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Abstract

Recent investigations have been performed on fuligngd propellant upper stages to increase
launcher performance. One option aims at improtiegefficiency of loaded propellant consumption
through in-flight mixture ratio (MR) managementgthbjective being to reduce as much as possible
the part of propellant reserve induced by non-sytrioa depletion of the propellant species. In this
paper, an algorithm is presented that enablesaptatie MR during flight in order to compensate the
effects of an initial off-nominal MR on propellamonsumption and reduce statistical unburnt
propellant mass, using only punctual in-flight lesensors.

1. Introduction

For a given mission, a launcher is operated tolrahe targeted orbit with a specified minimum probgy.
Assuming an upper stage equipped with a liquid @itapt engine, an amount of the loaded propellassrof this
upper stage called the “propellant reserve” hasetsaved so as to meet this requirement since heaparameters
that have an impact on launcher performance casligbtly off-nominal during flight (i.e. the valuesf these
parameters can be slightly different than the mtedi ones). Nevertheless, this propellant resesve shortfall
regarding launcher performance, which justifiesréeent investigations on propellant reserve reédoct

Among these launcher parameters, one of interefieigmixture ratio (MR) of the upper stage liquithjpellant
engine. Indeed, an off-nominal MR (assumed steaahynd the whole upper stage flight duration) leadsan
unsymmetrical tanks depletion that results in tklkeaeistion of one of the propellant species befbeedther one.
This premature exhaustion creates an unburnt gespefass that has not been consumed to produceityel
increment AV). Consequently, assuming all the other launcteameters nominal, the targeted orbit cannot be
reached because of this premature exhaustion ifropellant reserve has been saved. Therefore aopatte
propellant reserve mentioned above is due to thengial in-flight MR deviation with respect to thvalue of this
MR predicted on ground.

Recent studies have been conducted on future ugipges with enhanced capabilities with respectrévipus

designs. Among the features to be noticed is tpalulty to switch during flight from a first fulhrust regime to a
second lower thrust one. Taking benefit from trapability, the possibility to adapt the MR of thecend thrust
regime in order to compensate the effects of amoffiinal MR of the first thrust regime on propetlaansumption
is investigated.

This paper first defines the framework and the majputsand constraints of the study. Secondly, an algorith
derived which is capable of handling the availahlasurements aboard the launcher and, throughespnptess, to
define a target MR for the end of the upper stagpglled flight phase. Through this algorithmic ichahe overall
reduction of statistical unburnt propellant mastargieted. Then a modelling of launcher propeltanks depletion
is presented that includes in particular the varisources of off-nominal depletion rates in orderassess the
performance of this simple algorithm. Specific feda made on these uncertainty sources in ordeistonguish
their respective contributions to the depletioneihthe quantification of the actual launcher pantnce gain
resulting from this propellant active managememNIp process is presented assuming a typical 3-stégencher
with a cryogenic upper stage equipped with the Eemopean re-ignitable VINCI engine and a GTO missigth
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direct de-orbitation. Finally, perspectives arepmeed in order to further improve both the modgllend the
performance of this process.

2. Framework, major inputs and constraints of the tudy

2.1 Launcher and mission profile

As mentioned previously, recent studies have begfopmed on future upper stages with enlarged diiped with

respect to former European upper stages such asuthent Ariane 5 cryogenic upper stage ESC-A. Atre
enhancements to be noticed is the new Europeagnitable VINCI engine, the thrust of which is alrhtzee times
higher than the thrust of the HM7B engine used oarfe 5 ECA. Furthermore, this engine can switctinduflight

from a first full thrust regime to a second lowerust one which can be seen as an opportunityaptdd-flight the
MR of the second thrust regime in order to comptenee scatterings coming from the first part e loost.

This study is conducted on a mission profile takirmefit from the re-ignition capabilities of thdNCI engine.
This mission consists in the injection of two pads in geostationary transfer orbit (GTO) followsdthe direct
de-orbitation of the upper stage (US) after a sidliphase. The figure 1 hereunder describes tigsiom profile
with a focus on the US flight phase.
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Figure 1: Mission profile

The figure 1 presented above highlights the faat the US flight phase is composed of two diffeqgimises on both
sides of the VINCI switch date:

A first phase, before the switch date, correspdads VINCI first full thrust regime with a given MRt is

here designated as “measurement phase” since reezuts aboard the launcher are processed so as to

estimate the in-flight MR deviation with respectie value of this MR predicted on ground.

At the switch date, the VINCI engine instantanepushitches to a second lower thrust regime with a

different MR, the value of which is adjusted thrbugn algorithmic chain in order to compensate the
potential in-flight MR deviation observed duringetineasurement phase. Hence, the second phaskd cal

“the correction phase”.



2.2 The two VINCI thrust regimes

In this study, it is assumed that VINCI thrust ragiswitch occurs at a fixed date with respect tolK2e. with

respect to the VINCI ignition date for the first B8ost). In other words, no in-flight adaptatiorttit switch date is
foreseen in the frame of this study. Therefore,ahly way available to compensate the first phase déviation is
to adapt the MR of the VINCI second thrust regiievertheless, the adaptation range is limited tex#we value
of the second thrust regime MR must remain ingigequalified domain of the VINCI engine. This ighlighted in

the figure 2 hereunder describing the VINCI MR eXigin with respect to time in US flight phase.
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Figure 2: VINCI MR evolution with respect to time US flight phase

On figure 2 are represented the main variablestefést involved in the PAM process investigatethia study:

In red colour, are represented the boundaries@MINCI qualified domain in terms of MR. In order t
cope with in-flight MR scatterings, the tuning rangf VINCI MR is necessarily narrower than the dfied
domain.

In black, the solid line represents the nominal NdRedicted and tuned on ground for a given flightis
MR can be chosen in the tuning range representebtied line in order to optimize propellant loaghn
with respect to the mission profile and targetathther performance.

The MR in-flight value, here represented in purpldl, be slightly different from the one predictbécause

of scatterings. Before switch date, this MR is tiree to be estimated through the measurement and
algorithmic chain of the PAM process.

Based on this estimation, the target MR of the VIM&cond thrust regime represented in yellow colsur
computed by the algorithmic chain in order to miizienunburnt propellant mass. Nonetheless, as for th
VINCI first thrust regime, the MR of the secondustr regime is also scattered because of the régulat
valve position uncertainty. This scattered MR whishthe one achieved in flight when PAM process is
implemented is represented in blue.
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In addition to the different aforementioned varesbbf interest, equation (1) defines the mean M& dive whole
US flight steady state phase, which is the keyaldei that is used to assess the impact on lauparrmance of
the PAM process investigated in this study. Inded; variable alone represents the ratio in whpcbpellant
species are consumed and its scattering is ussitdathe part of propellant reserve induced by symmetrical
depletion of the propellant species.

Where:

142 2 2 )
R= MiLoOx - Min2 MR+ M2 MR _ miiox + Miox

2 2 - 2
Mih 2 M2+ Mok 2 Miox + Miox
2
MR MR

W? is the mean MR over the whole US flight steadesphase;

|\/|R1 is the mixture ratio of the VINCI first thrust riege;

MR2 is the mixture ratio of the VINCI second thrusgirae;

mie, is the LOx mass consumed during the whole US fflsgéady state phase;

mii2, is the LH2 mass consumed during the whole US tfigady state phase;

Miox is the LOX mass consumed in steady state befaitelsdate, that is to say the LOx mass consumed

in steady state when VINCI thrust regime is thstfime;

Mioy IS the LOXx mass consumed in steady state aftaciswate, that is to say the LOx mass consumed in

steady state when VINCI thrust regime is the seaore]

Min is the LH2 mass consumed in steady state befaitetsdate, that is to say the LH2 mass consumed

in steady state when VINCI thrust regime is thstfime;

Miy» is the LH2 mass consumed in steady state aftéciswiate, that is to say the LH2 mass consumed in

steady state when VINCI thrust regime is the seaorel

2.3 Propellant reserve and PAM principle

)

In this section, we discuss the general princiglthe PAM algorithm and more specifically the vaties that are
targeted by the algorithm. Figure 3 details thetigountors of the propellant budget, highlightings tbne of interest in
the frame of this study:

1 Transients (start-up and shut-down) and

- Propellant reserve

| Nominally consumed propellant
over the whole US flight steady state phase

non propulsive propellant (chill-down, purge, tap-of, boil-off etc...)

Figure 3: Schematic representation of an uppeedtqgid propellant tank



As mentioned previously, for a given mission, antzher is operated to reach the targeted orbit wigpecified
minimum probability. Due to in-flight scatteringsn amount of the US loaded propellant mass, cétiegropellant
reserve, has to be saved so as to meet this rewpnteIndeed, launcher trajectory, external envirent as well as
launcher parameters such as US dry mass and prapplarameters or previous flight phases parametnsbe
slightly different in-flight than the predicted anen ground. Reduction of these scatterings inetsaged in the
frame of the present work since they do not leddrige unsymmetrical tanks depletion i.e. to MRsbia

In fact, the main parameters of interest with respe the objective of the PAM process investigatethis study
are:

- Direct MR scatterings of the VINCI engine (not oifdy the first thrust regime but also for the setone),
because they — logically — induce an asymmetrieplation that the PAM algorithm will manage.

- Uncertainties of US LOx and LH2 loadings becauss thiso induce a bias of the mean MR to target over
the whole US flight steady state phase. Indeed,unterstands that with a nominal MR and off-nominal
loadings there will be unburnt propellants so t@tversely an in-flight modification of the MR iequired
to minimize unburnt propellant mass. The fact tfM principle is based on propellant level
measurements will also help compensating US LOxLai®l loadings uncertainties.

The PAM process investigated in this study aimdeaireasing the scattering of the mean MR over thelevUS
flight steady state phase through measurement eofattual MR of the VINCI first thrust regime andfiight
adaptation of the MR of the VINCI second thrustimgsgy

3. Algorithmic chain and tank modelling

The previous sections introduced the major contitsuto the upper stage propellant reserve, thttinguforward

which one could be reduced through the use of fleosgenanagement chain. The goal of this sectido [gresent an
algorithm capable of handling the information pdmd by tank sensors and, through simple procesdefioe a
target MR for the end of the US propelled flightaph. It is useful to recall here the two major agsions

underlying the work presented here: first the aantf the engine MR only (with respect to a direottrol of mass
flow rate for instance), second the fixed switckedat which the MR would be modified.

This framework being set, one first has to defit@tinformation is available on board so as to tifiethe possible
data processing that can be implemented in a MRagement algorithm. Then, the performances of suth a
algorithm are to be assessed, which will requiracalelling of the actual tanks depletion during Htigtaking into
account the various sources of uncertainties affg¢he whole system.

With respect to the sensors available in the tankassumption has been made that only punctudldewmsors can
be used. This might be conservative with respeathat is available at the best, but would thus e\ first
assessment of what can be achieved in terms ahithiemum performance gain expected. Level sensonsidered
here are to be seen as discrete indicator, sahhatignal will typically be either 1 (resp. 0)time presence (resp.
absence) of liquid in front of the sensor. Raw measient provided by the sensors is a liquid levehsurement,
and not directly a mass measurement that wouldub@rimary variable of interest. Furthermore, ia&sumed in the
following study that only one measurement is awddan-flight, located somewhere in the tank insike fill level
range of the VINCI first thrust regime. The overatleasurement setup described in here has actuady b
constrained by an existing tank definition.

As mentioned in section 2.3, the objective of theMPprocess investigated in this study being to ownthe mean
MR during the flight, the crucial information toV®at disposal is the actual propellant mass rengin each tank
at the thrust regime switch date, which coincidé whe instant at which a control on the MR valseuthorized.
Indeed, such information would allow defining withdR is to be targeted in the subsequent flight phasader to
minimize the unburnt propellant mass resulting fidiR deviations. However, since level sensors arefual, they
cannot perform in practice a measurement at the dfthe thrust switch — in particular due to theertainties
affecting the depletion level at this date. Morao\a certain range of mission implying various ialitpropellant
loadings is to be covered by the launcher undesideration, so that for a given switch date thdditel in a given
tank will vary from one mission to another. All @l, it has been considered that the propellargllevformation at
the switch date was not available, so that it lealolet reconstructed from in-flight measurements.
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The actual extrapolation procedure used in thidysisi fairly simple. Starting from:

A

|\7| Towitch — M Tmeas™ Q(T switch — T meag (2)

WhereMrguitch iS the remaining mass in tank at the switch dateet estimatedylasthe remaining mass in tank at
the measurement da®,the mass flow rate (assumed steady during eaobktthegime steady state) to be estimated
t00, Tswiteh the switch date and,..sthe measurement date, one has to put forward aetréngs. First, in this
equation, the only real measurement is Theg,s because during the flight, the information prodday the level
sensors will indeed be the date at which theiustahanges from 1 to 0. For the other variables:

*  The masdMmmeascorresponding to the sensed level will be deteehioff-line using typically nominal tanks
and propellants characteristics. It will thus bgargled as an uncertain parameter since it willlylikee
different in-flight from its predicted value.

e The mass flow rat® would have to be estimated through another mamsarg basically the same formula
as (2) but with a predefined initial mads; s corresponding to the forecasted masga which is the date
of the beginning of the VINCI full thrust regimeeatly state. The mass flow rate estimation thusrbesp

(’j:MMLMTm%S (3)

T meas™ T mis
WhereT,esStill is the measurement date, i.e. the instamttath the level sensors status changes from 1 to 0

From there an estimation of the remaining massvictls date can be drawn, which is the basic infaromaallowing
the in-flight determination of the MR to be targkfier the VINCI second thrust regime. Indeed, cdesng that a
given amount of each propellant species is nonmjirtalirnt during the flight, one can define the MRtta second
thrust regime that would lead to the desired comdion and thus cancel the effect of a first thmesfime MR
deviation. LetMREF, be this reference consumption for the speciesVill, be the off-line forecasted initial mass of
species “i” andV§ be the in-flight estimated mass at switch datsp#cies “i”, then the target MR of the VINCI
second thrust regime to cancel a first thrust regiutiR deviation can be defined as follows:

> _ MREFLox— (M Oox— |\7|SL0x)
MRtarget - ~
MREF.H2— (M OtH2~ MSp 2)

(4)

Formula (4) can be seen as the output of the PAlMrahm. Another post-treatment can still be neagssvhich
consists in a saturation of the commanded MR irotd be compatible with the actual tuning rangesttent with
the VINCI qualified domain. Finally, in-flight bekimur of this PAM algorithm is described by figute
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Figure 4: In-flight behaviour of the PAM algorithm

The performance of this simple algorithm is thenb® assessed by simulating its behaviour in frdna tanks
depletion model that takes into account variougeaiof discrepancies between what is nominallysoneal in-
flight by the algorithm and what would be actuadlycountered in-flight. For this purpose, detaileeestigations on
the potential sources of in-flight uncertaintiesddeen done, that put forward the major inputedihereafter:

Tank geometry is subject to uncertainties assati@téts manufacturing and thermal environment;
Propellant characteristics also vary in functiorthedir conditioning at lift-off (e.g. temperaturajd of its
evolution during the flight phases that precedelBeflight phase of interest;

Measurements are not perfect, mainly for two reastire level sensors might not have been positiated
the exact location on the tank wall as foreseem(ifecturing & assembly accuracy) and moreover rthei
signals can be affected by noises and bias that@dlight corruption of the raw information;

Initial tank loading at lift-off is not perfectlyrpdictable as on one hand the filling sensors laesabject to
uncertainties and on the other hand, the fillinglesystems necessarily have limited accuracy;

Engine global mass flow rate and MR are of courgeperfectly known for each regime.

All these contributors lead to modifications orheit the time duration separating the beginninghef YINCI full
thrust regime steady state from the instant at wttie level sensor is reached or the actual massessponding to
a given in-flight level. To be noted that some loége uncertainties have been assumed as corréketiwden the
beginning and the end of the flight (typically ttek geometry uncertainties), while others are (fmt instance
measurement scatterings). Finally, these diffeirgmnits have been modelled as Gaussian variablesiar to allow
for statistics post-treatment (see section 4).
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From all these data it is then possible to defareefich species, the actual time inteabetween the beginning of
the VINCI full thrust regime steady state and theasurement date that will be measured by the #hgorand fed
into mass flow rate estimation process and subselyue MR targeting process, that is :

- MO ~MI
Qreal
With MO, the actual initial mass at the beginning of th&l®I full thrust regime steady statill; the actual mass

that will be measured taking into account all tineartainties listed here above, a@d, the actual mass flow rate
for the species “i” considered.

At (5)

Adding to this modelling a final scattering relatiedthe accuracy of the MR valve in response toR dédmmand
coming from the algorithm provides a simulator reseey to derive performance evaluation. For thigopse,
thousands of Monte-Carlo are drawn in order to sssséatistical mean MR with PAM and compare ithe tase
without PAM. This is addressed in the following tsea.



4. Launcher performance gain

The launcher performance gain resulting from thplémentation of the PAM process investigated irs tudy
depends on the following parameters:

The switch date: in this study, it is assumed W&LCI thrust regime switch occurs at a fixed datghw
respect to K2.1. It is recalled that the only waycontrol the mean MR is therefore to adapt the dfifhe
VINCI second thrust regime. Another option wouldéed be to adapt the switch date in order to eixiei
fact that each thrust regime has a different MRictvlallows to consider the switch date as a comntand
the mean MR. Alternatively, the switch date adaptatould be used to cope with saturation of treosd
thrust regime MR.

The MR scattering of the VINCI first thrust reginthis is the deviation to be estimated and cortecte

The MR scattering of the VINCI second thrust regithés is the accuracy of the actuator which isshbe
MR regulation valve.

The relation between the scatterings of both VINiGt and second thrust regimes: in this studyséhe
scatterings are assumed to be independent, whighieenthat the only MR deviation that can be
compensated is the one estimated during the measuatephase. It is important to precise that this
assumption leads to the minimization of the laungeeformance gain.

The range of MR that can be targeted for the VIN@tond thrust regime: this range is necessarily
constrained in order to ensure that, despite soajte the achieved MR always remains inside thadified
domain of the VINCI engine.

The accuracy of the whole measurement and algoiGtiomain, that is to say the accuracy of both MR
deviation estimation based on measurements andatimm computation.

As mentioned previously, the key parameter thaisid to evaluate this performance gain is the nvRrover the
whole US flight steady state phase and especiallgdattering which has an impact on the part opgltant reserve
induced by non-symmetrical depletion of the pragrglispecies. Therefore, a Monte-Carlo analysieifopmed to
evaluate the scattering of the mean MR over thelevbis flight steady state phase with and withouflight MR
adaptation and the performance gain is finally ss=@ through the comparison between statisticalranipropellant
mass with and without in-flight MR adaptation. Thigthod is schematically described in the figubebw.

Nominally consumed Uncertainties of LOx Scattered MR
propellant in steady state and LH2 loadings of first thrust regime
Scattered MR Scattered MR
of second thrust regime of second thrust regime
without PAM process achieved by PAM process
woPAM ——wPAM
Rriighe MR ¢iighe
(simulated mean MR in flight (simulated mean MR in flight

without PAM process) with PAM process)

J— l ' O-HPAM ()'WPA M
MR optimum MR MR

(minimizing unburnt propellant mass)

Figure 5: Method used to evaluate the performaaie g
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Considering the application case mentioned in duobion, first a test case is run without any utaiaty except for
the one of the VINCI first thrust regime MR leaditogthe following results:

WPAM
MR
the adaptation of the VINCI second thrust regime MRssumed totally free. This enables to check tha
PAM algorithm finds the optimal solution in terméraean MR if its measurements and action means are
perfect.

When limiting the reachable range of the secondsthregime MR (typically using a saturation), omal$

that g3 is already non null which proves that, for the stitlate assumed in this study, the actual

It is checked that using the PAM algorithm, theuatmean MR dispersiogr is reduced to zero when

control range of the second MR is not wide enowgbé able to correct any kind of first thrust regiMR
scattering.

Second, the complete case taking into accounnaktainties is performed leading to the followregults:

It is checked that theVRygy  and MRy distributions are both centred on the averagehef t

quptimum distribution, which is consistent with the Gauasssumption of variables.

Then, it is observed thagir " < gy " leading to a performance gain of about a few dszeh
kilograms which depends on the assumptions of shisly such as the independence between the MR
scatterings of both VINCI first and second thrgsgimes.

Eventually, this performance gain is slightly geraivhen the adaptation of the VINCI second thregime

MR is assumed totally free.

Third, an additional case is performed in ordeanalyse the impact on the performance gain of erease of the
MR scattering of the first thrust regime. The caisabn of this last case is that the performanca gagreater when
this scattering is bigger. Therefore, for a givauaricher, the interest of this PAM process may @deerafter several
flights if post-flight investigations lead to reduengine MR uncertainties; however, this PAM precesn also be
considered as a way to reduce development riskardag ground/flight MR scattering requirement ahdis
regarding launcher performance requirement.
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5. Conclusion

Recent investigations have been performed on futymger stages with enhanced capabilities with @spe
previous designs. Among the improvements to becedtis the new European re-ignitable VINCI engirreclv can
switch during flight between two thrust regimescdllateral benefit from this feature is the oppaityito adapt in-
flight the engine mixture ratio (MR) at switch date order to compensate the effects of an off-mainMR of the
first thrust regime on propellant consumption. Agellant active management (PAM) algorithm makirsg wf
measurements aboard the launcher for computindjgintfthe MR of the second thrust regime has thasnb
investigated, with the objective of reducing unbiyropellant mass and thus increasing launcheopagnce.

More specifically, this PAM process aims at dedregashe scattering of the mean MR over the whole flitht

steady state phase. Its principle is based on pampdevel measurements on board, which also alibiw PAM

process to partly bring compensation of US LOx bhi? loadings uncertainties. Investigations perfodnos this
PAM process confirmed that its implementation cordduce statistical unburnt propellant mass and thcarease
launcher performance through the reduction of the pf propellant reserve induced by non-symmetdegletion
of the propellant species. This performance gais assessed to be about a few dozens of kilograpending on
the assumptions of this study, which is attractiwewing that these assumptions, especially thepedéence
between the MR scatterings of both VINCI first asetond thrust regimes as well as the low MR scatfesf the
VINCI first thrust regime, lead to the minimizatiofthe launcher performance gain brought by surchlgorithm.

Even if, for a given launcher, the performance ga&isulting from the implementation of this PAM pess may
decrease after several flights if post-flight inugstions lead to reduce engine MR uncertaintieis, PAM process
can be considered as a way to reduce developnsistregarding ground/flight MR scattering requiretmend thus
regarding launcher performance requirement.

Further investigations are currently performed sdaimprove both the modelling (sloshing modes agament,
relation between the scatterings of both VINCItfasd second thrust regimes, etc.) and the perimcenéseveral
measurement/correction loops instead of one, tuofngass flow rate to also reduce the mass floa sattering in
addition to the MR scattering, etc.) of this PAMbpess.
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