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1. SII,[lA-RY

An investigation has been made of a zera ]-engt-1, Iaunchrng method for
the Arrcw"

The inethod adopted ecnsists of mounting +.wo JAT0 Type 121 Units under
the wings, the take-off being accomplishec from a raiirD supporting the
aircraft by means of its undercarriage"

The general eonfiguration of the aircraft, method cf mounting the
boosier units, arangement of the ramps, and nethod of ejecting the boosters,
are shown on the attached Crawings.

.{ prelirninary study of the dyr:amie eharacteristics of the launeh has
6ssn made (Eef" Report No" Z2lstabl45). This study included effects of
ma1a1ignment of thmst, variation of c"g. position, and eflecls of tempera-
ture. The reporl inCieates the innportance of c"g" position loler.anee in
oartieular, as well as bcoster thrust axis aiignment, The naximum acceptable
tolerance for the forraer is of tire orCer of + I inch arC for the latter,
15 minutes of are"

Examinaticn of ioads and slresses indicated ihat some moCifications
woul-d be required. in the vieiniiy of the booster at+,achment, points t,o the
wi-ng, but these do not apDear. to be of a serious nature.

_)
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2 INTRODUCTION

2.1 A request has been made that the eorpany investigate the feasibility
of a method of launching the Arrow to flIying speed without the use of
any gror:nd run" It was assurned in this study that the zero launeh
operation would be required to be located at any point in the eountry
and would be set up on a 24 hour dat the readyn basis"

2"2 The ourpose cf this report is to oresent the results of this investi-
4alion. The reasons for the equi-pment selected ard its adaptation to
the Arow are d:-scussed. l,Iodifications that woul-d be required to the
airframe and controls are pointed out. Mention is made of necessary
ground ancillary equipment" Finally, the analysis of dynamie eharac*
ter':-sties and the limitati-ons to thrust ard weight tolerances are
surrrnanzed"

2"3 In orCer that this irnrestigation woul-d enveloo possibJ-e future Cevelop-
nents of the Arow, it has been based on the 2{ version - the design study
of lrhieh showed an A.U"W" of 16,750 Lb" (Ref, Reoort No. ?zlsLabl45),
eovroared to the A"U"W" of 5J,200 lb" of the Arrow 2" Adding 11,450 1b.
for the rocket units and attachments gi-ves a naxiirn:m launching weight of
6^ 

^^^ 
1rJO, ZUU l_D o

2,4 A zero length launch requires a thrust, in addition to that prcvided
by the engines, sufficient to provide an aircraft tr"ajectory of at
ieast 10o in elevation. This additionai thrust must also be ol suffi-
cient rnagnitude and duration to ensllre flight sneed in the shortest
possible time consistent',rith the acceieration tolerances imposed by
the airframe and crew"

Assu-'ning a flight speed of L70 knots and a cons-r.3rrt aceeleration of
<d'

)b'

+- 170 x 1"589
) x )2"15

s = 170x1.689
2

Higher aeeelerations woul-d produce a launch of reduced duration and
distance but are not recomrnended on aceount of crew and airframe
limitations"

The launching distance r:nder )g acceleration therefore would indicate
t}-iat a thrust booster be used which is an integral part of the aircraft,
thorrgft it may be jetlisoned at the end of the launeh"

Hence, this investigalion concerned ilself with the adaptation of
rocket boosters for the zero*-launch operation'

An apDroximale value for the roeket thrust required can be obtained
by eonsidering the forces irryolvedo neglecting moments and aerod;marnic
1 arri o

drration of ]aunch

distanee of launch

= 2,9?7 secs"

(2.9??) = 426.5 ft,.

)
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2.4 (Continuei)

Engine Thrust Assrrned = 4&1000 ilr" = TE

Gross Weight of Air.craft = 88,200 I-b"

Balance Vert.ical Forces:

88,200 + 264,600 sin 1oo * it-l+,000 sin 1Zo 25' - Tp sin ( = o

,88,200 * 45,900 * U,160 - Tp sin ( = O

Tp sin d= L20,946

Bal ance Ilcrizon'ual Flrces :

25u,6ao cos l-co - 44,ccc cos l?a 25' . Tq ccs ( = o

' 26a,050 - 420000 - Te cos ( = o

Tr: cos (= 2}3,OCO

tan (

rF

11

- o))-))

= >oa )t
4/

= "48532

= 249,000

)
2.5 Examinat,ion of the airfrarne structure revealed that it would be

erLremely un.likely that such a single thrust oould economicaliy be
applieC" It was rescl-'reci, therefore, tc use two rocket boos+,ers,
rnounled syrunetr"ically to tire lorser side of the w!ng.
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2,6 The econornics of choosing an existing booster fr:r whl-ch perfomance
and reliability were known, I ed tc the selection of JATO Unit 121,
Twe 405-130000 X226Al, This booster is used on Snark and the
characteristics are as follows:-

Weight per Boos-Ler

Thirrsr ai, ??oF

( 'l 2( Th.
2t a LL) tvo.

112,000 Lbs,

1+1,J00 Lbs.

10i,jCO Lbs.

l"/2 seconds

l"4j seconds

4.Jj seccnds

^!

^+

B,:rning T1n:e at ,.7" A'

L2A" !

, -A--:b, I

^+

^+

)

2,? It shcu-rC be point-ed. out that figures gi-ven f:r -65otr'tempera'r,ure are
erLrapolated, tvhereas ii is reconmended that the booster be stored
and fireC at a minirnum environmental temperature of *20cF" kprove.i
prcpeJ-l ants may exLend thrs ternperature to 1or+er linils,

2"8 Tire tol-erances on thrr:st anil burn-out ti:ne for this booster are not
exaetly knor^rn ano further infornation on latest dala would be reci,.rlred
fcr" confirnaiion. It ean'ce assuned that, as prcpell-ants are being
ccnlinuouslrr develcped, the toleranees r^rould l:e suffierentlrr ^r-nco..,c qlininize adverse effects r.rhen using two bcr:slers"

3.a

j"l One JATO Unit, T;,oe a0j:l-30000 X226LL is disposeci on each wing, each
being mounted benealh the nain box spar'. and attsched to the wrng
stmcture by +-hree stnrts. The forward stmt t"-hiel-r is rigidly al+'acheC
to the booster', rs pinned to a wing fitting ai the juncture of the msin
spar anC rib no" +" Two rear struts, each prnned to t,he bocsler near
tire aft enC, pick up on fit,tings at the junclure of the vs3r^ <n::r rr
:":-bs ml:rber" + an<j. J"

The bodies cf tire JATO units are substantialIy paralrel lo tire aircrait,
iatum whe:'eas lhe axis of +,he boosler nozzles are oriented so that the
thr-.rst line ci'cjected passes alrnost, but not quite" thrcrrgh the ai-r'craft
gross centre cf gr"a.rity" They neet, of course. et i;he plane of sinmetry
a.-r:d l:ence later"ai ccmpcnents cance-l eac]-t other". The inrersect,lcn cn
the vertic:I and fore ard. aft eo-orcrnates is such as to produce the
d.esi.red ti"aject,ory, this positive :nal*alignment being necessary lo
balance engrne thi'ust inomen'r,s about the c"g"
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).2 Both boosters nust be jet,tiscned at- tire point cf burn-oi:t" lnvesti-
gation of jettisoning by free release showed lhat, powerful pitch-un
aerodltramic forees were present, which would eause interference witi-r
tne afi r.mder surface of t1-re rring and result in darnage, Hence, posi*
iive .Cor,.;"owarct ejecticn cf lhe boost,ers is provided"

Eaeh booster: srrut i-s locked into its fitlrng cn the wing by nneans of
a hook aever. The thrae lerlers are connected io a single oc,errr-ing
-<crlrce cn i::e *.cp cenlre .:f t,::e:':cie+-'r7 neans;f rods anC l:el-;c:anKs"
The qas onerateci jac"rs fcr jettiscning ar"e lccateC in the fi.ont and
i'ear iruler s-,ruts" Gas jlpes connect tnese jac.<s wrtl-r the same o6era.-
lrng scul'ce ser-,rieing the release le'rerso The cperating scurce ccnsis+-s
cf a carti'iige, nanifo'lCeC to a gas jack l+hicn coerates the release
}e'rers, Ar: the instanl of this i.elease gas is fed to the ejection
jacks whlcn prcpel the bocster Con-nwarC. cl-ear of tile wtng. It is
proposed ao proportion the ejection loads,nrcCuceC by the jacks rn
such a nenner that a pri-chrng momer-lt is applled io the boost,er during
ejection, fcrcing the ncse Cor^rn to a position where the free alr str-earn
wrl-l cause it, tc have fr:.r-Lirer negative pitehrng.

:.3 Firlng cf the boosters is acconpl-ished sirrul+-anecusly by a pilot?s
act:;ating b,utton or swi-+,ch"

4.0 AIi,CRAF'T ATTITUDE

A ti'a;ect:r';r cf 10 degrees r,ras consioered the in:r_nimum to r:rcvide
aiequaie clea::ance fcr" the launch. At the same ti:ae a m:ni.,rurn tra;ectcry
requl-res nininiun colst thrust anci reduces the t,ime t,c ccntrollable fhght
speed. Ten d"egraes i.J3s chcsen in ccnslderation of ihese ti,,rc character:stics.

Ai ilie r-er:.:d :-n lhe iaunch ':.t whtch ;ontrol-labr e fr rgi:L srt,ed rs
reaci:ed." cr at -uhe sligntiy higher" speel ar, which bur"n:out cf the booster-s
cccurs, i'u:-s desrrable thqt the incidence of the a:r'craft be the normai
cne foi: .ti:at s^ceed. Thi-s provices a sincolir transi-t,ion frorn t--ocsted launch
t,o nornai cl-irnb and obviates a suCden iernand on the prlot to co::rec-,- fcr
rncr'cence, 3t r. irne when he is cr,-,bah,ly ccr':'ecting ic:'other ceviar-ions,

Con'crning rae t:"a; ee"bory wit;l Lhe inciCer:ce gi';es a ZOe at.lituCe for.
Lhe aircrafi darurn and t-his alplies +-o iire statlc pcsit.icn on the ras:os"
The arrcrait i-s .suppor-red cn t,h::ee i'anrs., cne for each ,:rrCercar.r.1!.ge" Due
tc lhe 20o dat.um angl s" ir is necessary to r":.ise the natn unlercarriege
a}-'ove tne gz"cur:ci. t"o avoii interferer:.ce of the r"ear of the jet pi-nes r+iLh
the grcund.

Tne al-rcraft is winched up ontc lhe ranps, Lhe nein wheeis are r'ocked
io Drevent roil-'cack, and the nose gear 'uhen e] evateC to give lhe desired
d.a*'um angls" The nosewheels must be lockeC to lhe ra:,,rp d.ui'ing elevaticn
and subsequentiy bec:tuse the c.g. normai to ihe grounl Dasses very c1-ose
to +"he nain gea: f'ti] erum noint.)

oPM 1749 A
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4"0 (Contrnued)

At the instant of firing the boosters, all loeks between aircraft and
ramps are released and the nose gear ramp is quickly lowered to aflow the
rear boltom fuselage to ciear on take*off,

5"A I'{CDrFrCl?roN TC AIRFRI.E

Ccnsideration of the react,rcns :-ndueed in ihe airfrarae by bocster
tir-rust and acceieralion, anC the mannerin which --he;r are CisinbuteC
through the nain wing torsion box, indicat,es that no serious prot-.Iem
rega:'ding the strrrcture e>rists" The prelininary linlrnzs a:e as fol-lows;:

5,1 Rib ri

A redesign is oi'obabiy necessary to incorporate ad,ditional web naler.ial
and iia.nge .:1a'ueri?1 tc irf;use Lhe fore anC aft, bocster Lhrusl foais
intc the skins over a ecnsiderable chordr.iise length" If the rib be
rnade capabl-e oi distrlbuting the 1oa,1ings to the skin over its whoie
length, no skin ihickening r.+cuJ.d be necessary"

5,2 Fi_ont SpaI

Locai reCesign like1y required tc suit t-.oosiei' si::at pick-up fitting
jus-; outboari of rj-b +.

5 ") Rea_:' Spar

Local sti'engthening bet'.^ieen ri-]:s 7 anl 4 in tire form of increased ..;e1:

thickness and fluge slzes is indicaled tc acconnoCate local aoment
and lrlf;ren+-ial shear 'l calis appl ied by the resr' ncunt:-ng pourts.

P t. /

) "r+ rt]-D O

There is a possibrii,t-y that rnoCrlicalion rs requtre.-i ft'cn lhe rear
spar to the centre s.o.2-r" aft to pr"cvi,l.e a bal:nce rath f,:i. loais fi-cn
:'e: r .:ult- card 1 lrlng.

)o)

A possible increase in thici<ness a.ft cf the centi"e sDal. al-. between
ribs ll and 6 to accomrnodate lccal differential shears between ihe aft
mcutiting points.

< A tr"selage Srjewal-r s)ov

Possibl-e increase in skin gauge belor^r rib 4 to l-onqeron io carry Lh:t
, portion of tirrr-r.st ]oals which is react-ecl" by fuselage iner-ui:s"

5"7 Defiections

Analysis indieates lire fol-l-owing wing Cefleetions 'onCer 
-l auncirrnr

cond:-tions: *

onM 1749 A
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5"7 (Contrnued)

a. Fcrrnrarc pick*up point dor.mr.iard deflection = 0"12 inch

b' Rear inboard pick*uo point downwarC deflection = 0"41 ineh

c" Rear outboarC piek-up point dcwrn^rar.d deflection = ].30 inch

This resul-is in a nose up movement of the booster ihlust axis of abor:t
fl ?A .l o+rworv uu6lues due +"o r,rlng ii=i-lecticns onl_y, Solne angulay movenent, nose
oul-boa:'ci ''+iil acco'm.Dany iiris deflee+.r-on and will be of the same order."

Dell ections of the booster struts and the bcoster bod.y will be addi-
iional tc the above"

it is subrnitt,ed that these deflecti-ons ean be eatered for with regarC
ic mai-alignmeni by presetting the booster thrrrst axes to caneei
defleciions while unCer thi-ust loaCs,

As pointed out eisewher.e, the pr"oblei"n of th:.ust mal_aligrureni, is
alleviated to some degree by matntaining a verir elose tolerance on
a slandard c.g" position for the aircraft.

5"0 GFi.OU}.D S_UPPORT EQUIPTGNT

i'fi-nirnum grounci suppcrt equrcment wiil inel-ude the foliowing;-

6"t i{arn gear and nose gear r:amDs, together wit}r tie Co,,,rns, r+inching gear
and nose elevating arC release gear.

6"2 Teritpereture control of boosters" mlssries and radar." This nay be
acecmplished by a tutl+* heater supplying controlled terperature a:-r
t-o tne units, or by surror:nding the aircraft with an insula1.ed hangar,
the air arC. contents of the hangar being maintaj-ned at the ronllipo,-l
tenrceraiure by means cf a heatrng unit and eonti"ols 

"

6"3 Equipnenl fcr handl:-ng the bccster unit,s cn the base, capable of
r3lsrng them lo a position icr coupiing tc the aircrafi,. Also requii"ed
ai'e bc.oster alignment tools for a),igning the bocslei" ihrust, to withrn
required tolerances.

6.Lt Ground starting equipnenl for the main engines"

6.5 Gr"cund erew and. flight crer,{ quarters"

5"6 An insulateJ hangar for r-he aircraft, Tiris is required. to be as sla-l-i
arxl as iight as oossibie anci be cf nrefabricat-e:1 construction" I-u nust
be nossi-ble to lransport the panel-s of rvh:-ch il is asserlbied lo the
site by t*halever transpcrt is specified for thrs ocerat.icn. Vclurne
and surface area must be a rninimum to keep lhe environment,al heatr-ng
or cooli-ng load as 1ow as possible" ft is not considerec llossrt)le to

'oRM t749 A
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6"6 (Continued.)

irfire'r the aircraft out of the hangar even though both end.s be open.
The energies of engine effl-ux and booster effld woufd. be sufficientto demolish a l-igh+- str-ucture. i{ence, 1t is prooosed to move thehangar siceways out of the damage zane" This requires tirat one sidebe rernoved, which can be Cone by folding the siie accorCran fashion
anci ncving ii sideways .orith the hangar" Provisicn would be necessai-yto renove any anci)-r'ary equipment contained. in the hangai. at the saner-- ne, eriher sideways witn the hangar or to some other li"clected area.

6"2 It is cresumed. that faeil-ities exist for fueliing the aircraft, or wcutdbe prcvidec" This coes not necessarily involve th" 1"lrrr"hing prccecure
und.er ,jiscussion"

7 "0 wEiGHT Ai,{ALrSiS

Weight of Ai.rcw 2A urith d;.cp tank

Less Weight of drop tank ard fuel_

81, ooo

L! 2<a

,r,r5,
10,250

1,000

,n^

8B_q2c_C 1bs"_

Plus 2 JA?O Boosters

Pl-us tsooster Str.,:ts and Gear

P-i r:c l,{aac }n i.ra-^r+f +qu rrvuJ o Ju, nal ua d_ (,

Tota_f Gross hleigh!

8" O DY.i\A.UIC C}IA|L.{CTERiSTTCS

)

*,"^ -1.ff:1il::r", 
investigation has been done for the zer.o_r ength r- 3rri1g5,lrrc rEDii-Lr/D -i-e descrubed in Avrc Report Nc" ?Zl Stablt+5.

E"l- fn -thrs r'_eport, the trajectory and time iristories of +,he incidence,pitch angle, acceler-ations, speeci, yar^ring and. rcll-ing momentso ratesof 3raw and rcil etc' have been worked out for s*r,ancaid conditions and.for non:standard conditions. The latter include effects of teinperature"of nal-ar-ignrnent, of thrast axes and movements of centre rf g;;oia;."--"'Effects or' piioi control or danq;ing systera were nor considered.

8"2 Although ihe final design may differ in geomeiry, weight, etc" frcrnthat assur:red in the analysis, and. hence, the responses r.rill drffer,the aecentabie t-cl-eranees of boost aiignment, 3.ni c,g" posilion estr-:nat-ed in tae r"epoi.t give a representatrve range of varues tc bee:o:ected and emphasize tneir iqoortance.
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Verttcal + 1"0 inch
A^^4 . ') -(^^Stef ihnfSt eXeS-o,o* ---iter thmst r*"" *r*aiignment:

8,Lt ?hese toleranees produce deviations in the
on Figures 1, 2, ], and 4" Further details
RenorL ?2lSLabl45.

o ?ZAIPRE]J,r,I. DESiGN/I

8,3 This investigation indieated that the naxinn:m acceptable tolerances of
cogo positions and booster thmst mal*alignment should. be:

8,3"1 Aireraft Centre of Gravity

-4,.^+ C"5h l,i,A"C" = + 1"3 inch

t i-"0 ineh

Iongitudinai

Ia.teral

15 minutes of arc.

fhght envelope as shown
may be found in Avro

8"5 Conbining the resnonses due to geometrie mal:alignrnent with those Cue
to the maxinum te:roeral--ure range, wilJ- produce responses which are
somewhat wider in spread ti-ran for each one seoarately" A very rough
estim:+-e may be nade by conbining them additively as shown in the
above reference.

8"6 The boosier thrust alignnent tolerance of 15 minutes wift be difficuft
tc meet" Tiris aiignment is aggravated sonewhat by randcm gas ma1-
aiignment of the booster, a quantity unnredictable except by statistics,

B"? Report ZZlStaalUJ shoivs that, for pitching and ;-awing responses produced
by thmst nal-aligrxrent, a thnrst mai-alignment of lJ minutes ii equi-
valent to a c"g. movement cf 0"8 ineh. ilence, a tighler tolerance on
c.8" inov€ment would al-low an increase in thrust maI-alignrnent, e"g" if
tire tolerance on c,g" is fixed at t 0 "2j :-nc,no thrust nal:a"tigninen+i, nay
be increased tc apprcxirnteiy a 0010, .

B.B A ecnsiceration of the responses shows up trvc critical points::

a" After I seeonCs, height galneo. may be as lew as 18 ft"

b, Ineidence may be l-.9"5o

These incieate the significance of mal-aligrunent and the c.g. tosilicn"
8"9 Figure ] si:ows that at 2 seconCs frorn zero, the air speed" is 108 knots

and at three seconds, rt is l-55 kno+-s" Henee. up to 2 seconCso conti-cls
trill- be ineffective and from 2 to J seconds, control wifl increase r-apidiy.
Thrs a}lows the pi)-ot to correct io a great extent for the d.eviations
cal c'.rla+.ed, starting at anprcxinalel;r the 2 seccnd point. Hence, it is
submitled that the calcuisted envel-one of resoonseso as sirovrn on the
graphs, may be modlfied frcm a divergent trend ro a ccnverging ,Jai-ue
and by the time burn*out occurs, norrnal attitude and cilarb',iit1 be
attained"

roEM t749 A
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g,0 CONCLUSIOIIS

The eorunents outlined in the previous section are eonfrmed to a
eertain exLent by Reference 1, where an F-100D aitplane was launched by
the aii of a single booster of similar size as that proposed for the
Arrow" During the sinn:lator training programrne, qucte rtlt was learnedo
for instance, that booster thrrrst misaiignments up to I"J inches in any
direction could be safely handled'r"

'rProoer control techni-ques were develrped on the simrla-'or for handJ-ing
rates cf change of contrcl effect:-veness that, take place dr:ring the launch.
During the first trvo seconds al1 ccnl--rc1s are i'el-atively ineffeetive, bul
by the tirne booste:'burn-out oecurs, they are very effeetive indeei." ?hus,
too grea'u a pitch eontrol correetion early ia the boosted portions of the
launch could very easily resulr- in arr over-control conCition a seccnd. o:"
two laterrr,

Fron his deseriptions cf the aetual la,:neh, quote, rtFor the normal
launeh, frorn the very first shot, it was evident that ZEL aceelerations
forces do not have the surprise effect that identical forees exper"ienced
on the steam cat-apult have. (note:- ZEL refers to zero launch). With ZEL,
I feit that I was flIying the airplane off the launcher with no apparent
iime required for".reeover:r from the initiai joltt'.
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