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This paper discusr"* u,l developmenL rrnnufacnrtr
i

and ground and flight t€st of *rc AYROCAR {YZ-9AY}
aircrafr- It covsrs, in **. test phases, several shsn'

cornings in the overall design objecriys$, bricfly

discusscs {light Bst r*sulu and concludcs witll *lcssons

I e"rrncd' a*d rccsrn rnend.ttions.

I J!.prkgrcunrf

In &c mid 1950's coruiderable intcrcst $rts eyinccd

by tlre US Air Farcc and rtrc US Army in explcring $clry

and mdicil conccpts to fcct mission rcquircmen$

which rycrc quitc diffcrcnt fgr thc rwo scrviccs" Ths Ak
Fcrcc, concerncd wi& airfield in*rdiction of fonrard

plxccd bascs ifi Europc, wrs crrlrrining mcthods for

rircrafi survivabiliry. Thesq includcd studies on drcrafi

rcvctmcnts, aircraft acccss to cxisring rords for nkc-off,

Shon Take-Off and t"rnding (STOL), and {i*ally,

Vcnical Takc€ff and tryding (VTOL). Thc Us

Army, orl rtrc o0rer h&$d, wos conccrncd wittr

srrvivabitiry of irs ptatforms in a bar$cficld

environment. In Orc 4*yi$ casc rnodcratc spffid and

high mancuverabitity wcrs ths driving fsrces {along

witlr cost comparisons m I cxisdng lighr ftxcd wing

aircrafl and hclicopcrs.] 
:

i

Thc discoycry in 1953, by Bridsh scie$tisu $at a

circular jct currain would producc a powcrful ground

cushion ted A\m,O Aircrdi cngincers ts csr$idcr this

phcnomcn& but not purctry fs a ground cffcct m*ctrinc,

but rather as thc undcrcerriagc for a vc*ical firaund

Effecr Takccff and L.anding (GETOL) aircrafr- Thc

frrst cffon in t956 by AYR| Oir"rafr, undcr corltfiEt to

the US Air Forcc, wc$ dcsipn and fc*sibility studics of
incorporaring thc ground jeffccr wi*r a radial flow

proputsio* systcm and j*i sontrol lbr a suJrcrsonic

figtrrcr aircrafr. (IIffiAPON]SYSTEM 6064) Figurc l.

I

In 195S, afnr a scricsiof prcsenuticn$ by A\mO
Aircrefi to l,}rc US Air Forcc and US Arrny, rhq jaint

Army-Air Forc* AVROCAR progmm rlras approved

and conrr.lcted t$ Avro Aiicr:rfr by thc US Air Forec.

Thc inrcnt of this progmrn wlq to uriliec prior WS Sfi6A

f igurt l. Weopon ,Sysrrms ffi6A

studics and rnodc! t*sls to hbricatc for thc A ir Forcc a

proof-of-conccpt modcl and for ttrc US Arrny a

prototypc of a '{Iying jccp' {Figurc 2}.

r*-s

-*-- -

Thc A\ffi,OCAR was proposcd ts bc a ncw U/pc

CETOL aircrafr suinblc for oprating al low spccds in

*re ground cffcct and dso capblc of spccds in cxccrs of

250 knau at aldtudcs up to 10,000 fect.

I I tlrxriptiprr-{}fj ircril ft

Figurc 3 is r ftrcc-vicw gcncffil arrengcmcnl of thc

vchiclc. It is a flying wing dcsign of circul;r phtfonn

approxirnrfcty-I8 fcct in diuncrcr. In cro$s scction drc

wing is I cambcrctt cllil:sc witlr 3 ilrichness to chortl

rnti* of rppru.t irnluly ?(} lxrccrlt.
^r 37
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Figwc 3.
i

Thc wing is s;ymqetricat about Ore venical

ccntcrline, resulting in a radiat structurc. Tlte bottom of

thc vehicle snrds appro{irnatcly 6.5 inches off tttc
ground, has an overall hcight of 4.8 fect and was to

takc-off vcnically at a wcight of 5,650 pounds which

ircludcd a paylmd of AmO pounds and fuct for ovcr a

100 mile Elngs.

Tlucc Conrinenul ,69-T9 urbojcts (g77 pounds

S.L. static tlrust 27 inch ovcrall diamcer, 364 pounds

wcight) are syrnme,trically disposcd horizontdly around

thc ccnterline of tlrc aircrafi with Oreir exhaust dirccrcd

inboard (Figurc 4). Thi cxhaust is cotlccrcd in a

-/
.\t'--- 
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Figwc 5. Tip-D rive n'iurborotor

figwe 6. AVROCAfr Ducring SYstem

A smallcr pan of rtris mrin flow escapcs from an inncr

annulus to subilizc thc gfound orshion. The control

sysrm $ras complcx. This will bc dc.scribcd latcr in this

papcr.

Figurc 7. fcacfivc Controt

Thc pcriphcrd.icrs arc dircctcd downwards for uks

off and t}ris annuler jct i$ the pre$cncc of ground

providcs an.=apprccirbls &nrst augrncn*don' This is

known - ffi: -[h ground cushion cffcct and t]rc

\

I

l

i
Figure 4. AVRAIAR Exhaust System

I

tusk-likc charnbcr and diicctcd ttraugh nozzlc guldc
ya$cs ts impingc upon r,,irUin" bladcs atuchcd at rhc

outcr cdgc cf Orc turbomml assembly {Figrre 5}.I-
Thc turborotor CO*l 6) draws k air Orrough a

cc$rral circular ryrcnins u|rC forccs it radially outw*rd
through diffuscr ducrs in tlrc main surrcrurc (Figure ?).

Somc of thc air forccd aut by rtrc turbornror is dkccrcd

brck ts turbojct inlcu, bur *rc mrjoriry of *rc {law is
e.tpllcd from rn snnulsr norr.lc ar rhc wing ;rcriphcry.

lln
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approximarc flow paucrn, clofe
illusrarcd in Figurc f . i

to the ground is

Figure .8. Grouttd ffrrt Flow Pattern

Thc vehicle cotdd n$", and movc witlrin thc
I

grumd cushion.' Transitioni to fonrard flight was to bc

I..o*plishcd by Fduallyiocnecring ,oL. of *re jcr
flow from ftc p"riphcral nozzlcs to thc rcf,r'. The

vchiclc was u) acceterarc nir*rrU. and ctimb upwards.

The jet shcet EL rhc rear of rfrc wing induccs a largc lifi
celTicient which. logetho frh thc tow wing toading.

cnablcd the wing to suppon.rt 
" 

aircrafi at a spccd of 45

milcs pcr hotr. For landins{ O.r."nt w"q to bc made at

consunt, powcr undl the pr,csencc of thc ground cffect
was scrLs€d. Powcr was then rcduccd to scttlc the.-;
aircraft onto hc ground. 

i

,rfr itogram, Facrors

The initial outlook foi rhc A\IROCA& program

wns quirc favorable. Thc dont a"brr, A\m,O Aircraft
Limircd and Orcnda Engineg Limircd, both of Toronro,

Ca+a&r, werc major cornpanics with cxtcnsivc

cxpcrience in aircrafi and propulsion systcm dcsign,

Bottr companies werc j hcavily involved in
manufacturing ttrc RCAF CFl05. a supersonic fighrcr
intcrcepbr. and a major proFram buy for thc Canadian

Govcrnment. As a consequdncc, major facilirics existcd

for dcsign, fabrication and fst and an cxccllcnt dcsign
tcarn wirh cnginccring baci-up from the CFl05 tcarn

was on hand. In addirion, i*nsidcrablc tcsring of thc

radial proputsion ystcm h+ bccn accomplishcd undcr
thc ongoing Af contraf t, which had dircctcd a

conccpttnl dcsign study *,i small scalc moclcl tcss of
the supcrsonic fighrcr aircrafr dcsign. AVROCAR
funding appanrcd adcquarc ano the schcdutc appcarcd
rctsonf,blc. From thc govcrnmcnt siclc. thc tcchnicel

suppon availablq from thc AF Propulsion kboranry
and rhc Flight Dynarnics Labor:i tury w&s outstandilrg-

This availablc technicat suppon w&s undoubnbly

disponionately large for a relativcly snrall program-

This suppon was probably due to thc novelty of the

concept which ccnainly inrigucd many

Wright-Pattcrson AFB engineers. In addidon, NASA

(AIv{ES) and Edwards AFB provided timely and

outsumding support. A brief comment. In rhcse prescnt,

d.rys of incrcqScd burqrucmgy where cxrcnsive

docurnentation to includc Progam Introducdon

Documspterisn efD) and agency Memorandums of

Agrccment (MOA) arc a requiremcnt, it was cxuremely

rcfreshing to visit ttre AMES faciliry, discuss tcsdng

rcquircmenls in thcir 40 foor wind lunnel wirh NASr\

scienriss and 'scal thc dcel' wittr a handshake. This

was atso true at Edwards AFB whcrc the only

corrcspondcncc nccdcd was a TDY fund cimtion for the

Edwards tcst pilot- Only onc ominous cloud hung ovcr

thc A\ffi.OCAR progmm from is onsct- Thc US and

Canrdian governmcnts werc discussing Canadiai *:
sha.ring and acquisirion of ttrc proposcd USAF F-108

supcrsonic lightcr aircnafi- During thc middlc of thc

AVROCAR program thc Canrdian Governrncnr and Urc

US Air Forcc rc:rchcd agrccrncnt on rhc Fl08 project

and rhc A\IRO ARROW CF-105 program was cancclcd

and ttrc fcw cxisdng aircrafi wcrc scrappcd. It is

ironical thu thc Ak Forcc F:108 prograry also was latcr

canccted. Canccllation of thc CF- t05 program ccrtainly

.did not conributc dircctly to the cventual A\ffi,OCAR

ouromc. but ir did dampcn the enthusiasm and suppon

of ttrc AVROCAR prograrn, panicularly in its latcr

sutgcs.

fV r vrncpr Tesls

Fabrication of Orc A\{ROCAR was complctcd in

May t959 (Figurc 9) and thc vchiclc was insnllcd in the

stadc rig (Figurc l0). Thc objcctivc of ttrc ground tcst

w&s to dcvclop thc aircraft to ttrc stagc whcrc it could bc

demonsracd ttut inidnl hovering would bc rcasonably

$rfc. Thrcc sub-objcctivcs wcrc as follows:

a Perfoffnancc: Measurc thc pcrforrnancc of the

aircrafi in ground cftcct and esnbtish thc maximum lifi
availablc

b. Conuol: Esnblish ttrc conuol charactcristics

and dcvclop thc conUol systcm to providc s"rtisfactoqy

handling ctmracteristics for thc inidat hovcring trials.

;*'*rt
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c. Smrcurre: V y ttre stnrcnnal

mectranic.tl ope radon o f aircrafr.
ta ?Er-..r-.Ea
ll lerrrer
la,,.-thdra.E r
ll ?ttr rt
la rr- sa-a--
at ra-, ht-at -aar -af b!E. I{ia}.<

fan rotor btades. This single sugc trrrbine w&5 driven

by ttp clhaust ftom ttrrec J{9 cngines. The design

point for rhc AVROCAR fan was:

Air flow wcight 550 lbJscc

Toral prcssurc rario l-l
Spccd 2784 rpm

Thc finat conliguradon

tcst, rcsults:

Air IIow wcight

Toral Pressure rado

SPced

lcst provrdcd ttre foUowrns

340 lb./scc

l.l
257Orpm

The rcasons for the unsarisfacrcry pcrformance

werc as follows:

a Inlcr conditions forccd the comprcssor to oper:ltc

far from thc dcsign poinr ulwards srall.

b. Thcrc was a hcaVy boundar-y laycr at tlrc

comprcssor inlct, foge*rcr wifr apparcnt stalling of the

'fap bladc tip ,which rcsulrcd in a flow dcficiency of

about six pcrcen[ a[ any opcrating poinu

G" Thc tr$inc produccd lcss than dcsign Powcr,

conscqucntty dcsign sp€€d of thc fan was nor rhievcd

tsing fult power of thc jet cngines cxhaust NO!E:

Thcsc tcsls wcrtr pcrformcd on an orend.r tcsl rig whcrc

full powcr of rhrcc J-89 engines could bc simulatcd.

d- During thcsc tcsts it becamc readily aPparcnt

that thcrc wcrc cxccssiw losscs in thc downsueam

ducting systcm. Drring thc test pcriods mary changcs

wer' madc in an attcmpr to irnprovc thc dclicicncics,

but hrgc lossrg stiu rcmrincd ar thc conclusion of ttrc

satic rig tcsu.

I iftl.

a. UnaCccptablc inlct Empcraturcs Prtrventcd J'69

I00 pcrccnt rprn (95 pcrccnt rnaximum).

b. Turborotor pcrformancc problcms limitcd thc

turbo fur bladcs to 25?0 qPm-

C. ExccsSive downsucam duCt losscs wcre ncvcr

futty rcscilvcd.

d. The End sutic rig mrximum litt (out of ground

effccr) obuincd was 3.150 pounds. This compilcd to a

irrt"grrry and

\\.fl/
i aiarit a. {a.il
t l.e E-.1 aaaa.at .. aifr

't"'

Figweg. IVlOCffi Cw-AwaY
i

I

I
I

gas&,$. ry?lt1 design clpngcs wcrc accomplistrcd over

tC four month psiod 'fnd somc irnprovements wcrc

obaincd, but at ttrc .on{tusion of thc static tcsrs it was

only 6ssiUlc to run rtit J-69 cngincs tt 95 pcrccnt

RPM. To improvc this prfotmance it was apParent that

majrrr anatysis and re{esign were neccssary. Not'
wittrstandng, the dccisi{n }v:ut madc to initiatc ground

cffcct hovering flighs. i Si*ulrancously. erat.radon of
the A\TROCAR 1rrUJ.,o, was accomplishcd by

i

Orcnda Engines Limitcd

I

o:'*.r'

Thc AVROCAR Turborotor wos a singlc sugc
I

axial-0ow fin drivcn byia turbinc fixcd to thc tips of thc

140
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design goal of over 5
effect-

poun& of lift out of ground

This fu[y reactivc I system was complex.
Flight control was dojre4 from the rurboroor air bcing
fed in diffuser drrcts. fodneU by [rc prirnary smrcnutr

and cxpelled from annula{ nozzles at thc wing pcriphery

and in the undcrsurface of ilre vchiclc. The direcrion in

which &c air was airnecrcd was controlled by
positioning spoiler rings 

f 
tocarcO in $c throas of 0re

pcriphcral ngtzJe. Raisfng or lowering the spoilers

direcrcd thc air up, dowt, or horizonnlly. Tlrcrefore,

tfre qpoilcrs could controi *A mirneuycr rlrc aircrafi by

bcnding thc jct of ak 
f 
differcnrially oyer opposing

scctors of tfrc pcriphcry. fft,c qpoilcn werc dcsigncd o
rapidly rcspond to pilor *n*l which.allowed in turn,

rapid responsc of thc jctfflow. To assist pilor conrrol.

the turbororcr itsclf *.{ allowed u, 'floal' a smatl

amounr by nor bcing fiSiarr fixcd ro rtre aircrdfi,

structurc. lThis allowcd tlrc turboroor to rt as ?

contftIl forccs. Orus 'OdJnping' outsidc pitch or rolt
rnotions. The relative {nuion of rhc gyoscopc was

srcppcd up by I mechapical linkagc inro rtrc ccnral
controt posu Thc "*{.d eontrol posr was dircctly
linkcd to thc spoilcrs .hFugh a numbcr of rnechanical

cables. This allowed rapld changc of spoilcr pcipon as

thc turborobr reucd o bur.ide modons. Pilot concrol

was elso dirccted ro ,I$ conrrot post by pncurnaric

bcllows. Thc pilot couldiovcnidc rhc g)ryoscopc conrrol

rcaction by such ctun$es. fiis gyroscqpic cffcct
pcrformed thc samc funciion as thc !-rxcd stabilizcr of a
conyentional afucrafr. ffnis rcactivc control systcm

rcsulrpd in qraeting two rindcsircablc ctrarctcristics. In
hover. the ccnter of gnavity is,ncar the ccntcr of rhe disc
or wing. As forward morion is acquircd, fiis ccntcr lifr
movcs forward in the ,Aisc resulring in a sadcally
unsable aircrafu Se.onqy, nosc-up pitching movcmcnl

Figue I I. Tctluredfrrg

\'....
,:

in countcractcd by dcffccring thc propulsivc powcr
downward at u,e rcar {r the aircrafr disc. Loss of
propulsivc powcr would in*, rhar rhc airsraft could nor
'glidc.' 

i

t

To esr.ablish eontroi pcrfonnancc thc AvRocAR
wits tcstcd in a tcthcrui modc, (Figurc I l). hovcrcd
wiorin thc ground etrccr krrr" flight) (Figure t2) and a
full scalc modcl was tcsr,ia in rhc NASA AIvIES 40 foor
wind tunncl. During i" pcriod of spcrcmbcr rhru
Novcmbcr 1959. 27 tcss wcrc accomplishul in thc

Figurc 12. Hovcring Tcst

rct!rcrcd and frcc llight modes. This pcriod of tirnc is

bcst charrcfcrizcd as frenzied as many changcs to lhe

contr-ol systcm u/crc tricd as tesl rcsuls wcrc gutrcrcd.

Thc cnd result was not favorablc. Aircraft stability was

fair to mErginal within 0re ground cffcct, but as a hcight

of fivc tJo six fcct was obtained, violcnt oscillations

occurcd and powcr had to bc immcdiarcly dccrcascd. It
wiui not possiblo Io conrol tlrc AVROCAR at this

criticat height whcrc it was apparcnt that thc air Cushion

isclf b€amc urutablc (Frgure l3). Attcrnpu to altcr

this insability wcre nol successful. Major changcs to

fic conUol systcm wcrc tcstcd, but thc cnd rcsult was

the thc A\IROCAR just could not bc conrollcd above

ttucc to four fcct in hcighu During tcsts at AJT IES it
was dcmonsrarcd t}rat thc conrols werc not capablc of
dcltccting &e jcr sufficicntly undcr fonvard flight

conditions to proyidc 0rc ncccssary thnrst componcnt or

control movcmcnls.

YII Summnry

To furtrcr plaguc 0rc situation thc AVROCAR

progpm cntcrcd inn an ovcrun siturtion primuily

t4r
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sysrm alfetcd otlrer parts with neguivc cffocts. Thc

rcsult was chasing problems causcO by Oesign changc

frorn onc pa{t of ttre aircrafi to another. It is surongly

rccommcnded ttru any program involving a new or

novcl conccpt bc kept as sirnple as possible. Much

morc Ucndon to ttrc 'novel conccpt' should include

exansive cxploratory work (analysis and wlnd Unnel

tests) prior lo aircraft fabricuion. Frnally, ild most

irnportanr, wirtr &e exccprion of thil ponion of tre
design which is novel (in the casc of ttre A\IROCAR it
is use of Ore ground cffcct) usc prcvcn and

dcrnonsrraad propuhion and conuol systetrls. This

sug.gcsdon does raise anorher question which qm bc

widely dcbated- Is it betar to dcsign a ncw platforrn

incorporadng ttrc new concepl or modify an cxisdng

pnoyen aircafi? This aufior has no funtrer comrnents on

rtris quesdon. It is intcresring to norc $nt thc A\fRO

'conccpt" wiui tricd again at Bell Aircraft on a

Dchavilland Buffalo, and a dcgrcc of succcss was

obnined. To this datc. howevcr. GETOL has bccn

pigconholcd. Unlesf somc ovcrriding mission

rcquiremcnt dictarcs another a[tempt at udtizing thc

glround crshion in licu of landing gcar, GETOL will
rcmain an inrcrcsting conccpt not fully cxploicd.
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Figwe J,3. CriticaiCrouad Effect Parrcrn

causcd by cxtcnsivc .trnL.* ro rlrc A\ffi,OCAR and a
tcst prognrrn. lfrcr ilrc Ia$, hovering tcst on

5 Dcccrnber 1959r all wohk ccascd on rhc AVIROCAR
progErm. su@ucnr i'grt wctl' programs wertr
proposcd by Awo /tircrfft but wcrc considered and

rcjcctcd by.the Air Forcc irnO in Junc 1960. Orc progarn
w:ls terminatcd.

This program was irt " fnst scrious aucmpt to
cxploit the ground .rrhfon cffccr to creatc Ground
Effer Take-Of[. The rrrp and forcmost lesson lcarned

was that rhe design *n.!nr was far too cornplcx and

consistcd of scvcral unpr$vcn or ncycr tcstcd conccprs.

Thc turborotor design was novel. Thc circular platform
wi0r rcactiyc (mechar{ical) conrroh was highly
complcx. Thc phcnomcna of the ground crshion as

critical hcight was obrainid provcd highly unsulble and

changcable with attitudc {Oiuslmcnts. Urilization of ttrc
fan roulr as a gyroscopc proved undcpcndable and

intcrjcctcd scvcrc ron,rqll oscittations. onc probiem
chascd anothcr. Inlct b*proturc causcd by rhe

contiguration rcduccd c{tgino RPM capabiliry. The
turborotor opcratcd wior fcss ttran dcsign powcr and is
own incflicicncy rcsulrcq in major loss of aircraft li[r..
Thc radial ducts and ,t pir convolurcd shapcs funhcr
rcduccd lift and airflow for thc rcactivc tlighr conrols.
And finally cvcry chanqe to qny pan of *rc ovcratl

i
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