéter each flight with the VRC built from RS maeed just
before and just after it (see the example figure )e winds are well correlated and the differenbetveen
Rochambeau and CSG winds are of the same orderaghitnde as the differences between both Rochambeau
winds.
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—— R84 V142 —— R84 V142
——— 1200712001 & 12h ——— 1200712001 & 12h
——— 130072001 & 00h ——— 130072001 & 00h
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Figure 6 : comparison of one wind measured at C&8@&beoth winds before and after at Rochambeau
zonal (a) and meridian (b) wind speed (m/s) vsualé (10000m)

Secondly, we checked that the extreme values ofl wieasured after flights rarely overpassed the Malues of
wind characteristics.

Thirdly, we compared the mean of the 125 winds wulith mean given by the model in term of wind spaed
gradient (Figure 7). As the precision of the 12baswveen 200 m and 450 m, we filtered the windthefmodel at
100 m and 500 m.

—— RG4A5 & REAL
——WRC100-2
—WRCE00-2

— RS4A5 & R5A4
—— WRC 1002
— WRC 8002

(a) (b)
Figure 7 : comparison of the mean of the 125 wmdasured at CSG
with mean of the model filtered at 100 m and 500 m
in term of wind speed (m/s) (a) and gradient ofrl(kn/s/1000m) (b) vs altitude (10000m)

Despite the slight higher values of the CSG wintdfew altitude, mainly due to the low number of dianalysed,
we considered that the model of the VRC is consisti¢h measurements and so that it is validated.

4 b - Angle of attack

The 27 flights of Ariane 5 that were launched at Itleginning of this study correspond to differemrtfigurations of
the launcher (new upper stage vs former one, heigite fairing, masses of the satellites, trajeetn..). So as not
to disturb the results by those differences in@hglangle of attack, we carried out two steps.

Firstly, we calculated the angles of attack wite #Y winds measured just after the flights with coefiguration of
the simulator (ASECA GTO), we will call them “angté attack calculated with observed winds” or meirply
pseudo-real angle of attack. We compared themet@tiyle of attack observed by the launcher, windibgl. The
comparison is illustrated figure 8 with the meand the standard deviations. The differences ardl sma allow to
conclude that the simulation is valid, and thateffect of the configuration is statistically loWhat is to say that it

is acceptable to perform the analysis with only a@oafiguration of launcher and to extrapolate tomage
conclusion.

0,5 :;. 1,5 é 25 0,5 :‘L 115 2‘ 25
(a) (b)
Figure 8 : mean (a) and standard deviation (bhefitseudo-real angles of attack (in orange)
compared to those of the observed one (in blueMésh number)

Secondly, we calculated the angles of attack fr@mvinds chosen randomly from the database (comsigti¢h the
periods corresponding to flights). We performedséh27 simulations 1000 times. For each range of Inkaltitude
or for each range of 0.1 Mach number, we obtaingi@tistical repartition function. For each range,have then the
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probability that the set of the 27 pseudo-real engff attack had occurred, according to our m¢si#el the example
figure 9). This analysis was performed for the maad the standard deviation (27 flights being nifigent to
have a precise 99% value) and for each range of ihlaltitude.
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Figure 9 : example of a repartition function (bleéthe mean angle of attack and
comparison with observation (red)
Probability vs angle of attack for one range dfadie

The results for all the ranges of altitude are espnted figure 10 for the mean of the 27 sampliggiré 10-a
illustrates the repartition of the ranges in terfndifference with the median of the model. FigufeHlLillustrates the
same result but in term of range of probabilitystitows that the model fits with a good level of fatence with
observation :
- in terms of difference with the median :
- the distribution is symmetric about 0,
- the maximal differences are low in term of &gl attack (around 15%),
- the highest density is close to O,
- in terms of probability :
- there are no extreme values in term of probgb{ldl the values are inside the range [0.01 ;
0.99)),
- there is an equirepartition.
For the standard deviation, the result is a bitaxdispersed but also consistent.

7 = - 7 T

(b)

Figure 10 : repartition of the ranges of altitudedrm of distance between the mean
pseudo-real angle of attack and the median of tkennof the model in % (a)
and in term of probability according to the mod®| (

These results confirmed that the model of windsddrrectly with experience.
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5. Application to Ariane 5 ECA

The former paragraph described a new database,awithw statistical method. This new model has el for

ASECA to be compared with qualification loop. Thesult corresponded to what was expected. The iserefthe

number of winds smoothed the curves of angle acktas a function of altitude, so this curve desedavere there
were peaks and increased were there were holes.

Finally, the local small increase are covered bygina and the qualification was confirmed. The ab¢his new

database improved the robustness of the qualificati the launcher.

6. Conclusion

The real winds database has been enriched in @odénprove the statistical model of the French Guaya
atmosphere. This model was validated in terms afdgiand in term of angle of attack on Ariane Se@ffof the
winds). Validation of the statistical representatigss of the wind database was achieved by intirgglgmall factor
to guarantee the required 90% level of confideddeen a second validation was achieved by compaitieg
statistical prediction of the model with the datdhe first 27 Ariane 5 flights :

« The measured winds after the flights are statibficansistent with the model.

« The angles of attack in flight are also statisljcabnsistent with simulated data obtained with tiad

database.

The qualification of Ariane 5 was confirmed withetmew wind database that improved the robustnegheof
qualification of Ariane 5.

The new database can be used for new trajectaridsla qualification of Ariane 5 if necessary, lalgo for other
spacecrafts launched from French Guyana like SagdzVega.
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