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qualities resedrch WS
simlators and test alrcrafti
g{:idance to the aireraft designer end~be—sosure

Since several pre-

production yrototype V/BTOL alreraft have been completed and others sre neering
the £light test stage, considersble effort is being expended o adapt the
research results to written speeif’igabion for this cluss of mircraft. Beewwse.
Ere BrS swh, a igreat variaty of V/STOL types problems ane.
introduced by-eadﬁ_ss_ehmae:.y-aaaeapm Nevertheless; 1% is important to
‘translate as much of the research experience as possible into handiing qualities
specifications at_en early date.. The purpose of the specifications is to give
the operator some assﬁrance that the misglon capsbilities of the aireraft, when
1t is delivered, will not be waduly limited by its haniling qualities and that
the aireraft cén effectively perform the mission for wadch it wes designed.

The bandling qualitiss requirements necessary to allow vertical take off
and landing for aircraft whleh differ radically from helicopters have been theé
subject of mumerous investigations and difextensive bibliography would be required
to List ali'*of them. Howaver; evenh raseavch data obtaired while hovering und:er
visual ccnd.itiqns are diff'icult t6 trenslate into meaningful specifications.

4 retley of the te;sf;s h}dicates apperent differences between simulator

results and even betvween £light test- data as obtained by different ressarchers,



Vaxy l4ttle is to be geined by trying o resolve all of the differences in
results especially when £light end similstor data are compared, However, if vwe
consider thet the simulators bave assisted in directing us to the importent
yariables and then. look ab the flight test Tesults as being more definitive, we
see that we have cong & loné way towards defiﬁm the aecceptable limits of.
several important conbrel paremeters for the visual hovering task., The develop-
ment of VIOL aiversft other then helicopters has made 1t necessary to consider
Yaluds of eontrol powea:. end rotary demping which were not alvays germain to
Aheliaop’ser deslgng and yél eve of primery importence to the VIOL afrovaft. Tha
m£ai~y #ing provides inherent pitch and roll damping end relatively high control
povers are obtained without sacrificing performsnce. Howsver most VIOL aircraft
w1l have very low rotery damping ¢bout one or mors exes without stability aug-
mentation and 1t has been difPioult to design VIOL airernft to the values of eontroz
pover which wers in mosh ceses vesdlly cbtained on helicopters.

N Veveral. well deflned hendling quaiitdes limitations vere encountered during
the f1ight tests of the X-14A resedwch airplene and several other VIOL aireraft
whlle hovering im visual £iight e&ndi‘bions. The purpess of i paper is to
describe soué of these limitetions and %o compave the result;s with the availsble
#pselfications for VIOL airplenes. | ) -

+3% RESULTS

Despripbion of airereft:s The besie X-1h airplens shown in figure L was
Bodified by the NASA t6 provids it with imeressed thrust, verisble contrel power

and varlable engular rate demping sbout all three axen, This VIOL airplane is
powered by two Gemerel Eleetric J«85«5 engines of 2200 lbs. thrust with caspade
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diverters in the exhaust exits which allow the thrust 0 be veabored 50° to
the engine rotationsl axis for hcrvering glight. Dual resstion control jets at
the wing tips aml st the %ail are suppls.ed with éngine gomprassor bleed air to
pro%_ide sontrol. moménts while hovering and in vary lcw-speed-‘.:f:;:gg’:h.~ One set
of mozzies is Mechanically comnscted to the control sbick and rudder pedals and
the secgond deb is perve operatéﬁ in response to signels from rete gyros end the
pllob's gonbrol position inguts through sockpit mounted potentiometers which
é_l;law independent verisbion of control power and demping ebout a1l three axes.
Adgdtional pircuitry is provided %o cancel ths engine gyroseoplc mements.
Further details of this airplane end its J—— system are described in vefer-
ences 1 end 2.

Five pilots have flown this alrplone through s wide range of conbrol power
and damping cheracterisbics end their opinions expressed in he Cooper rating
soale ware #épdvted in TN De1%28., The vask invelved was simply visual hovering
vhich includes ageslerating to abox'i‘;s 20 knots in all direetions in relatively
1ight winds. For this reason tha contrdl pover-damping boundsrias obbtained are
very clnée to & mintwom operational raquiremen%. The bounda:qies for control
Pesponse ebouk sll thres axes for the visual hovering vesk are shown in Pigure 2.
The 6.5 boundaries for each sxis were determined in fliéht to be the minimm safe
values of control power and damping even under the mearly ideal test conditions.
Beveral aceid.en’cs. and near aceidends which have oeceurred with. several test bed
alrevals when -opez"ationg were conducted beyond (with lower combrol povers)thsn),
the Umitivg valves presented in this figure. It should be me;atifsneﬁ. hovever that
the yaw axis was the. JEskvaitiaEasY from the safety point of view during these tests.



SOMPARTSON VITH MIT.H.B5014

In drder So SURAEEENN the resulld Presentéd dn peforence 2 inbe handling
qualitiés wproaTacavions 4% 18 gensrally necessary to éxpress them 1n a simpler
fowm. Gne form Yhat has been used 18 the helicopber Milttary Spefipieation Mg

:ﬁ&é& Lo rovering conteol réspinse. ’%ﬁ*ﬁ;&%ﬁ‘éﬁ%‘ﬁ‘ﬁ%ﬁ%ﬁ% i‘éié%?
and & Pednablon in rate ddwbine as » Punotion of the aprrspriste mement of inertink
A Gumpnrasun ur o speesricatisn for roll respénse and the daks obiained from
the Xw3k Flight tests is shown in Plgure 3. ?&a sresent roll resyonse requirement
in veferénce 3 1s 96/{e1000) / ? gegrees in 1/3 second; however, & réequivement
or lateral dliplacement nPter she secdud &gnal to or ma*&e: than 300/ (+1000) i3
degrees hag beert propossd and this response regquivement is shown in figwe 3,

Since the Xedl wolghs 3800 pounds the rell respongs required by thls speeifisabion
for this airplane falle in an aren which was deternmined from flight dest Lo be
acoepbabla for ouly limited opsration Por sx aimraﬁ:. of thia weipht,

The addibion of the specificabion roll dmmping requivement of 25(13;}&?

% b/deg/ser st41) vould provide only Mmited opevational capabiiiby docording
%o “hhe 2Light et resuita.

Turing $he devélopment of this Kiversfd it vas Pound o be nesopsary to
inerzuse the Yateral control pover Piom elightly less thas 4 radisn/sec® to almost
e radfsec” . Bots edjustménts vere mude to the control sensitivity vhich tmproved
the controlsbility but satisfactory leteral control was not obtained wntll the
alveraft wed veovlded With the Mghey aontrol pover.

3% Ly vbvious that thé kaié:e&p%&r speatfications (véf. 3) vhlch emphasizes
the welght of the aiverads in detérmining ibs control power 4o not agree with the
avallable VIOL afravaft test information for the pall axis.
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A compardson of the helicdpter speeificstion for losgitudinal response while
YWovering aloo indicates an inconsistency with the flight test resulbs reportsd in
rafereice 2. This comparison ia shows in figure bs In this cese, however, the
military specificstions requives considerebly more response for a 3800 Ib. aire
orafs such ag the Lol than the test résults indicate is necessary for normal
operation.

e level of damping sugmentubtion yequired is much higher than is required for
visual hovering as it elsd wes £or the roll axie. This level of denmpling might
very well be required for certain missions bub-the specificatian appears to raguire
this vélue for all normal operations.

The results of the X»ll;,sta‘us,l.ity and contyol filght tests alsc ipaigate
'{figure i) ‘th,at,'g.iven adequate control power, visual hovering opevabion can be
condugbed even with zero rate damping sbout any exis and with only the basi¢ aiv-
plane damping (nr; demping sugmensation) shout il axes similtaneously. Flights
1n & 12,000 1b. veetored thrust VIOL strike fighter also verified thet the demping:
level provided bé the basie airplaxie ‘need not be sugmented and,in faet, experience
has shown tHat the controk power snd demping requirements for VFR hovering sboub
a1l exes w&geyze éMé for this 12,000 1b. airersft as they vere for the X-1k
vhich welghed one<third ms much, T direct eonclusions can be reached from
these %ligh't testé it the 4,000 Ib. to 12,000 Ib. rane, Firet, the basic aive
plans rotary &smping is sufficinet for vertical teke off ~ landing and other VIR
hovering cpara&ione‘ Second, no reduction in the control power requived for normal
operation ﬁ_&s Pound due % the three-fold incresse in weight although the specifi.
eation for roll ecﬁ;;ral pover (Pig. 3) indicates that a 30 percent veduejlon in the



X~14 test values should have been adequate. The lower ~velues were tried an'yhe )
heavier elreraft aid found to be insufflclenit. Yor these veasons 1t 1s belleved
that tha reduutions in softrol power with increased weight allmved. by the presenty
speciﬂeatlan coulrl e nisleading 'bc the designer of very héavv VIO aireraft.
Severa!. Tlight tés‘b ‘Experiments are bheing da'velnped wilch it is ho:ped will provide :
us wi’oh moya definitive résults ‘nut they are com;plicated by the very large changes
in weight whick épperently will B req_uired. in order bo. detect a chenge in the
contral requirements., It is of inberest to notz that mround simulatobs sre of
little value in this aves, At this,voint 1% is tempting to. shifﬁ our retionsle
1za.tion Yo & slze dr linéer messurement {nstesd of the weighb effact bhut again
experimental Yasults ave not avallafle for the havering ensg.
These appavently very high contvol pover requivements isave.ths designer of

& fubure 100,000 ib. Wo,a;rcfaft in somevhat of & quendry siuce at this gross
wedght and siz; the moments of.inézj’ci_a will be so high that f;he thrust reqiired for
contrel momests is 'éfién.gn undesiiabié large percentiage of t-he't}::rust required for
lift. Mhemore, the coa‘c of sich & venture is do. high that & purély-seidrimental
aircraft is ou’c of the. question, An approsch which has been sugeested 1s to bulld
& large frems work 4in theé form of & orose having 1Pt and contrél engines mounted
at the end.of each ern. Tt 1s poasible thet significant informahion sould be
phtained fram wnited bovering tests to determine the influeme 6f size and inertie
on the cantroi response requirements by this method. It :15 gagy - to dismiss bhis
scheme .out of hand; homver, in the light of the results obtained 'i;c\ dnte pn effort
of this type mpy be required to provide gaxidanaa to the designer of verv daree VIOL,
alreraft,

‘ The total nentrol pover dnd robary damping requirements have 'been eznpnasized.
beoause of ‘ﬁheir‘*importanoe in meeting the response specified  in Peferénces 2 and 3.



Other control conditions of course e important vien overall hsndling qualities
ere considered and £1igt test data ere svaileble Vien show the need for |
optimizing control sensitivity, ia, ;heo:;zfem: pover per inech of control dise
placeﬁent,‘.:referenee Ly and ‘the velﬁc:lf;r shabiﬁ.ﬁy paremeter Mu .es veportéd
in referenae ‘5.

- s £light vésts of reference 5, shows that m&mm veloctty ‘stebility Is.
the mont desired eanﬁiﬁian when in nger hmrering f}.ﬁ.ght and 'bhai: inereases in
velocity shability not enl.v inovense the pllot's contral task bub the moments
produced. by veldeity alse redude ‘bhe' contrél power availsble for mapeuvering.
Small €¥¥oks im predicting the ‘Velocity stebility of & VIOL airepaft cah easily
sutbtract frcm the control pcwer avai}able for msnexxveriug therefare the levels or
control pm:er Found bo he yoqiirad from the Z-1BA £light tests arc in dxcess of-
th.e requirement to trin mmente pura&ueea. by stebility and apgine pover changes,

Height eg_nm“}u;w In ‘addttion to -the heed to control pitch, yaw, end roll
of the VIOL aircmf_’c the pilet must alse control height which beccmes. independent
of pibel abbituds und dependent on thrust response a3 hovering £light is attained:
Studies of heimht comtrol resuivemenbs. much as repdrted in refer'en{:és & and 7 were
conducted on simlatm's ana. provide an infileation of the im’luence on piist ap:mioz
of the important height sontrol respon.se parametera. Inoyenses in both avalleble
thrustevelgit ratie end dmnping fro near.ero levels weve foind 40 be desited and
a collective type &eigtxt conﬁx‘ol sensiﬁivity of a‘bcut +1g por Aneh apprcached the
9ptimm value. The fidnimum levels of T/ and he&g}rb rote damying wax‘e d.iftfieul'l
t0 dsfine bedause ¥ théy apreaved to e so ek & fxg;c‘qien of the liovering bask
requirementa. Duriug recent stuiies using the Ames Height' Combrol :ém}.atdr,
values of control powér of less then L.15g end zero height rate dampimg st{il
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alloved the hoverding sbesdindss vegilrements pf refersnce 3 4o be meb even though
the sbility to clumge haight end stubildze qiickly hnd deteriovated. Ths one
peramster wiich resuifed in g decregsy v hovering sveasiness and which ereatsl

& dangerbus height control situstion was a large inorémee 3 the first: érder
response of thyust t0 a step height cantirol ingud:

The stmilator vhich ‘us used to Anvestdgate the éffects of the thrust
response ime 5({:}5%8&'& is shown in Fimwé 5. The' cab tr;-ével 4s 'ﬁp'fé&w meELm -
veloolty 420 feét/sors, acceleratipns of & 96 Fi/sec” <cain bé bfained. s ceb
height is. controlled by 8 collsctive leveriand the desired levéls of resyonse
ave’ provided by, a.n analn'gue compibers “The resuius ?’:ﬁ‘ the fests of the Yhrust
e cdnstant are éﬁrm 15 ‘figx;ré 6 whicl shows the varintion in pilot rating
{sﬁoé)ger Scelé) with increases in the timg comstint. They vere basedon the
h@vering ‘stendingss z‘equirements of z‘efereme 5. That 3.5 %a held heig&& £ fqzét
with 1/2 inch or 1ss of ‘collective moélon. A total T/W of 135 m mviaéa and
the collettive sensi‘hivihy was i1z per inch., The sight ratg demplng wee zexo
viich rapresents & more severa condd:hicn than most VIOL atveraft mum haves..
“Inereasing the biue consbant from -zem to 5 nédond caused B Hoticesble desreans
in hovertng stsaaiﬁeés. A velus of 6 seeond caused overwgontfoliing and & valug
62 1.2 seconds mquire& ﬁearly mn. pilot a;ﬁent&an. Fedther conditdon met the
specificativs For Im'ering steadinsés. A tite constemt of 2.0 senouds resulted
in o dangerpng “sliilation, largs excirsicbs in helpht oscuired a&a. :&he piloks
inddested that xm a'&’cempft: at flight should ghe made with this éondiﬁion.

The time htsteries of height gonkrek fuput BAQ. cab vesponse fop several test
sondltions are shown- in figures 7 %o 1l.



The requirements for ho\naring stéadiness of reference 3 are indicated on
the figures as ﬁae,héd lines.  When égeen‘bially zeys time constant is present all
the requirefients sre veadily met s is showi in figare 7. A thrust vesponse time
congbart of .3 secomi results 4n'm ndticesble Ancrease in sollsctive stick mobion
bub still less thay 'bhe & 1/2 inch allowed- Height rate excéeded 2+1/2 feet per
segond by 2 swall gmount howvever on the min illustrg@ed, in fxgxmg 8 @e:.ght WBE
mainmtained within a few inches. Ab 6 second all th.réé steadinesé‘ r'éq_uir'ements
were exceedéd o “hed remched the specificatidn lm:.‘bs. Fwﬁher increases in ’che
thrust rasponse ’cime constamb resultea. in-a general decreasa ia. hovering controll~=
ebility which 1s sb.own in figuves 9 e The‘pilcrb gpinien varietion with thls
time constént shovn -in figuwre 6 indicates that & maximun-of .45 seconds is the limd

for AOFIAL OPRrations but .o Beconds is required o méeb. the’ existing specificatilon:
CONCIUDTNG REMARKS

Flight test dsta has been présented which defines the VFR hovering comtrol
pover requitéishts for VIOL atrerdft in the 4,000 b, to 14,008 15 Fetant class.
Thera are large’ differences be’eween this data and the presen'b mil:.‘bary spec:ficat:.oz
for helicopters. :N'o ‘pighificant aifferences in the control :gower requirement:
vere noted with & ‘threesfold chengs in miroveft weight altoughdhe ‘existing g};ggi«-
fication allows & 30 pérdent veduction kbt the. higher welght, The tééhs ind.ieate
that furthqrig;nvegtigaticns Will b¢ reqitived at mich higher weiphls mhd with large
hovéring test vélileled in order 6 :pr;r‘y;d.e more realistic guidance fdr the G¥sige
of very large VIOL afrcraft.

More than 10 biloté hiave flown the X1hA Jet 1ift VIOL aireraft. with zero rab:
damplng shout eadh éxis emd with Just the busio alrplane -damping, sbout wll axes
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simultansonsly. Thalr contients inddgebe that given adequate confrel power’

the unsugmented airplane-is satisPactery for visusl hovering operations, &

bries ~in\?es£:,gébibﬁ. of helght control response on a moving base simulator indicated’
thet -Novering -steediness i markedly effgcted by the Pirst orier thrust response
time gonstend, The pllots felt that only Limited opération’ showld be attempted
with a theust response time constant dn excéss of .M. second and that operation

with & time conskent exceéding 1.2 seconds will be dengerous. “These Limitetione
ere in dgreenént with tis hoverlng steaiiness requivements'of the militery spects
fiontion foi helhvopters.
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