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1.1 Scope othe document

This report representthe finaldeliverable(D-4.3) of the HelicoptelVortexRingState Experimental Research
project (EASA.2022.C1T)he research was conducted by ONERA and supervised by EASA. The flight test
campaign was performed by the Direction Générale de I'Armemé&ssais en Vol (D&). This document

adds to theVRS knowledge Report already issued in the frame of the same research project (refélence

The objective of this document is tlescribe the flight test campaign realized in the framework of this project,
to detailthe analyseperformed onthe flight test data (flight parameters and vibration measurements when
available) andhe investigations done on numerical VRS models.

Thisfinal report is issued at completion of the entire research programme, in which all the available results of
the study as well as conclusions and recommendations are made. In partfoultire test helicopters, this
final report addresssthe following:
1 VRS flightdomain determination and study of theVRS characteristics and associated influencing
parameters
1 comparison of the results with available predictions obtained with analytical and simulation methods; and
1 evaluation of the effectiveness of the ¢bard VRS recovery manoeuemnpared to thdorwardrecovery
for the used helicopter typefprecise definitions of both manoeuvres will be given)

It is important to highlight that, despite not foreseen in the initial research tender specificaicomparison
between the Vuichard recovery technique and the recovery technique defined by the helicopter manufacturer
was performedn order to provide a baseline for future similar evaluations on other aircraft/rotor design

1.2Limits

Flight testsremain essential to better understand all the mechanisms involved in VRS generation and the
evaluation of recovery techniques, but VRS flight tests are very demanding in terms of instrumentation,
competencesand costs.

Unfortunately, the scope of the work cannio¢ infinite in the framework of a project, as well as the number of
flights and helicopter types. ONERA, BIBAand EASA were fully aware that the analyses performed in the
framework of this current research project would be based on a relatively low nuwitiights and on only

two helicopterstypeswith similar rotor systems.

Besides the limited vibration measuremer{teree 3axis accelerometers integrated during five of the eight
flights), the test helicopters were not provided withny instrumentationto measure loads and strains on
structural elements Therefore, the effect of the VRS on the helicopter structure and parts has not been
investigated.

Finally althougha quite large number of test runs were nevertheless performed, a limited number v&s0s

and fight test cases were investigated

Thereforethe results of this project have to be considered with regards to these limits.
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2.Ct A0 YLB & EBY a

2.1Summary

The purposes of this study were t@lidatethe prediction of theVRS domaiy using the ONER&iteria
detailed in referencd5] and to compare thdorward recovery method (forward motion) with the recovery
method suggested by M. Claude Vuichard (lateral motion).

The test campaign included 4 tests flights oAiebus HelicoptersFennec AS5502 (he[eaﬁer only named .
a C Sy yaadXétais flights on airbus Helicopter®auphin SA3650 K SNE I T U SNJ 2 y f avithy | YSF
a total of 22%est pointsperformed.

Out of tpelOS anne¢e§t poin'gs a total Aof 80 valid rung/ere eproited,'irchuding {fbrward recovg:ries, 33V A
+dzA OKIF NR NBO2USNASAZ YR 1T aAYOSNASREé +dzA OKIF NR NB
Out of the 124 Dauphin runs, a’tqtal of A97v valid runs were explgited, iqclydih@@vard rgcoveries, B

Vuichard recoveries, aritld A Y S NR SR¢ +dzA OKIF NR NBO2JSNASao®

The Fennec flights were performed between 21/11/2023 and 15/12/2023 with a crew of 4, with a helicopter
weight between 1970 kg and 2150 kg.

The Dauphin flights were performed between 20/12/2028d 03/04/2024 with a crew of 3 to 4, with a
helicopter weight between 3000 kg and 3465 kg.

Hover and translation at low airspeed were achieved using the aircraft flight test instrumentation (VIMI
system).

The observed VRS domain madsthe predicted ONERdomain.

In the test conditions, and even when trying to standardize the VRS entries and recoveries, an important
dispersion vas observed on the height loaad recovery time for the Fennend the Dauphin

For both recovery methods, a number iofluencing parameters affect the performance, notably the initial
vertical speed, the average torque applied during the recovery, and the initial horizontal speed, although their
effects tend to be less clear on Dauphin than on Fennec due to a highé¢mdspersion.

When considering these effects, performance in term of height loss and recovery time are similar between
Vuichard andorward recoveries on both helicoptersvith the exception of recoveries at the onset on Fennec
where Vuichard recoveries sl slightly better performance.

On Fennec,he torque applied has a clear positive effect on the height lostferard recoveies, and can be
directly controlled by the pilot. Therefore, on Fennec helicopteisrecommendedo apply all theavailable
power duringa forward recovery when a VRS occurs close to the ground.

On both helicopters, the pilot workload was judged low to mediunfoimvard recoveries, with pilot inputs
mostly observed on the longitudinal cyclic after an initial action on theecole. The workload was judged

high in Vuichard recoveries.

On Fennec, during Vuichard recoveries, inputs were observed on both ayelcon the collective while
monitoring the power, and on the foot pedals to try to maintain heading, with a nose ¢aseasiticeffect in

the second part of the recovery. The variations observed from one Vuichard recovery to another, even for
similar sets of entry conditions, did not allow the pilots to usefully anticipate the required actions.

On Dauphin, during Vuichdrrecoveres, after an initial and voluntary action on the lateral cyclic, on the
collective and on the foot pedal to start the translation while maintaining the heading, the pilot had to act
quickly on all the controls to compensate a successigraddstic effects, while carefully monitoring theower
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to avoid limitations exceedanceSince delaying the power increase at the end of the translation significantly
reduces both the workload and the risk etceedindimitations without significantly degradim the recovery
performance,it is recommendedo apply the Vuichard recovery method on a Dauphin only fibravard
recovery is unadvisable (due to the presence of obstacles in the forward sector for example), and to delay the
power increase after the endfdhe lateral translation, once the rotor is back to an horizontal position.

On both helicopters, the Vuichard recoveries were also overall judged less intuitivéotiaand recoveriesy

the test pilots, who are trained to regain speed by moving forwardase of failure occurring in hoverand

less comfortable due to the sudden attitude changes often experienced especially on the Dauphin.

These assessments did not change with the increased familiarity with the method over the course of the test
campaign. Additionally, in operational conditions and with normal piloting skills, there would be a eskeed

the aircraft power limitations during a Vuichard recovery on both helicopters.

Additional test runs would be recommended to perform a comples¢ametric study to confirm the list of
influencing parameters and quantify their effect on the recoveries performance.

2.2 Test objectives

The two objectives of the flight test campaign were the following:

1 to experimentally determine as precisely as possib&eftight conditions at which the VRS starts to develop
on the defined test points;

1 to experimentally evaluate the effectiveness of the Vuichard recovery technique in comparison to the
forward one. The evaluation criteria selected were the recovery perforaedefinedin terms of height
loss and time to recoveryWhile not properly considered as performance criteria, the ease of the
manoeuvre along with the pilot workload were evaluated.

These objectives were fulfilled on the 2 helicopter types used ddniaflight test campaign: AS5802 Fennec

and SA365N Dauphin.

The role of DGAV was to issue a consolidated judgement regarding the effectiveness of the Vuichard recovery
method, taking into account basic metrics for the recoveeyformancel Yy R (KBl @AAAX G ¢ 2F
08 |y Gl @SNY3IS alAfft SR LI andlyseédhefedtkasulid (iacKiding Sikight@at LIG S NJ
reports, the raw data from the flight test installations, and the raw data from the additional vibration
measuremats) in order to clearly identify VRS entries and exits, and to evaluate more accurately the
performanceof each recoverymanoeuvrethanks to an objective analysis of the flight parameters and all
available data.

Based on the Fennec and Dauphin flight regtorts written by DGA=Vand the analysis of the flight test data

by ONERAhis final report iconcatenating all the flight test results.
2.3 Description of helicopters and Flight Test Instrumentation

2.3.1 Fennec AS5502

The helicopter under test during tHest part of the test campaign was a Fennec AS82Qn°2803).

The Fennec helicopter is the French military version of the civilian Ecureuil (Squirrel).

The AS550U2 is a ligiveight single engine helicopter with a Maximum Take Off Weight of 2250kdittéds
with a single ARIEL 1D1 engine.

The helicopter is equipped with al8ades STARFLEX® main rokdaif rotor diameter=10.69m) and a
conventional twinblades teetering tail rotorTail rotor dianeter=1.86m).
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2.3.2 Dauphin SA365N

The helicopter type undetest during the second part of the test campaign was a Dauphin SA365N (two
helicopters were used: Dauphin SA365N n°6116 and Dauphin SA365N n°6111).

The Dauphin SA365N is a mediamight twinengine helicopter with a Maximum Tak&f Weight of 4000kg.

It isfitted with two ARIEL 1C engines.

The helicopter is equipped with a 4 blades STARFLEX® mair(Maiar rotor dianeter=11.93m)and a
Fenestron® tail rotor.

Due to the availability of the aircraft fleet, the harmonization flights and the first test fligie performed on
Dauphin n°6116, and the three other test flights were performed on Dauphin n°6111.

Both helicopters used were in a similar configuration, with a small difference of the empty weight (2620 kg for
n°6116, 2495 kg for n°6111).

2.3.3 Flight Test Istrumentation

Theprototype aircraft were equipped with Blight Test Instrumentation (FTitstalled by DGAV. In addition,
an optional vibrations measurement instrumentatiaras usedor Fennec flights 2, 3 and 4 and for Dauphin
flights 1 and 4).

The Hght Test Instrumentations (FTI) provides a i@k display of the flight parameters, along with a
continuous recording of the data in order to perform pdgght analyses.
The FTI contains three major parts: the sensors, the acquisition unit (usecbasentrator), and the endser
interface (either the recorder and/or the real time display system).
The following parameters are acquired either through the aircraft own instruments, or through additional FTI
sensors:
1 flight controls position before andfter autopilot actuators;
1 engine parameters: torque, power throttle and anticipator, combustion chamber input pressure, fuel
flow;
1 rotor speed and engine output shaft speed, gas generator speed, combustion chamber temperature,
attitudes and heading, radaeight;
1 specific flight test sensors or units: outside air temperature, sideslip angle, anemometric data and
inertial data.
A specific inertial GPS navigation system (SAGEM 15000) was also installed for the Fennec test flights. Thi
equipment uses an embedded GPS receiver and internal accelerometers in order to provide hybridized and
more accurate position, altitude and verticspeed.
On the Dauphin, a differential GPS installation (MiraNG) was used during the flights to provide a more accurate
position, altitude, and vertical speed.
In addition to the sensors data, all the elaborated or derived parameters computed are etsded.
The detailed list of the recorded parameters is provided in Appendix.

Based on the sensors of the Flight Test Instrumentation, the embedded PC can compute elaborated or derived
parameters to enrich the real time display system supply@sgpilot and/or flight testengineer screens.

Among these parameters, two sets were particularly useful for this test campaign: VIMI NUM and VIMI GPS
¢tKS +xLal aeadSy o0a+xAiSaasS LYRAIdzSS LI N azeérdedtoLy dS
asMalL b!a O0F2N) d+Lal bdzYSNRIdzSé0> LINPGDARSa |y Sada
the aircraft attitudes and on the cyclic stick position.

The VIMI concept is described in French patent n° 74 287 086 issued@f 2Rgust 1974. The objective of

this system is to provide the pilot with a reliable airspeed estimation when the airspeed is too low for the
anemometric sensors (below 30 kt).

The elaboration of VIMI NUM speeds involves the following steps:
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1 On the ground with the helicopter adjusted on jacks to get the rotor mast vertical, the relative
longitudinal and lateral attitudes laws of the cyclic plate are established based on the flight controls
positions after autopilot actuators. The attitudes of the helicapare also measured in this position to
get the offsets in helicopter reference frame.

1 Inflight:

o the attitudes of the helicopter are computed from the acceleration in the &dr get rid of
any latency or bias;

o0 the absolute attitudes of the cyclic platare computed thanks to the computed helicopter
attitudes and the laws established on ground to convert flight controls position into relative
cyclic plate attitudes;

o then, the absolute cyclic plate attitudes are converted into Vx and Vy based on elapisic
previously established by matching the cyclic plate attitudes with the airspeed (often obtained
through GPS speed information in an area with a known or null wind).

The VIMI NUM therefore provides an accurate estimation of low airspeeds, and hghidaht reach hover
even without external reference points.

The interface displayed to the pilot is showrFigure 21. The pilot must align the yellow cross with the center
of the screen to achieve hover out of ground effect (HOGE). VIMI is howevealiddated at EASA level for
hovering performance definition, but is for this study deemed sufficient to insure reptddecentry
conditions for VRS analysis.

O Figure2-1 VIMI NUM screen

The VIMI GP1S another system that can be used to help the pilot at low speed, but with a different working
principle.

It relies on the GPS data to accurately obtain the ground speed of the aircraft. The airspeed can then be
calculated by taking into account the logghd.

The display is similar to the one shovim Figure 21, except that the speeds displayed can be either ground
speeds or air speeds. An offsmEin also be entered by the Flight Test Engineer (Vx ref and Vy ref) so that the
pilot actually achieves amorizontal translation at the required airspeed when centering the yellow cross.

This system obviously requires a steady wind condition atekgaltitude. Its advantage over the VIMI NUM

is that the GPS remains reliable even when the aircraft attitwdesunusual, which is often the case once in
VRSTherefore, in this test camjgn VIMI GPS was the preferred method to measure horizontal speeds during
VRS.
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The process during the test flights was therefore:

1 To estimate the wind (force and direction) pgrforming a level flight facing the wind. This was done
by aligning the route and heading of the helicopter (therefore obtaining the wind direction), and
comparing the GPS speed and the aircraft true airspeed (therefore obtaining the wind strength). These
parameters could then be entered in the FTI to offset the local wind and display an airspeed on the
pilot screen;

1 To confirm the wind estimation by performing a hover using the VIMI GPS screen. If the wind is correct,
both VIMI GPS and VIMI NUM shoulddemsistent (yellow cross centered, no horizontal air speed),
and the pilot could also check that a constant position of the foot pedals resulted in a constant rotation
speed. Otherwise, the previous step was repeated to obtain a new wind estimation.

1 And then to use VIMI GPS for speed measurements during the VRS test points, while periodically
checking the wind and updating the FTI parameters if required.

In addition to the Flight Test Instrumentation, specific vibration sensors were placed in the aihariaig
Fennec flights n°2, 3 and 4 and Dauphin flights n°1 and 4 to gather vibration measurements.

Instead of an OROS system, as originally planned, three less intrusive vibration sensors SlaB$00k08d
(made by enDAQ) were placed at the three lamasi described ifrigure 22.

o) Figure2-2 Slamstick accelerometers location (same on both helicopters)

These 3 positions (called T1, T2 and T3) were:
1 T21: under the pilot seat;
I T2: on the lower rear letiGB attachment rod;
1 T3: on the mechanical floor next to the Center of Gravity.

The Slamstick sensors were screwed on specially designed fixation supports, as shown on the Fégunec in
2-3.
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O Figure2-3 Slamstick sensor (T2) on its fixation support in the Fennec

Each Slamstick $#100D40 sensor holds three piezoelectric accelerometersl0ff g), and was configured
with a sampling frequency of 8192 Hz.
After the flight the Slamsticks could simply be removed and the data collected through a USB cable.

After each flight, the data collected by the FTI was converted into csv files, with the list of parameters previously
agreed upon with ONERA, and at an extraction fregyesf 10 Hz.

These csv files were provided to ONERA and were also used by\D@Arder to provide the results analysis

for the test reports.

The flight test engineer notes were used to obtain a first estimation of the VRS times, along with the pilots
feedback for each test run.

The vibration data measured by the Slamstick sensors was converted to Matlab file format (.mat), and
transmitted to ONERA.

2.4 Test method and means

The two objectives described previoustyg2.2focus on two different phases of the VRS.

The first objective involves the entries, i.e. the conditions in which the helicopter can enter into a VRS and the
observations made during such a state.

Thesecond objective is dealing with the exit, and the efficiency of the pilot technique used to recover from a
VRS.

Regarding the first objective, the focus was to refine the predicted VRS domain computed by ONERA as given
in Figure 24, mainly based on DGRV test flights performed between 20@nd 2015 on Dauphin and Fennec

helicopters and where Vh is the horizontal airspeed in the helicopter reference flame ® @ ). The
blue curve shows the Fennec AS8%D domain, the green curve shows the DhaimpSA365N domain.
The VRS domain is divided into three main zones, as illustrat€étyare 25:
f ¢KS @dzLILIS NE ackelty Rl NEB €
1 ¢KS a1ySSéC zoneB;
1 ¢KS af 26 SNE aorad/ Rl NEB £
'[his §tudy includ,ed entrie§ t[lrough the A and B tA)ounda,ries. The Cduoyu(jdwer part),of the VRS domain 3
R2Sa y2u YlIUOK |yé 2LISNruA2yltf O2yRAUAZ2YaAaXZ |YyYR ¢

Nevertheless, it corresponds in flight to the stabilisation of the vertical speed after VRS entries from the upper
boundary or the knee.
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O Figure2-4 VortexRingState prediction domain the two helicopters
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2.5 Repeatability of the VRS entries

During the harmonization flights, several parameters were noticed to have an influence on the time to enter
VRS for similar flight conditions, such as the dynamic of the power reduction. In order to avoid the influence of
unwanted parameters on the results, the following actions were taken to improve the repeatability of entry

manoeuvres, and to ensure the validity of the comparisons between both recovery methods for similar entry

conditions.

40

First, two test pilots were triaed to ensure they were adequately performing the Vuichard recovery
manoeuver. They also flew harmonization flights together to calibrate their movements and avoid any
discrepancy. They were the only evaluators involved in this test campaign. When erdftbem was available

for a flight, he was the single evaluator thg the flight, and another DGRV pilot was present as a safety pilot.
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{SO2yRfte&zs GUKS FO0dGA2y 2y (GKS 0O2ftSOGAQGS adA0]l 4l a
abou 50%, and then wait a few seconds. If the aircraft did not enter VRS, the power would then be decreased
slowly towards 20% torqué.he 50% torquaaschosen based on observation made dunorgliminary flights
as it was found to be slightly above the pemlevelat which VRS was entered in the test conditions
¢2 GSNARATFe (KS & dzLILIS NI o Rigleg B5| thekaction daueyc&was therefoe: RSFA Y S|
1 theinitial conditions were captured : hover, or horizontal translation (in level flighg.sanpling to verify

the VRS prediction domain was done with increment of 5kt on the horizontal airspeed Vh from Okt to +15kt

9 the collective grip was reduced rapidly to the preset poviRegdpe). Then, if needed, the power was reduced
further until VRSstarted to develop (the required power level was typically lower when starting in
translation, as opposed to starting from hover).

once in VRS (identified by the crew as describe®i@) 8the chosen recovery technique was applied.
¢ 2 GSNA T e ong R)Sf thie Hoyh&ir§ the séduence was:
to establish a rate of descent Vz of arout@00ft/min and an airspeed of about 30kt ;

to reduce the power (rapidly towarroses then more slowly) and adjust the airspeed to maintain the rate
of descent, up to thg@oint where the VRS starts to develop;

1 once in VRS (identified by the crew as describe@i, ghe chosen recovery technique was applied.

¢KS af 26SNJ 62dzy R NBE ol 2yS /0 é6+a& O2yaARSNBR 2 C
VRSeltA Sa FTNRBY U0UKS GdzLJLJSNJ 02dzy RIF NE€ 2NJ UKS alySSéo
Some test runs were performed starting from a quitép to evaluate dynamic entries. A quistop is a
manoeuwe used to quickly reduce speed from a forward flight or a descent to a hover, starting witlea flar
(nose up) and then a deceleratipas illustrated in Figure-@). If the pilot allovsthe helicopter to descend, the

helicopter can enter VRS. Pilots were instructed to perform gsiicgs as they were trained, and if necessary
to enter VRS by acceptiaghigher than usual descent rate.

O Figure2-6 Quickstop manoeuvre

If insufficient collective
amount applied, the
// resulting descent rate can
lead to VRS

Deceleration initiated
by applying aft cyclic
to reduce forward
ground speed.

2.6 VRS confirmation in flight

Tests runs were performed with either a recovery initiated at the first signs of VRS (recovery abwnedex
as recommended by Mr Vuichard), or once the VRS was established.

Recoveries at vortegarly stagegonsets)

For the test runs with recoveries at vortexsets the realtime decision was based on the pilot and crew
perceptions: change or increase of thibration levels or noise, increase of the descent speed (and fleeting
FSStAYy3a 2F af A3IKGY S &HfficionEy fa@ &amPIK. IFof BaSenttled peifokred iDdesEeEntP
the entry in VRS was not as noticeable, but could be identified winepitot could not maintain the targeted

vertical speed anymore. Although necessarily subjective, this judgment was deemed reproducible.
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It should be noted that attempting a recovery at the vortsetsdoes notguaranteethat the recovery begins
as soon as the aircraft enters the VRS domain: it only ensures that the recovery is initiated as soon as the vortex

v A s oA = 4 oA~

Aa RSUSOUSR oe

what is physically an established VRS.

GKS ONBgd 5SLISYRAYT 2y
- such as defined in the context of this repemnay occur once the aircraft is well inside the VRS domain, in

idKS

Snls et

Data analysis after the flight could not be used to confirm the VRS, except to simply check thatita nadet
of descent was inside the predicted VRS domain

As this will be explained later in38, ONERA revaluated the test cases performed at VB&etsand
considered flight test parameters instead of pilot judgement to proceed to the analyses.

Recoeries from an established vortex:

w

e

For the test runs with recoveries from an established vortex, thetiesd analysis from the crew could be

confirmed with an evaluation of the effect of short power incredseeed, in VRS an increase of power has a

aah

limited effect on the vertical speed, whereas in normal conditions the same increase of power will significantly
reduce the vertical speed. This effect was studied during the Dauphin harmonisation flight. Based on this result

and on both helicopterghe VRS as confirmed posflight if the effect of the collective increase on the vertical

speed was negligible (in practice, lower than about 500 ft/min), as shovimothrFigure 27 and Figure 28 for

example.

O Figure2-7 VRS confirmation during Fennec flight
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O Figure2-8 VRS confirmation during Dauphin flight
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Otherwise, when the effect was significant, as showRigure 29 for example the test point was invalidated.
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O Figure2-9 Invalid run due to theinconfirmedVRS during a Fennec flight
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2.7 General @scription of the ecovery manoeuvres

Based on referencp], the two main recovery techniques can be described as follow:
¢Forward NB O2 OSNE (G SOKYyAldzSY

Reduce collective

Ease cyclic forward to adopt a hose down attitude

Maintain heading by usindné pedals

= =4 4 -

When the airspeed is above translational lift, increase collective to maximum continuous power to
climb

Gd+dzA OKF NRé¢ NBO2@SNE GSOKYAIldzSY
Raise collective to use all the available power;

Simultaneously, apply lateral cyclic in the direction @ftil rotor thrust (for CCW rotesystem escape
to the right and for CW rotesystem escape to the left);

1 Simultaneously, maintain heading by using the pedals, i.e. apply crossed pedal input corresponding to
anti-torque rotor thrust;

1 Once the descend isapped, ease cyclic forward to regain airspeed.

But, & a useful element of contexégarding theforward recovery Airbus Helicopters currently recommends

a recovery byhecking power, and if residual power is availaivlereasethe collective and appliprward cyclic
pitch to accelerate. Once the airspeed is abode@kt and the RoD is managed, adjust the cyclic and collective
pitches to establish the desired attife, airspeed and altitudéas described in SIBL23-S00, reference[3]).

In addition, during the first harmonization and test flights, it was noticed that height loss during a VRS recovery
appeared to be correlated with the torque applied during the manoeuver (as confirmed by the results in §4.2.2).
The higher the torque applie the smaller the height losk.was thus agreed to perform tHerward recovery

by increasingthe collective toward an optimal power level (about 70% of torque on both aircraft) to reduce
the height loss without exceeding the engines limitatiombis level of 70% of torque was applied at the
initiation of the recovery manoeuvre.
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Thus, thedforwardé recovery techniquéhat was applied during the flights can be described as follow

1 Ease cyclic forward to adopt a nose down attitude and simultaslydocrease the collectiveo 70%
of torque

Maintain heading by using the pedals

When the airspeed is above translational lift, increase collective to maximum continuous power to
climb

¢ KS &=+dza OKI NRé¢ thhBraapdiiedBuring $he oyiidal simSlar to the previous description
and based on referencg]

2.8 Repeatability of recovery manoeuvres

As a mean o$tandardisationthe following parameters werdefined for both recovertechniques:

1 The Vuichard recoveries were performedas recommended by Mr Vuichalby using the available
power, that is to say the higher power that could be apphégthout exceeding the aircraft limitations,
while simultaneusly using the cyclic stitk2 NX I OK | -POR (folardithg Bff) Raingaifietbr I
one second anthe foot pedals to maintain the heading. After about one second, the roll anglérwaght
back to zero. Since parasiticnosedown motion resuléd in a tendency tancrease the forward speed
during the last part of the recovery, some test poimtsre performed trying to fight thiparasiticeffect
and to come back to hover as soas possible, and others by accepting this forward speed@ndging on
recoveringa positive vertical speed;

1 The inversed Vuichard recoveries were performed similarly to the Vuichao¥deries, but with an exit on
0KS aoNByYy3I aARSEé |G | theNdHt for the FeBrieSand Dadphin ThiE iddesdoS © (2
assess the consequenceseither a mistake by the pilot, or of the impossibility to perform a Vuichard
recoverytoward the left, due to an obstacle for example;

1 Theforward recoveries were perfoned using an optimal power settingalancing betwen the positive
effect of power on recoverperformance and theworkload typically associated to watching the aircraft
limitations at higher powesettings. Foboth helicopters, this optimum was found at a target of abot%
of torque. In addition, in ader to gain forward speed, an optimum f5° of pitch down angle was found.

2.9 Test runs procedure

Due to the limited number of flight hours allotted to this campaign, and to avoid losing too much time outside
the VRS domain, the following procedure wadofwkd to optimisethe completion of both objectives and to
ensure a good repeatability of the pilot actions in both entries and exits of VRS:

- the approach conditions were stabilised with the low airspeed indications at predefined vaitabilised
flight path (either in level flight or in descent depending on the test points);

- the pilot then reduced the power torBso% If VRS was not entered during the next few seconds, the pilot
could then reduce the power further. This ensured a good repeatabilith@fcobllective stick actions
leading to VRS entries. The test runs from a dynamic entry such as sstpgakere the exception to this
rule: the pilot was free to manage the power level to reproduce as realistically as possible the expected
trajectory.

- then, once in VRS:

9 for the runs with an exit athe VRSonsets the pilot immediately started the recovery
procedure forward or Vuichard);
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9 for the runs with arexit from an established VR $he pilot first applied an increase of power
to check the effect onthe vertical speed (which should be negligible if in VRS), reduced the
power back to its initial level, and then started the recovery procedure.

- finally, two criteria were used to evaluate the exit from the VRS:

1 the anrouncement from the pilot that he hadegained control of the aircratind was out of
VRS;

1 the time at which the vertical speed came back to a positive value.

All tests were performed above a safetljitude of 3000 ft, below which &rward recovery procedure would
be initiated if still iNVRS.

The takeoff weight andcentre ofgravity were similar for each flight, which vyereAperforrthlh the same A
configuration, fuel on board, and crew sidée reduced weight (fsx ©° 6 KSNB -~ Aa (K$H NBf |
was maintained asonstant agossible for the entries into VRS.

2.10Test runs distribution

On a total of 229 runs performed during the eight flights, 177 runs were finally validated. 146 recoveries were
performed in a fully developed VRS and 31 at ¥Rsets Following figures provide th#light test runs
distribution.

O Figure2-10 Flight test runs distribution

Total flight test runs distribution
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Fennec flight test runs distribution Dauphin flight test runs distribution
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3.1VRS domam

3.1.1 Fennec

The VRS Domain observed after the Fennec test campasgows inFigure 31.

For each validated test run, the vertical speed and the haorizontal speed (all obtained from thine@GRE
hybridisation) were extracted at the time the pilot announced he was in VR&&.

O Figure3-1 Fennec VRS domain based on pilot perception
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When overlaid with ONERA predicted VRS domain (red curve), a good consistency is observed between the
predicted VRS domain and the actual test points.

It should be noted that fothe runs realed at the VR8nsets no verification could be done to confirm the VRS
(neither in realtime or postflight), therefore there is a lower confidence of actually being in VRS during these
runs and prudence is recommended in their exploitatio

The points observed at speed higher than 15 kt were obtained either in descent, or during estqpick
manoeuvre with rapidly changing speeds, and are therefore very sensitive to the timing of the pilot
announcement.

A first look at the figure shows that the vertical speeds at the time VRS were detected are higher on average
for the runs with a planned exit at the VBiSets compared to the runs with a planned exit in established VRS.

In theory the choicensetgestablished should only affect the tim@ manewef at which the recovery is initiated

(and indirectly the corresponding rate of descent, expected to be higher when a longer time is spent in VRS). It
should not however affect the time at which the VRS is det&mor the rate of descent at this time.

Two reasons can explain this observation:
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1 After the first flight, runs in established VRS were systematically performed before the runs at VRS
onsets for a given set of entry conditions, precisely to help thencigentify the VRS signs. Therefpre
the VRS signs were bettercognisedr easier to notice during the latter runs;

1 Also, as runs in established VRS were less time sensitive, the pilot could take more time to make sure
he was in VRS before announcing it.

Two facts can be observed when comparing with VRS estimated damt&gure 31

1 The VRS were detectedor more precisely announcegloften once well inside the VRS domain. This
can be explained by the strong changes on the vertical speed when entering VRS: a few seconds taken
by the pilot to make sure heecogniseshe signs of VRSugkly result in an additionall000 ft/min in
vertical speed (on a related note, the vertical speed plotted can change significantly based on the timing
of the pilot announcement. Another test method would be required to better estimate the vertical
speedof the VRS domain upper boundary, see below);

1 ¢2 | @2AR lye O2yTdmskte yENBRAEFIASAHA RSKBIZ2BR OAY
as recoveries performed as soon as the VRS is detected, but not necessarily as soon as the VRS domail
isSYGdSNBER® ¢KAA YSI ya ondekg U Cadtyall\Ngs QefadiSelBromaal viell G K S
established VRS wheonsidering the airflow around the helicopter.

The analysis of the data collectbds beerperformed byONERANd is presented hereafter

As indcated previously, the DGBV determined the VRS boundaries through pilots feedback and their ability
to recognisehe phenomenon. In the following figures, upper boundary (blue plots) were determined thanks
to the analysis of several flight parameters lsurs the vertical acceleratiomilot controls,a specific data
processing of the altitude or more specifically for the Fennec, the analysis of the sideslip measurement device
positioned just above the windscreemhese analyseweae based on an empiricapproach, in which each

flight test runwas processed separatelfhe numericalgradient of thepressurealtitude ZPwas computed.

Thus, gradient (ZP) returns the edenensional numerical gradient of the pressure altitude recorded vector.
The output O 2 NNB a LIZRK R avhich &re tie differences in the (¢horizontak) direction. The spacing
between points is assumed to heAs an example, considering themsample of ZP, then :

ZP(n+1) - ZP(n-1)

gradient ZP(n) = 5

In addition, the standard deviations of the accelerations anddideslip angle were calaiéd over a sliding
window of 0.5sThe estimation of the VRS entmas then based on an overall analysis of these parameteds
different criteria were considered:

9 Increase of thestandard deviation of the acceleration or/and;
1 Increase of the standard deviation of te&leslip angleor/and;
1 Apressurealtitude gradieniower than-3 ft;
The value of3ft for the pressurealtitude gradientcriterion was empicallydetermined

Regarding the level of the standard deviations opathmeters, no specific thresholds or absolute values were
considered but a large and rapid increase compared to the beginning of thblotiall of these criteria had to
be met toestablisha VRS entryin some cases, it was impossible to determine WS entry thanks to these
analyses and the pilot announcement in flight was thus retained.

Regarding the lower boundafgreen plots)it was determined through the analysis of the vertical speed and
the green plots in the figures correspond to a stabii@a of the descent rate. In many cases, the recovery
manoeuvres were initiated before thabilisation leading to the impossibility to determine the lower VRS
domain boundary in these conditionkigure 32 shows the Fennec VRS domain. The first wbglergraph
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represents the domain in terms of horizontal speed Vh and vertical speed Vz. Therighpgraph shows this
domain in terms of longitudinal speed (Vx) with respect to the vertical speed Vz. The lower graph finally shows
the VRS domain in termsf lateral speed Vy and the vertical speed Blue points are corresponding to
estimated VRS entries, the green points the lower boundarpi@sgouslyshown inFigure 25) corresponding

to the stabilisation of the vertical speed.

While a large dispersn of the points can be observed, especially for the lower VRS boundary, the domain is
comparable to the on@etermined by the DGAV. The observed VRS domains match the predicted ONERA
domain presentedn red, even if the maximum descent rates reachedlight seem a bit higher than the
predicted ones. As shown on the second graph, while some points corresponding to the lower boundary were
reached at higher descent rates and negative longitudinal speeds, the VRS domain seems symmetrical with
respect to tle longitudinal speed. This is also the case regarding the VRS boundaries with respect to the lateral
speed as shown in the lower graphdditional flights should be performed with lateral speeds to investigate

the VRS domain at lateral speeds between Xt&t20 kts and see if the boundaries are comparable to those
observed with longitudinal speedk this analysis, the fact that the points could be performed at &iR8ts

or established VRS is not consielgr

O Figure3-2 Fennec VRS domain based on gitight processing and analysis
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3.1.2 Dauphin

The first Dauphin flight was performed on Dauphin D6116, all the next ones on Dauphin D6111.
As described i82.3.3, two type of low speedreasurements were available :

- VIMI NUM : which is based on the cyclic position (through a complex calibration process) and gives the
speed of the H/C in the air mass (which is what we want) BUT is not reliable in a VRS or with unusual
H/C attitudes;

- VIMI @S : which calculates the airspeed by subtracting the local wind to the GPS speed. It is reliable
even during VRS, although it is relies on the wind being laminar and stable. It was the preferred method
for speed measurements in VRS.

During the first fligh and during the calibration of the VIMI GPS, discrepancies between the VIMI GPS
calculated horizontal speed and the VIMI NUM (and the external red string) were observed : basically the VIMI
GPS was giving a non negligible airspeed while the helicoptclgarly in hover. After several attempts, it

was decided to use the VIMI NUM, which is reliable to set the initial entry conditions, but not once descending
to enter VRS.

This problem was not observed in the following flights on the Dauphin D6111, WhdieNUM and GPS were
consistent.

This is why flight n°1 was excluded when trying to assess the effect of the horizontal speed on the recovery
performance This is also why the the VRS Domain observed after the Dauphin test flights and skiyundn
33R2Say Qi AydSaNrdsS FtA3aAKG ycwm RIEGH®

For each validated test run, the vertical speed and the horizontal speed were extradieel tahe the pilot
announced he was in VRS {re)é).

It should be noted that for the rungerformedat the VR®nsets no veification could bedone to confirm the
VRS (neither in redime or postflight), therefore there is a lowetonfidence of actually being in VRS during
these runs and prudence is recommendedhair exploitation.

The points observed at speed higher thah it were obtained either in descent, or durirgquickstop
manoeuve, with rapidly changing speeds, and are therefore very sensitivéhéotiming of the pilot
announcement.

A first look at the figure shows that the rates of descent at the time VRSdedeeted aregenerallylower on
average for the runs with a planned exit at the WWiRSets compared to theruns with a planned exit in
established VRS.

In theory the choicensetsestablished should only affect the tinte maneuwveé at which therecoveryis initiated
(and indirectly the corresponding rate of descent, expected to be highen a longer time is spent in VRS). It
should not however affect the time at which tMRS is detected, nor the rate of descent at this time. A similar
observatiorwasmadefollowing the Fennec flights.

Two reasons can explain this observation:

1 After the first flight, runs in established VRS were systematically performed b#ferauns at VRS
onsets for a given set of entry conditions, precisely to help¢hew identfy the VRS signs. Therefore
the VRS signs were bettexcognisecbr easier to notice during the latter runs;

I Also, as runs in established VRS were less time sensitive, the pilot could takénneote make sure
he was in VRS before announcing it.

VRS D-4.3 Final report PAGR24



O Figure3-3 Dauphin VRS domain based on pilot perception
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When overlaid with ONERA predicted VRS dor{raith curve) a good consistency is observed between the
ONERAredicted VRS domain and the acttedt points. The only outlier is Run 9.2 of flight n°3, which was
achieved from a descent and with an unusual combination of a rearward sgbéd)(and lateral speed (18
kt) at the time of the announcement.

Two facts can be observed from this figure:

1 TheVRS were detectedor more precisely announcegloften once well inside the VRS domain. This
can be explained by the strong changes on the vertical speed when entering VRS: a few seconds taken
by the pilot to make sure he recognizes the signs of VRElguésult in an additionall000 ft/min in
vertical speed (on eelated note, the vertical speed plotted can change significantly based on the timing
of the pilot announcement. Another test method would be required to better estimate the vertical
speed ofthe VRS domain upper boundary, see below);

1 ¢2 [ P2AR Lyeé O2yTdmste yENBR EF(iaSaHAREKBGI2Z@R OAY
as recoveries performed as soon as the VRS is detected, but not necessarily as soon as the VRS domail
is ertered.

¢CKA& YSIya (KL (onsets NRaEyahobl perfointed from K Selestablished VRS when
considering thairflow around the helicopter.

As explained previously, ONERA analysed the flight datéhenbauphin VRS domain is showrFigue 3-4.

The first uppeileft graph represents the domain in terms of horizontal speed Vh and vertical speed Vz. The
upper-right graph shows this domain in terms of longitudinal speed (Vx) with respect to the vertical speed Vz.
The lower graph finally showlse VRS domain in terms of lateral speed Vy and the vertical speed Vz.

As observed on the Fennec, the VRS domain seems relajwatyetricalwith respect to the longitudinal or
lateral speeds. Here again, additional test cases could be done to gatherdatar with higher lateral speeds.
Compared to the ONERA predicted domalire maximum horizontal speedse lower in flight. This can be
explained by the limited number of such test cases performed in flight on this helicopter and the difficulties to
deteN¥AyS GKS xw{ R2YlIAYy Ay (KS&S O2yRAGAZ2yad DSySNI
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but no case of this type has ever been flown during this campaign. Some runs were perforrh@dist and

10 kts, and as for lateral speeds, additibflights could be done to investigate forward speeds between 10 kts

and 25 kts.

O Figure3-4 Dauphin VRS domain based on pfiistht processing and analysis
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Based on different criterid/ RS domamare a bit different between DGBYV and ONERAhisdoesnot mean
that one is better than the other, but simply shows the influence of the selected criteria to define a VRS
domain. This will be further seen when taking into account the increase otigibsao determine VRS entries
and exists.
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3.2Influencing parameters

3.2.1 Collective pitch versus Vertical speed

As dready observed in previous flight test campaigns and discussetkience[1], the relation between level
of collective and vertical speed is modified in VRS.

O Figure3-5 Collective pitch versus vertical speed Fennec, Forwardrecovery, established VRS
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o) Figure3-6 Collective pitch versus vertical speed on Daughtiorwardrecovery, established VRS
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In Figure 35, the blue points are taken from the first Fennec flight performed in the framework of this project
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Actually, these points are plotted whenilng a run, and function of time, the variation of the vertical speed is
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lower than 75 ft/min, the collective variation is lower than 1%, and for forward speeds betwktnand +5kts.

Figure 36 is showing the level of collective pitch plotted with re€pgé¢ G2 (GKS @SNIAOIf &
conditions duringorward recoveries in established VRS on the Dauphin.

On both helicopters, and more specifically on the Fennec, it can betBatbelow-1000 ft /min down to-

3000 ft/min, the collective/Vz curve is no more monotonous and several very different descent rates can be
reached with the same level of collective.

On the Fennec, in climb and vertical descent down-300 ft/min, a dspersion exits but the average
collective/Vz curve is relatively monotonous. This is also the case for descent rates high&00@ift/min.

On the Dauphin, a larger dispersion is observed.

Nevertheless, considered as a criterion, this characteristic could be also used as the Vz drop, to define the VRS
domain of a helicopter.

3.3Vibration analyses

3.3.1 Vibration measurements

In order tosynchronisehe three different Slamstick sensors with the Eifle base, an action of the ground
technician on the helicopter tail was done before the engine(s) start. As seigore 37, This action resulted
on a noticeable acceleration peak (here2ft 9, which was used during peptocessing tesynchronisethe
recordings.

o) Figure3-7 Synchronization of the slamstick sensors
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3.3.2 Vibration analysis

Figure 3-8 represents the spectrogram established on the data taken fatlieixesof the three accelerometes

during flight 3 (run 1) of thd~ennecand corresponding to an established VRS. A spectrogram is a visual
representation of the spectrum of frequencies as it varies with time. As shown on the graphs, a common format
is a graph with two geometric dimensior@e axis represents time, and the other axis represents frequency;

a third dimension indicating the amplitude (i.e. energy) of a particular frequency at a particular time is
represented by the intensity or calo of each point in the image. In these casgsectrograms are calculated

from the time signal using the Fast Fourier transform.
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As the acquisition frequency of the accelerometers was 8192Hz, the graph shows the frequencies contained in
the signal up to 4096 Hz.

During this runthe pilot detectedthe VRS at 30 s. Based on piigtht analysis, ONERA considered the VRS
entry at 22.9 s. The recovery manoeuvre started at 34 s and a null vertical speed was reached at 41.5 s.
FromFigure 38, it can be seen that the vibration spectra is changed for lmwt,also for high frequencies.

Rotor harmonics and energy are dissipated into a larger bandwidth signal.

The grapk shown inFigure 39 are focussing on the Fennec main rotor blade passing frequency equal to:

RotorRPM?3 Nb of blade
60

Mainrotorbladepassingrequency

39C° 3

Here: =195Hz

Considering the chages in the frequency spectra, and the energy dissipation around the main rotor blade
passing frequency, vibrations due to VRSugetre visible at around 25 s. It can be seen that the vibration
spectrareturned to normalat 42, corresponding to the VRSitex

O Figure3-8 Timefrequency plots
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o) Figure3-9 Example ofitne-frequency plots; focus on main rotor frequency
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A vibration analysis has beearried out, by applying a Hilbert transform to the accelerometer data to extend

the real signal into the complex domain. A Fast Fourier Transform (FFT) is then applied to the signal obtained
by Hilbert transform Then, the signal obtained by FR3 filtered from minus5Hzto plus 5Hzaround the
fundamental frequency of the main rotor. The filtered signal is reconstituted by applying an inverse Fourier
transformandproducing a spectrogram on the reconstructed signal and removing the negative frequency part
of the spectrumThe standard deviation of the amplitude of the spectrogramalculatedver a sliding window

of predefined duration If the calculated standardeviation is greater/lower than predefined thresholds, a
detection signal is generated enabling the determination of VRS entry/exit.

Hereafter, éamplesare given to show the capability of the data processing to detect variation in a signal.

A sinusoidbsignal is generatefdr 10s, on which a normally distributed white noise is added the left graphs

of Figure 310, the frequency of the signal is set to 1Hzfrom 0s to 3.3s, set to 20.59Hzfrom 3.3s to 6.6s,

and finally set again to 1919z fom 6.6s to 10sWhile being impossible to see on the raw signal, the signal
processing used is able to detect the time at which the changes in the frequency (seeuthe average
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Standard Deviation)On the right graphs of thEigure 310, the amplitudeof the signal is changed from 1 to
1.15 between 3.3 and 6.6. Here again, the change is almost impossible to perogithe raw signabut the

change of the amplitude is well capture on the second plot.
O Figure3-10 Example®f signal processing
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In the followingFigure 311 the signal corresponding to the vertical axis of the Slamstick sensor placed under
the pilot seat is analysed. A vertical descent was performed the collgutisie being decreased at 20 The

pilot considered he was in VRS ats30
The upper graph is the raw signal, the second one represents the mean amplitude and the third the averaged

standard deviation. Green lines are corresponding to recovery manoeuwteasid end (Vz=0).
On the third graph, the red and green lines are corresponding to the VRS entry and exit thresholds during the

manoeuvre.
The red circles represent the determined VRS entry and exit based on the data pro¢essingpen the

calculatel standard deviation is greater (entry)/lower(exit) than these thresholds
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O Figure3-11 Example of a vibration analysis during a VRS on Fennec (Flight & &stablished VRS,
Forwardrecovery performed)
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3.3.3 VRS Domains based on vibration analysis

As detailed previously, vibration measurements were analysed and can provide an estimation of the VRS entry
andexit (red circles plotted ipreviousFigure 311).

Figure 3-12 and Figure 313 representthe VRS domains obtagd thanks to this vibration analysis on both
Fennec and Dauphin helicopters.

In addition to the VRS entries (blue circles) and VRS exit (green circles), which are here characterised by the
start and end of the vibrations, the maximum level of vibration is also plotted. The red circles correspond to
the maximum average standard dation computed, and the black circles correspond to the maximum peak

to peak (i.e. the difference between the highest and the lowest values in raw signal) measured during the run.
The VRS domains based on the vibration increase are different from thesboes previously. It can be seen

that the vibration increase correspoad 2 G KS Gy 2N¥I ¢ +*w{ R2YlIAYyI GKACT
occurs later during the manoeuvre, when the helicopter is already out of the VRS (for higher forward speeds
and podiive vertical speeds). The maximum level of vibration seems to occur outside the VRS domain and
during the recovery manoeuvre. This clearly shows that depending on the criteria taken into account to define
the VRS domain, it can be different from doeanother.
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O Figure3-12 Fennec VRS domain based on vibration increase
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o) Figure3-13 Dauphin VRS domain based vibration increase
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In addition, the maximum level of vibration may be experienced differently depending on the procedure
followed during the runsAs indicéed before,the recovery manoeuvres were performed as soon as the pilots
considered they were in VRS. This is whydifficult to estimate if the level of vibration is due to the VRS by
itself, or the recovery manoeuvre.

A specific analysis has been done on the accelerometer data placed under the pilot seat. A shigwrei3

14, three stages of the runs have beemsaered. The first onan green anchoted as(1)) corresponding to

0KS AYAGAIFIGA2Y 2F (GKS NUzy> Ay andused astthe f&réhcReNsbcond f St
one (in orange and noted (2peing the initiation of the VRS, beter the VRS detection performed by the
previously detailed algorithm and the start of the recovery manoeuvre. The third stage (in red, noted (3)) only
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considering the vibrations during the recovery manoeuvre (from the start of the manoeuvre to a nulhvertic
speed).

As before, two parameters were analysed during these three stages: the average maximum peaknofeeak
P2P in the tablespeasured in the raw signal, and the average maximum standard dev{atived STD in the
tables)processed (three coloured circleskigure 314). The three ags of the accelerometer were analysed.
In addition, tworatios provide the increase of level of vibratiam the vertical axis (&uring the VRS start (2)
and recovery manoeuvre (3) compargdthe initial flight conditions (1). Results are given in te®lefor the
Fennec, tabl&-2 for the Dauphin.

O Figure3-14 Vibration analysis at different stages of the run
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Table3-1 Vibration VR& Fennec

Recovery P2P P2P P2P P2P P2P P2P P2P P2P P2P Ratio
method - X Y Z X Y yA X Y 4 Z

Condiions (1) @) @) @ @ (@ @G (@ @ 31

Forward- 1.377 0.697 1.142 1.355 1591 2.115 1.692 1.511 2.124 1.859 1.851
Established
Vuichard 0.972 0.664 1.109 1.368 165 1903 2.054 1.687 2.77 2.496 1.715
Established
Forward- 1.434 0.851 1.373 1.406 0.938 1.343 1.483 1.644 2.285 1.663 0.977
Onsets
Vuichard- 1.283 0.71 1.121 1.338 0.781 1.361 1.361 1.376 2.158 1.925 1.213
Onsets
Inversed @ 0.791 0.466 0.772 0.889 0.75 1.256 1.247 0.955 1.771 229 1.625
Vuichard

Recovery  STD

method - X
Conditions (1)

Forward- 0.013 0.009 0.016 @ 0.041 0.023 0.065 0.058 0.034 0.082 4.935 3.927
Established
Vuichard- 0.013 0.009 0.016 0.037 0.02 0.061 0.06 0.03 0.103 6.269 3.705
Established
Forward- 0.015 0.01 @ 0.025 0.02 0.009 0.025 0.056 0.034 0.099 3.874 0.998
Onsets
Vuichard-  0.012 0.008 0.013 0.012 0.007 0.019 0.046 0.023 0.074 5.326 1.390
Onsets
Inversed | 0.011 0.007 0.01 @ 0.03 0.019 0.057 0.067 0.035 0.079 4.749 3.466
Vuichard

VRS D-4.3 Final report PAGE34



Table3-2 Vibration VR& Dauphin

Recovery P2P P2P P2P P2P P2P P2P P2P P2P P2P Ratio

method - X Y Z X Y Z X Y Z Z
Conditions (1) (1) (1) (2) (2) (©) (3) ©) 3/1
Forward- 0584 0596 0.896 0.725 0.765 1.3 @ 1.184 1.225 2.185 2.436 1.450
Established

Vuichard 0.732 0.756 1.147 0.759 0.759 1.307 1.32 1.108 2.187 1.905 1.139
Established

Forward- 0.714 0.62 1.249 0.781 0.701 1446 1.3 1.18 2.858 2.288 1.157
Onsets

Vuichardc 059 0.598 0.991 0556 0.556 0912 1.247 1.15 2.493 2514 0.92
Onsets

Recovery STD

method - X
Conditions (1)
Forward- 0.008 0.004 0.013 0.019 0.011 0.037 0.032 0.021 0.064 4.62 2.687

Established
Vuichardc 0.01 0.006 0.01 0.016 0.01 0.029 0.029 0.02 0.062 362 1.71
Established
Forward- 0.007 0.004 0.02 0.015 0.007 0.027 0.029 0.023 0.044 2.073 1.27
Onsets

Vuichard- @ 0.007 0.004 0.01 0.005 0.003 0.01 0.026 0.015 0.063 3.898 0.625
Onsets

On both helicopters, the vertical axis (Z) is the most subject to vibrations in any conditions. For all recovery
manoeuvres and conditioneifsetsor established), the higher ratio is the onerresponding to the recovery
manoeuvre. The ratio corresponding to the early stage of the VRS phenomenon is always lower. Comparing
recovel conditions, ratios are always higher during established V&&ahVR8nsets

Two conclusions can thus be drawn: The increase of vibration takes time to reach its maximum value, and the
recovery manoeuvre is also contributing to the increase of vibrations.

On Fennec, ratios are slightly higher during Vuichardwexdes while this trend is not so clear on the Dauphin.

Table3-3 Vilration VRS Dauphin

Recovery method Conditions Average Voration duration  Average ‘¥bration duration
(s) ©)
Dauphin Fennec
Forward- Established 10.7 20.3
Vuichard- Established 17.4 17.0
Forward- Onsets 115 15.0
Vuichard- Onsets 5.4 5.7
Inversed Vuichard 13.9
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Table 3-3 shows the duration of the vibrations depending on the recovery manoeuvre and conditions.
Considering Vuichard manoeuvres, these duratiare comparable between Dauphin and Fennec, while they
are quite different when considerirfgrward manoeuvres. For instance, the average vibration duration during
forward procedure is 10.76 s on the Dauphin, 20.39 s on the Fennec. The average vibredi@nds also very
limited during Vuichard recovery at VRBsets while comparable to the others during inversed Vuichard
manoeuvre (only measured on the Fennec).

In addition to the previous vibration study, a povegrectral densitynalysis has been de. ThifPower Spectral
Density (PSD) analysis has been performed on the signal recorded from the vertical axis accelerometer placed
under the pilot seat, providing the measure of signal's power content versus frequency.
Power Spectral Density refers toethtmagnitude square of the Discretéme Fourier Transform (DTFT) of an
autocorrelation function, which provides information about the distribution of power with respect to frequency
in a signal.
As areminder, the blade pass frequency is the rotor spe@d (nultiplied by the number of blades){b

BPF =W
Harmonics are integer multiples of the blade pass frequekioy
BPF = 1st harmonic®®harmonic =kbWwith k=2; etc.
For the Fennec helicoptewith a nominal main rotor speed of 390 RPM, the BPF islequ®.5Hz.
For the Dauphin helicopter, with a nominal main rotor speed of 350 RPM, the BPF is equal to 23.33Hz. For the
Fenestrorrotor, equipped with 13 blades and turning at 4706 RPM, the BPF is equal to 1019.63 Hz.

Figure 3-15shows the PSperformed at three different momerstof the run. The blue curve corresponds to a

PSD done on the first 4 s of the run (reference), the red curve to the moment at which the VRS is detected by
the previous algorithm, and the green curve corresponds to thenert at which the maximum peak to peak
value is determined on the raw signal.

o) Figure3-15 Example of power spectral density analysBauphin flight 4 run 1
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In this example, the maximum of poweccursat the frequency of 1083 Hz in the first graph, corresponding to

the Fenestron rotor. At VRS detection and later during the VRS (red and green curves), the maximum power is
observed on the main rotor BPF and Barmonic.

The bllowing figures areshowing the results of the PSDring the three stageof the different manoeuvres.

The plots represent the frequencies where the maximum of power is measured.

InFigure 316, Figure 3L8 and Figure-20duringthe 2nd and 3d stage, the $tand 2hd harmoric of the main

rotor are the most powerful. Interestingly, a frequency of 639.6 Hz owdbned by the PSDanalysisat the
beginning of the rumnthe Fenne® ¢ KA & FNBIljdzSyOeé R2Say Qi O2NNBrllLlRyR
while closetothe S G dzNDB Ay S T NB lctlyXei@spondoit.iAddiRich& mvwe<digatioSskvill be

done to determine the source of this frequency.

O Figure3-16 Predominant frequencies durirfgrward recoveries in established VR&nnec
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o) Figure3-17 Predominant frequencies durirfgrward recoveries in established VRZauphin
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o) Figure3-18 Predominant frequencies during Vuichard recoveries in established Métfhiec
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o) Figure3-19 Predominant frequencies during Vuichard recoveries in established D&gphin
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O Figure3-20 Predominant frequencies durirfgrward recoveries in VR&sets- Fennec
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o) Figure3-21 Predominant frequencies durirfgrward recoveries in VR@&sets- Dauphin
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O Figure3-22 Predominant frequencies during Vuichard recoveries in MiR8ts- Fennec
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O Figure3-23 Predominant frequencies during Vuichard recoveries in MiR8ts- Dauphin
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3.4 Pilot feedbacks

Regarding the workloath established VR&nd for both recovery methods, the type of run (at thesetsor

from an established VRS) had an unforeseen effeaintaining the helicopter iWRS for the time required to
confirm the vortex is straining for the pilots, aatfectively tires them before the actual recovery even begins.
Due to the attitude changes in VRS, the starting recovery position also vasieestablished VRS, which adds
another difficulty.

This explains why recoveries at thesetswere judged on average easier thaatoveries in established vortex.

For information, starting the recovery at the theoretidcairder of the VRS domain (i.e. afiged Vz around

1000 ft/min) without waiting to perceivéhe signs of VRS was attemptedtwo Dauphin runs (Runs 6.6 and
6.7)and did not improve things further.

What matters therefore seems to be horeadythe pilot is at the beginning of theecovery and not how
established the vortex i.o further this, spending more than a few seconds in VRS once it has been perceived
by the crew is not representative of real life, where a pilot would adiively try tostay in VRS on purpose.
Therefore the needo confirm the VRS is opposed to the realism of the test points.

This reinforces the interest of developing an objective way to confirm the VRS (whetakiime or in post
analysis), such as the solution studied by ONERA and baselration measuements.

Alternatively, if a further analysis confirms that there are no significant performaliféerences between

NE O2 @S Nhofskts 6 I9E Nl KA a Ay S a éfféct ok theKnGid Vziisviaken in® yctolint, it K S
may be pertinent tgperform future studie®nly with recoveries at thensets without confirmation ofthe VRS.

VRS D-4.3 Final report PAGH1



3.5 Conclusion®n VortexRingState phenomenon

The eight flights performed during the project enabled to determine the VRS domain of the Fennec and Dauphin
helicopters. These domains are comparable to those already determined in previous flight test camfsigns.
shown inFigure 31, Figure 2, Figure3-3 and Figure 3, a good consistency is observed between @¢ERA
predicted VRS domasrand the actual test points.

Nevertheless, VRS domain boundaries can be different depending on the criteria used, such as pilot feedback,
postflight analysis of ftjht parameters or vibration level increase.

Thus, the ONERA model is very well suited when considering the Vz drop as the major criterion for VRS domain
determination.

Pilots feedback remains a good indicator, as based on several parameters such bsehation of the Vz

drop and associated change of the vertical acceleration, or a change in the vibration level. But the analysis of
flight data generally shows that the pilot detection occurs a few seconds after the effective Vz drop initiation.
Regardig the vibration level increase, it is highly dependent on the way the helicopter enters VRS and, while
being a symptom of the generation of vortex riragsundthe rotor, it doesn't always imply @ NBJRSE éntry
(causing a large Vz drop)

Specific analyess showed an increase of the level of vibration at the early stage of the phenomenon, and this
characteristic can be used to estimate the VRS entry and exit. Once in VRS, energy is concentrated on the two
first main rotor harmonics, while the maximum ofergy can be observed on other frequencies outside the

VRS domainContrary to what was expected, the maximum of vibration is reached during the recovery
manoeuvreslt is amost impossible to determine if this maximum of vibration is due to the VRS oetbgery
manoeuvre, and vibration investigations could be further done by changing the procedure followed in flight.
Thus, in order to have a better estimation of the level of vibration inside the VRS domain, recovery manoeuvres
should be initiated latenyith a longer time in a fully developed VRS. But this is not an easy taskaamaining

the helicopter in VRS is straining for the pilots.
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4.1 Recovery performance

4.1.1 Performance criteria

In order to djectively evaluate the recovery techniques, two majateriawere defined:
1 Height loss: Difference between the altitude at which the recovery manoeuvre started and the
altitude reached when the helicopter recovered a null/positive vertical speed.
1 Recovery time: Time duration between the time at which the recovery manoeuvre started and the
time at which the helicopter recovered a null/positive vertical speed.

For both recovery techniques, the pilot workload was evaluated with a method inspiredtfi®@mMASATLX

scale, and adjusted for the purpose of this evaluation. After each recovery, the pilots were asked to evaluate
for each control axis (cyclic longitudinal, cyclic lateral, foot controls, and collective) their workload, and the

frequency, amptude and effort of their actions. The scale used had a 5 level range : very low, low, medium,

high, very high. After each flight, these evaluations were reviewed and confirmed during the debriefing, and
then checked against the control position inputs retexd by the flight test installation.

Additional analyses were performesh controls (calculation of the standard deviation) to assess the pilot
activity on controlsduring the recovery manoeuvre.

While not strictly speaking considered as performance criteria, these parametsrdring additional
information to explain the observeperformance

4.1.2 Fennec helicopter

A summary of the recovery performance observed during the Fennec test campaign isislrogure 41.
O Figure4-1 Fennec recovery performance
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The test runs are sorted based on the recovery methBdrfard/ Vuichard / Inversed Vuichard and
Onsets/Established).

Here, and later in theocument, it has to be noted that the points corresponding to the VRS onsets have been
re-evaluated by ONERA thanks to the pfiigiht analysis of the flight parameters. Instead of being based on a
subjective pilot judgment, VRS are classed as onsets thleaiecovery manoeuvre is initiated in the vicinity of

the determined upper boundary of the VRS domain.

The height loss appears to be proportional to the recovery time, which was expected since the height loss is
the integration of the vertical speed ovéne recovery time. In the test conditions, a first analysis shows no
significant performance differences between tfmward and Vuichard recoveries compared to the natural
point dispersion. This observation also includes the inversed Vuichard recowdriels,is surprising since they
were expected to lead to worsgperformance as the lateral motion goes against the tail rotor thrust.

As shown in tabled-1, on average, and withoutounting for any influencing parameter, the recovery
performance with the lichard method appeato be slightly betteduring established VR®&ith a mean time

to recover of R23s (instead of &®5s for theforward method, i.e.-0.32s or a 335% difference, which is of same
order of magnitude than the expected uncertainty on the recovery time and therefore not significant), and a
mean height loss df99ft (instead of 21ft, i.e.-22ft or a9.9%% difference).

The performance of Vuichard reaay is better when performed at VR&sets with a mean height loss of 82

ft (instead of 168 ft, i.e-86 ft or a 51.19% difference).

However, the Vuichard recoveries wegenerallyperformed with a higher average torque. When limiting the
comparison to asimilar range of average torque during the recovery, the performance of both methods
becomes similar, as shown inhapter3.2

The recoveries performed at VRS onsets instead of fully established VRS show better performance, as being
initiated at lower rates of descent

Table4-1 Average VRS recovery performaidesnnec

Recovery Average Max. Min. Average Average Average Average N°of
method - Height Height Height Recovery Vzupper Vzlower Torque runs
Conditions  loss (ft) loss (ft) loss (ft) time (s) limit limit (%)
(ft/min) (ft/min)

Forward- -221 -376 -108 9.5 -1212 -2186 58.3 34
Established

Vuichard- -199 -338 -84 9.2 -1134 -2598 68.1 26
Established

Forward- -168 -306 -78 9.3 -716 -- 66.1 6

Onsets

Vuichard- -82 -106 -66 6.5 -537 -- 61.7 6

Onsets

Inversed -155 -180 -118 7.5 -1104 -2484 70.0 7
Vuichard-
Established

Forward- -218 -280 -132 8.8 -1575 -3016 57.4 7
Deceleration

Vuichard- -290 -324 -240 12.0 -1382 -3176 64.3 4
Deceleration

Figure 4-2 is showing the average loss of height withspect to the average recovery time during all
manoeuvres and conditions. Erlaars are representing the standard deviations of the two parametesghis
can be seenfor recovery at the VRS onset, thiichardmanoeuvre shows better performance thaneth
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forward one in terms of both timef recoveryheight loss and standard deviatienThe same is not valid for
recoveries from established VRS, where the average value are comparable and the standard deviations are
higher for both techniquednversal Vuitard recovery performancgor both metric9 is surprisingly better
OKFY GKS 4y 2 Ynegthblished WESOQdge MiOEbars can be observed for recoveries from
established VRS, highlightingrery large dispersion of the points as shown in Tabkle This is not true for
inversed Vuichard manoeuvres, but this is certainly due to the very limited number of test cases.

O Figure4-2 Fennec average recovepgrformance
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4.1.1 Dauphin helicopter

A summary ofhe recovery performance observed during the Dauphin test campaign is shdviguire 43.
O Figure4-3 Dauphin recoverperformance
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The height loss appears to be proportional to the recovery time, wiizh expected since the height loss is
the integration of the vertical speed over the recovery time. In the test conditions, a first analysis of the
performance results shows:

1 no significant height loss differences between fbevard and Vuichard recoveries, compared to the
natural point dispersion;

1 a slighty higher loss of heightZ56 ft against227 ft), as well asa slightly longer average time of
recovery for the Vuichard methoih fully developed VR&1.6s) compared to theforward method
(853s), which is partly explained by the time needed to recover a positive Vz after exiting the VRS and
trying to come back to hover, due to the limited available power on the Dauphin.

As seen on the Fenngthe performanceof the 7 inversedVuichard test runs were better for both metrics,
despitea lower applied torque during the recovery, as shown in TaleWhile the sample size is small, this

result is interesting and consistent with the pilot feedback which indicated a seemingly aadienore fluid
AYBSNESR +dzA OKF NR NBO2@SNEIX O2YLI NBR (G2 GKS day2 Ny

Table4-2 Average VRS recovepgrformanceg Dauphin

Recovery  Average Max. Min. Average Average Average Average N° of
method - Height Height Height Recovery Vz Vz lower Torque runs
Conditions  loss (ft) loss (ft) loss (ft)  time (S) upper limit (%)

limit (ft/min)

(ft/min)
Forward- -227 -494 -68 85 -928 -2287 58.3 30
Established
Vuichard- -256 -529 -98 11.6 -921 -1981 65.2 42
Established
Forward- -247 =277 -216 10.9 -1051 -- 58.9 2
Onsets
Vuichard- -179 -300 -67 10.8 -582 -- 66.1 16
Onsets
Inversed -157 -233 -88 8.2 -903 -2241 55.9 7
Vuichard-
Established

Figure 4-4 is showing the average loss of height with respect to the average recovery time during all
manoeuvres and conditions. Erkmars are representing the standard deviations of the two parameters.
Contrary to what was observed on the Fennec, the recovery performance in established VRS faitivahed
method appear to be slightly better, although a very large dispersion of the points as shown in -Radutel 4
characterised here by large erfmars has to be considered. However, for the recoveries at the onset the
performance are better for Vuichard reeeries than foforwardones (result to be mitigated by the very limited
number of runs performed with théorward method in these flight conditions). Here again, the inversed
Vuichard technique shows good performance.
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o) Figure4-4 Dauphin average recoveperformance
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4.1.2 Performance summary

To summarize, without taking into account the effect of influencing parameters:

- On Fennec, Vuichard recoveries show better performance fhamard recoveries wha performed at the

early stage®f VRS, while the difference between both methods is small when performed in established VRS;
- On Dauphin, Vuichard recoveries also show better performanceftirvarard recoveries when performed at

the onset of VRS (althobhghere are only twdorwardrecoveries at the onset, so the average is not statistically
significant), but show worse performance when performed in established VRS.

Besides the effect of influencing parameters, which is studied in the following chapiiez|yaexplanation of

the relatively inferior performance of Vuichard recoveries when performed in established VRS is that the margin
of power (used to the reduce the rate of descent) is lower in hover than in forward translation. This effect is
more noticeable when the recovery is initiated at a higher rate of descent, increasing both the height loss and
the recovery time.

4.2 Influencing parameters

The analysis of the results found that several parameters can influence the VRS recovery and explain the

dispersion observed:

1 the vertical speed at the initiatioof the vortex recovery (fnanceuve);

1 the average torque applied during the recovery (betwéefinoewreandt_vzo);

1 the attitudes during the recovery (either the pitch fdorward recoveries, or the roll angle for Vuichard
recoveries);

9 the entry conditions (and in particular the forward and lateral horizontal speeds).

4.2.1 Effect of vertical speed

4.2.1.1 Effect of vertical speed on the height loss

The vertical speed at the onset of the recovery was found to be one of the most important influencing
parameter on the height loss, as shownthe following Figure 45 (Fennec) and Figure&4Dauphin)where
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the left graphs represent théorward manoeuvreresults, the right graphs showing the Vuichard manoeuvre
results.

The higher the initial rate of descent, the higher the height loss on average, with a significant dispersion. This
is logical since the momentum to neutralise increases with the speed.

On average, the recoveries at VRS onsets tend to occur at lower initial vertical speeds, and therefore induce
smaller height losses, which was expected.

O Figure4-5 Effect of initial Vz on height loss on Fennec
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O Figure4-6 Effect of initial Vz on height loss on Dauphin
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On Fennec, Vuichard recoveries were on average initiated with a lower initial rate of descerfibivard
recoveriesbut this is a purely random phenomenon, which would be expected to disappear if the number of
test points were increased, and is independ of the test method: the planned method of recovery should not
have an influence on the time at which the recovery is initiated. This uncontrolled difference in the entry
parameters could partly explains the slight apparent advantage of the Vuichawde®es in term of height

loss.

Once considering the effect of the initial Vz, there is no clear difference on the height loss tendency between
both recovery methods. The important dispersion observed is more pronounced on DdEgure 46) for
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Vuichardrecoveries. This could be explained by the varying difficulty of the Vuichard maneuver on Dauphin
experienced by the pilots (sé84.4.2), with an indirect effect on height loss.

Surprisingly, for inversed Vuichard recoveries the height loss is lower than what could be expected based on
the vertical speed. On Dauphin this could be explained by the reduced workload experienced, but this
phenomenon is not explained on Fennec.

If, onaveragethe Vuichard recoveries at VB&setson the Dauphiroccured at lower initiakates of descent

this was not the case for thenly two forward methodrunsat VRS onset®r whichperformanceis worse

4.2.1.2 Effect of vertical speed on the recoverytie
Interestingly,opposite to the effect on the height losthere is no clear effect of the initial vertical speed on
the recovery time

On Fennecas shown irFigure 47, there is no clear effect of the initial vertical speed on the recovery time,
while it can be seen that recoveries performed at onsetddiaer descent rates) lead to lower recovery time.
O Figure4-7 Effect of initial Vz on recovery time on Fennec
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On Dauphin (seEigure 48), the effect is clearer and appears more linearftoxvard recoveries (increase of
about 2s over 1500 ft/min), but seems more random for Vuichard recoveries. Again, this latter observation
could be explainetdy the varying difficulty of the Vuichard maneuver on Dauphin §&eé.2.

o) Figure4-8 Effect of initial Vz on recovery time on Dauphin.
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4.2.2 Effect of toraie

The power applied during recoveries is expredsee through the torque, as it was the first limitation reached
in most test runsTorque is defined hereafter as the one measured at the torque indic#ts expressed in
percent, with 100% corresponding to the TaRE Power (TOP) for both helicopgeFor the Dauphin, this is
the sum of the two engine torques.

4.2.2.1 Effect of torque on the height lossen Fennec

Forforward manoeuvresa higheraverage torque applied during the recovenanoeuvreclearly redicesthe

height loss, as showin Figure 49 (left graph)

Indeed,at an average torque adround50%, the height loss is betweeR30 and -375 ft, while for average
torques higher than 7% it isgloballybetween-100 and-250 ft.

For Vuichard recoveries howeugight graph) the effect is not as cleaue to the strong dispersion observed,

and to the narrower range of average torque observed.

The average torque applied during Vuichard recovejilegstablished VRS and at onsets)s67% (and70.%

during inversed Vuichard recoveries), whitethe sane flight caseghe average torque applied durifigrward
recoveries wa$9.5%.

It should be noted that applying too much torque has severe adverse effects on the pilot workload, as it makes
it more likely to exceed the aircraft limitations or reach atrohlimit of authority, as explained later. Thus, it

is not advisable to systematically aim for the maximum available power: a balance must be found between
performance and pilot workload.

It is also important to note that the workload associateddowvard recoveries performed at high torque (60
80%), while higher than at average torque, is still significantly lower than the workload associated to Vuichard
recoveries performd at similar power. The main reasos hecause there is still only one axis tatrol
(longitudinal cyclic) besides the power level

o) Figure4-9 Effect of applied power on height loss Fennec
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Interestingly, if the comparison is limited to high torque values (>60%) in order to offset the effect of this
influence parameter, in established VRS the average height loss becomes simitawétod and Vuichard
recoveries, while at the onset Vuichardcoveries still show a lower height loss. Therefore removing the
contribution of the torque seems to redudhe apparent better performancef the Vuichard recoveries
without completely removing the difference observed for recoveries at the onset of VRS.
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Forforward recoveries,on a Fennec helicopter, the height loss is reduced by the power applied during the

recovery. Therefore, when a VRS occurs close to the ground, it is recommended to apply all the power available

during the recovery.

4.2.2.2 Effect of torqueon the height loss on the Dauphin

OnDauphin for forward recoveriesa higheraverage torque applied during the recovenanoeuvrereduces
the height losslespite a strong point dispersipas shown orrigure 410 (left graph) It can be seen thafor

average torques lower than 55%, the height losses are always greater (in absolute value) than 250 ft. For higher
average torques up to 70%, a large dispersion of the points is observed, with height losses comprised between

-80 ft to-420 ft. Only three paits are above 70% of torque, with height losses arourfidft.
For Vuichard recoveries on Daupliiight graph) the effect oftorque is not that simple to identifgiue to the

large dispersion of the points

1 First, the range of usable torque does not allange changes;

f Furthermore, increase of appligdrqueO2 Y S &

point dispersion.

gAGK KdzaS &aAiRS

ST¥SOUa

Indeed, it was found that reducingor even better, delaying the power applied during the recovery reduced
the parasitc effects and the pilot workload without degrading thecovery performance (se¥4.4.2.6. Trying

to go back to hover also has a negative effect on the performance, apatasiticeffects (and the pilot
workload) are higher than when accepting the famng motion, and as recovering a positive Vz takes longer

due to a lowempower margin.

Applying too much torgue has severe adverse effects on the pilot workload (even more than on the Fennec),

as it makes it more likely to exceed the aircraft limitatiomsghcounter strongparasiticeffects on the yaw and

pitch axis, or to reach a control limit of authority. Thus, it is not advisable to systematically aim for the maximum

available power (at least not at the beginning of the recovery).

o) Figure4-10 Effectof applied power on height loss on Dauphin (All recoveries)
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The average torque applied during Vuichard recoveries6286 (as the Vuichard method calls for the use of
all available power), while the average torque applied dufargiard recoveries wa$8%.

A closer study has been done to distinguish the effect of forward speed at recovery initiation and the reduced

mass orglobalperformance of both recoveries. Figureld shows the results for Vuichard recoveri€ggure

4-12for forward recoveries, on Dauphin.
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1 For Vuichard recoveriesi, K S NB Q &

y 2

Ot SI NJ ST F S whileitzah belioksdrved y A (i 7

that higher reduced massshave anegative impact on the height loss.

1 Forforward manoeuvresjt seems that better performance is obtained with higher initial forward
speeds, which can be explained by the vicinity of the VRS domain boundary in these coadititas
will be further detailed irg4.3.2 The reduced mass have no clear effect.

O Figure4-11 Effect of applied power on height loss on Dauphin (Vuichard recoveries)
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4.2.2.3 Effect of torque on the recovery time on Fennec

On Fennec, the effect of the average torque applied on the recovery time is shdvguiie 413.
Forforwardrecoverieqleft graph) there seems to be slightdecrease of the recovery time when more torque

is applied, between 8s to 15s at an average torque of 50% and between 7s to 11s at an average torque of 70%.
The effect of the average torque dhe recovery time seems however more random for Vuichard recoveries
(left graph) This could be due the smaller range of observed torque for Vuichard recoveries (few points at low
or medium power, where the recovery time could be expected to increase)tatite detrimental effect of

higher torques on the handling of the aircraft.
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O Figure4-13 Effect of applied power on recovery time on Fennec
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As for the height loss, if the comparison is limited to high torques (>60%), the average recovery time becomes
8.6s forforward recoveries, and 9.4s for Vuichanetoveries, with more dispersion for Vuichard recoveries.

4.2.2.4 Effect of torque on the recoveryiihe on Dauphin

On the Dauphin, foforward recoveries(left graph) while a large dispersion is observed for average torque
between 55% and 65%here seems to be a very small decrease of the recovery time when more torque is
applied (sed-igure 414).

Theeffect of the average torque on the recovery time seems also more random for Vuichard recgrighies
graph) Most of the points are corresponding to high torques (between 60% and 80%) where helicopter
handling is more difficult.

o) Figure4-14 Effect of applied power on recovery time on Dauphin
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4.2.3 Effect of the pitch angle on theerformance

The pitch angle is the main pilot controlled variable duririgravard recovery, along with the applied power.
After the first test flight, the optimal target was set for both helicopters at a pitch varigtiof20° (equivalent
to an absolute pitch betweenl5° and-20°) as a compromise between recovery performance pihok
workload.

O Figure4-15 Definition of the absolute minimum pitch angle and pitch angle variation
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AB =Xpitch variation’
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L S
\

Time (s)

4.2.3.1 Effect ofabsolute minimumpitch angle on the height loss on Fennec

The effect of theabsolute minimumpitch angle(as illustrated inFigure 415) reached during thdorward
recovery manoeuvre on the height loss is showRigure 416.

o) Figure4-16 Effect ofabsolute minimunpitch angle ormeight loss on Fenng€&orwardrecoveries)
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O

Figure4-17 Effect ofabsolute minimunmpitch angle on height loss on Fenne@/uichardrecoveries)
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Consideringorward manoeuvres between -15° and-25° of absolute minimum pitch, the large dispersion
R2SayQi ltt2gg G2 aSS I ye aLlSOA F26CndB0BhE Refght loskss arg2 y S
slightly reducedand comprisal between-140ft and-266ft. For lower absolute minimum pitch ang{lwer
than-309, the 4 corresponding points show height losses betw@&2ft and-376ft. This could shows that the
optimal absolute pitch angle is betwee®5° and-30°. For higher angles (frof5° t0-25°), the pitch angle
would not be sufficient to ufficiently increase the forward speed and the height loss would be influenced by
other parameters. For lower pitch angles (lower th80°), the resulting vertical speed would have a negative
impact, leading to higher height losses. Nevertheless, thislasion has to be mitigated by the small sample
of points at low pitch angle (lower tha@5°).
Interestingly,a clearer trend of the increase of theight loss with the increase of the absolute pitch argge
be seenfor Vuichard recoveries, which ingbry should be performed without action on the helicopter pitch,
as shown irFigure 417.

4.2.3.2 Effect ofabsolute minimum of pitchangle on the height loss on Dauphin

o) Figure4-18 Effect ofabsolute minimunmpitch angle on height loss on Dauphifo(wardrecoveries)
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The effect of the absolute minimum pitch angle reached during the recovery manoeuvre on the height loss is
shown inFigure 418.

Due to the strong dispersion, the tendency is unclear and whaie to be confirmed through a parametric
study. No real tendency can be either observed for Vuichard recoveriefigae 419).

O Figure4-19 Effect ofabsolute minimunpitch angle on height loss on Dahip ¢ (Vuichardrecoveries)
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4.2.3.3 Effect ofabsolute minimumpitch angle on the recovery time ohoth helicopters
For both helicoptes, the effect of theabsolute minimunpitch angle on the recovery time seems relatively
random, as shown ifrigure 420 and Figure 21, where no clear tendency is noticeablevertheless, as
described before, it can be observed that on the Fennec, for pitch betw@ghand-30°, the dispersion is
relatively lower with lowest recovery time. This is not tfoe Dauphin where lowest recovery time are around
-15° of pitch.
o) Figure4-20 Effect ofabsolute minimurnmpitch angle on recovery time on Fenn@orwardrecoveries)
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o) Figure4-21 Effect ofabsolute minimunpitch angle on recovery time on Dauphio¢wardrecoveries)
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4.2.3.4 Effect of the variation of the pitch angle on the height loss on both helicopters
An interesting result appears when considering #ffect of the pitch angle variation during the recovery (or
5StdF LMAGOK y3atS np sz RSTFAYSR a GKS RAFFSNBYOS 0
pitch angle reached during the recoyeas illustrated ifrigure 415) instead of he absolute minimum pitch.

O Figure4-22 Effect ofthe variation of the pitch angle on height loss on Feni@ryardrecoveries)
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While no clear tendency is noticeable on the Fennec dudngard recoveries (Figure-22), the effect on the
height loss of the pitch angle variation during the recovery is clearly visible on the Dauphin as skayunen
4-23.

O Figure4-23 Effect of the variation of the pitch angle on height loss on Daugfomardrecoveries)
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as well as on the recovery time (see next Figug8¥where there is an unusually low dispersion of the results,
SEOSLII ¥F2N I -1, Héight loBsettiaft) cddrékpomding  run n°3.1 of Flight n°1, which was
performed at an extremely low average torque of 21%.
These results seem to hmrtly explained by the favorable effect of starting the recovery asuvrefrom a
nosedown attitude, as shown iRigure 424, therefore they should not lead to the conclusion that pushing the
nose down is counteproductive.Additional test points woultbe useful to better discriminate the effect of the
initial pitch and of the pitch variations from those of the other influence parameters.
o) Figure4-24 Effect of the pitch value at recovery start on heifgpgs on DauphinHorwardrecoveries)
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4.2.3.5 Effect of the variation of the pitch angle on the recovery time on the Dauphin

As already outlined, on the Dauphin, the visible effect of the variation of the pitch angle on height loss is also
observed on theecovery time as see dfigure 425.
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Figured-25 Effect of the variation of the pitch angle on recovery time on Daughamvardrecoveries)
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4.2.4 Effect of the variation of roll angle on tiperformance(Vuichard recoveries)

The roll angle is one of the main initial pilot controlled variable during a Vuichard recovery. To perform this
YIy2SdzZaNB T [20°skeddhfénded, fnaintainéd during approximately 1s.

4.2.4.1 Effect of roll angle on the height l@son Fennec
O Figure4-26 Effect ofroll angle onheight loss o FennedVuichard recoveries)
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The effect of the roll angle on the height loss for Vuichard recoveries on Fennec is shtigurénd26.
Despite the important dispersion, there seems to be, on average, a decrease of the height loss with the increase
of the roll angle in established VRS (left graph).

¢KS NMzy &

effects of the initial vertical speed and of the torque.
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As for the pitch angle iforward recoveries, it is possible that the effect of the roll angle is partly hidden by the
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4.2.4.2 Effect of roll angle on the height loss on Dauphin

O Figure4-27 Effect of roll angle on height loss on Dauphin (Vuichard recoveries)
0 T T T 0 ‘ :
O Vuichard - Established - -
.50 - o . O Vuichard - Onsets J ‘ Inversed Vuichard - Establlshed‘
-100 | 0 { S0
o o o0
- F B (o] 1
150 5o & a ° -100 -
g-200f ° 580 o =
o S
g 250 o ©9° o » -150 -
o o D o o
£ 300 o %o o ©o b
= 0 o o -200
[ 0o @
T -350| o T
-400 o 1 =250 -
o
-450 | Q o
-300 -
-500
(o}
550 ‘ ‘ I ‘ ‘ ‘ | 350 ! ‘ ‘
-40 -35 -30 -25 -20 -15 -10 -5 0 0 10 20 30 40
Min/Max roll angle during recovery (deg) Min/Max roll angle during recovery (deg)

The effect on the Dauphin of the roll angle on the height loss during Vuichard recoveries is slagurend

27.

Pilots commented that the Vuichardcoveries seemed easier with roll angles of ab80r (instead 0f20° as
recommended), however the effect on the height loss is unclear due to the important dispersion. At the very
least there appears to be no significant increase of the height losa applying a roll angle higher than 20° in
absolute value¢ KSNBE | NB y2G Sy2dzaK NdiHzya 2F GAYODBSNESR =+ dzh
(although a slight better performance is observed at high roll angles for this small sample).

4.2.4.3 Effect of rollangle on the recovery time on both helicopters

The effect of the roll angle on the recovery time seems ranétmrboth helicoptersthe points dispersion being
higher than any tendency, as showrHigure 428 (Fennec) andrigure 429 (Dauphin).

O Figure4-28 Effect of roll angle on recovery time on Fennec (Vuichard recoveries)
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Figure4-29 Effect of roll angle on recovery time on Dauphin (Vuichard recoveries)
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4.2.5 Effect of theforward speedvariationduring Vuichard recoveries both

helicopters

While this manoeuvre is supposed to be purely lateral, it was very difficult for thes fl@ivoid any increase

of the forward speed.

Figure 430shows, for all Vuichard recoveries, the effect of the variation of forward speed on height loss (left
graph) and on the recovery time (right graph) on the Dauphin helicopter.

It can be seen that theariations are not limited to low values, and can reach 65 kts.

Interestingly, these variations are much more limited during inversed Vuichard recoveries. The same variations
can be observed in established or at VRS onsets. Globally, it seems thatemsénof the forward speed
variation lead to higher loss of height and longer recovery time. This could be correlated to higher pitch down
attitudes, which lead to a performance deterioratiorhe same observatiorvgere made on Fennec data

O Figure4-30 Effect of the forward speed variation gerformanceon Dauphin (Vuichard recoveries)
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4.2.6 Effect of the helicopter mass

The helicopter mass is expected to have the same type of influence as the vertical speed (as both are factors of
the initial kinetic velocity), albeit with a less visible effect since its range of variation is relatively smaller (about
10% of the average ass on the Fennec, 15% on the Dauphin).

Thus, the influence of the mass on height loss and recovery time was analysed but no clear effect was noted.
¢tkKAa OFly 0S8 SELXIFIAYSR o6& GKS FIO0G GKFG GKS)wiSRdzOS
maintained as constant as possible for the entries into VRS.

4.2.7 Summary of the influencing parameters

4.2.7.1 Effect of vertical speed

On both aircrafts the observed height loss increases with the initial rate of descent, with an almost linear
tendency but withan important dispersion. This seems to explain the better performance of recoveries at the
onset of VRS, which occur at lower rates of descent. When taking this effect into account, the performance of
Vuichard recovery are still better for recoveriesia bnset on Fennec, but are worse on recoveries on Dauphin
even at the onset.

The recovery time seems less predictable, with a slight increase of the rate of desdgrior forward
recoverieson Dauphin, bua more random distributioim the other cases

The relative performance of Vuichard afudward recoveries are similaasfor height loss, with an advantage

for Vuichard recoveries at the onset on Fennec.

As mentioned irg4.1, the expected degradation of performance for inversed Vuichard recovesssnot
observed. On the contrary, height loss and recovery time are better than what could be expected based on the
initial Vz.

4.2.7.2 Effect of torque

The main effects of the average torque during recoveries are similar for both helicopters.

Forforward recoveriesa higher average applied torque during the recovery manoeuctearly reduces the
height loss, with a smaller reduction of the recovery time

For Vuichard recoveryhe effect of the average torque on the performance is less straightforwgodssibly
because of the detrimental effects of a higher torque (notably, more importgrdarasitic effects and pilot
workload).

When restricting the comparison to a similar range of average torque applied during recoveries :

1 The height losses for both mettls are similar for recoveries from established VRS (with more
dispersion for Vuichard recoveries on Dauphin), and slightly better for Vuichard recoveries from the
onset of VRS;

1 The recovery time is similar on Fennec for recoveries from established VRS, while it is slightly better for
Vuichard for recoveries from the onset of VRS. However on Dauphin the recovery time is clearly lower
for forward recoveries than for Vuichard recawes : this is likely because of the limited margin of
power in hover which increases the time needed to neutralize the rate of descent.

Note: To deepen this first analysis, it could be interesting to investigate separately the influence of the average
torque applied during the first few seconds of the Vuichard recovery (where it is expected to have a detrimental
effect on the workload angarasiticmotions) from its influence after the aircraft is horizontal again (where the
torque is expected to reducédé time taken to reach a positive vertical speed).
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4.2.7.3 Effect of the pitch angle on theerformance

To sumnarise, inforward recoveries, the effect of the absolute minimum pitch angle

- is undetermined on Dauphin ;

- The recovery time shows no cletendency fa both helicopters;

- For the Fennedt seems that an absolute minimum pitch angle betwee2b® and-30° is optimal.
It is possible that the effect of the pitch angle is partly masked by the effects of the initial vertical speed and of
the torque.
However2y 51 dzLJKAY GKS @FNARIFGA2Y 2F GKS LAGOK Fy3aftsS n
angle reached during the recovery) seems correlated to both the height loss and the recovery time, which
could be worth a further investigation.
It could alsdbe interesting to consider the effect of the average pitch angle during the recovery rather than
only the minimal value reached.

4.2.7.4 Effect of the variation of roll angle on thperformance

The roll angle achieved during a Vuichard recovery appears to lemalbpositive effect on the height loss on
Fennec, while the effect is undetermined on Dauphin.

For both helicopters, the effect of the roll angle on the recovery time is unclear.

At the very least, there appears to be no detrimental effect on performeasica roll angle higher than 20°,
which is a useful information since found the recoveries seemed easier when performed with a roll angle closer
to 30°.

4.2.7.5 Effect of the forward speed variation during Vuichard recoveries

Onboth helicopters,tiseems that a increase of the forward speed variation lead to higher loss of height and
longer recovery time. This could be correlated to higher pitch down attitudes, which lead to a performance
deterioration.

4.2.7.6 Effect of the helicopter mass
The influence of the mass on height loss and recovery time was analysed but no cleasaeffédienoted.

4.3 Entry conditions

4.3.1 Exits at VR6nsets/ established VRS

Vortex recoveries at the onsets were expected to happen at lower vertical speed (in abstdlg® and with
better performance For the Fennec, iantitatively, the initial vertical speed wa626 ft/min on average for
exits at the VRS onsets, versi$73 ft/min for established VRS.

As shown in Table-3 for the Fennec, the recovery performancere indeed better in terms of height loss and
average recovery time.

Table4-3 Fennegerformancein onsetdestablished VRS

Conditions  Recovery Average Vz upper Average Height Average Recovery
\Vr4 limit Heightloss loss (ft) Recovery time (S)
upper (ft/min) (ft) time (s)
limit
(ft/min)
Onsets  Forward . -716 - -168 93
Onsets  Vuichard ©%° 537 1 g 79 45
Established  Forward - -1212 221 95
Established =~ Vuichard 1173 1134 210 - -199 93 92
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For the Dauphin, as shown in Tabld 4the recoveryperformance were better regarding the height loss but

worse for the recovery time.
Table4-4 Dauphinperformancein onsetgestablished VRS

Conditions  Recovery Average Vz upper Average Height
Vz limit Height loss  loss(ft)
upper (ft/min) (ft)

limit

(ft/min)
Onsets  Forward ~ -1051 -246
Onsets  Vuichard 816 -582 213 -179
Established = Forward -928 227
Established ~ Vuichard 924 -921 241 -256

The improvement regarding heigliiss when exits are performed at VRS onsets can be at least partly explained
by the direct influence of the initial vertical speed. But it could also be due to a less turbulent (or at least

Average
Recovery
time (s)

Recovery
time (s)

10.9
10.8 10.8
8.5
10.0 116

different) airflow around the rotor, as exits at the VRS onset®wegeneral judged slightly easier by the pilots.

4.3.2 Influence of the horizontadpeed

4.3.2.1 Influence of theinitial horizontal speed on height lossn both helicopters

The effect of thenitial forward horizontal speedi.e. at recovery starf)n the heightoss seems overall positive
for both helicopters although there is an important dispersion of the points, as shoviigare 431 (Fenneg¢

andFigure 432 (Dauphin).

This was expected fdorward recoveries, as with a forward speed the helicopter bedigsrecovery closer to

the VRS domain boundary, but interestingly it appears to remain true for Vuichard and inversed Vuichard

recoveries.
O Figure4-31 Effect ofinitial Vx on height loss on Fenne&lifecoveries)
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O Figure4-32 Effect ofinitial Vx on height loss obBauphin(All recoreries)
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In Figure 433 and Figure 434 the effect of Vx on height loss is presented during datyard recoveries on
the Fennec and the Dauphin.
Thus, it can be seen that higher values of the initial longitudinal speéeind to reduce the loss of height on
both helicoptersThere are not enough points at negative forward speeds to clearly assess whatlegative
Vx has an adverse effect on the height loss (which would be expectéahiicard recoveries, as the helicopter
will a have to cross a wider portion of the VRS domain befecevering.
o) Figure4-33 Effect ofinitial Vx on height loss on Fenndeofwardrecoveries)
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