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t	 ^'he co^ni^utatiox^ of composite dif^ei:enf:al-fain traj.ectnrypairs is stuciie€i

c;	 $	 n ^,	 rr	 rt,	 ,.

	

-.	 fox fast-e^ac^ex az^d neutza^--e yaeler'' idc.ai^zati^^ns intxaducc,rl ^^ earlier publiea-
t

tiol^s. Tra^svexsality a^tl genexali^ecl coiner conditions are exatniued a^tl tlic;

	

^-,^	 joining of tr^^,jectary se^rneuts cl^scussecl, A cxiteron i°s given for the screez^^.ng
z

^^ a:^ "tar^deaa^-xttatian'° trajectory se;xnents. ll^atn facsus is upon the comput^.tion of

	

1 ^=	 barrier su£aces, ro;.•tur^ate^.y, from a cax^:pt^tatzo^zal vi;^wpoint, the trajector;^

pairs dafi^ling these scrfaces i^.cecl not he cal:cnlateci compi:etely, the fina]. sslb^.rc

`'	 of x^1t^^tpl.e-5^iharc pairs x^ot be^.^ recirxirec'l P Some c^.letilatfons for pairs of

exaizl^^le a.irezaft are prescn^:ccl.

r
3
t

^^^	 Lti'Ti^ODUCTI^l^..
l

} s	 Tlie znccle^:lin o^ a turni p; ease in air eom^at as a dif^erei^tial dame with

i.
ex^ez y-^nodllerl vchie^:es is clescri^^ed in ref, 1. ancl-fhe eha^:s.ctExistics of fa^tii.Iiss

•^
of solutions arcs izivE.stiga^:erl in Ref. 2. `:the pxesent report, a seq^^el, cleaXs with

i	 the co^^pclf ation^^. sa^.u^ians of f^-^.riilies, with emphasis upon the cleter3nination o€

barrier slxrfacea, those surF^^.ces t^zat seps.ratc successful puxsuut from success^a

evasiai^, It ^^ri13. be assiinleel, far bxevi-Ey, to bu read in eoitjunction ^+itli ^efs^

and 2.
l

i	 ^

-j

r ^:.1
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TIi1^^^SG''El'^SALIT^' COti€7T'T'IONS: "FAST' -LVADE^"' i1^If3llrL

A si^^p^ified vc:rsioii o_F tl.e prr>}31e^1 is of intezest i€iitially for illustratitTe

purposes. Thus atteatiGn is directed I:o ^tlte "'i'a:st-evadc^^" a.ltituric-clynt€mics idetth-

zatian, i;n ^vhicl^ ^otl^ pursuer a.i€d evac^e.r hati re a freE choice of rl3titucle ^^^If:hin their

respective bounds a^el nc^ i^aEcrvctls of ,r'^at'deTT1 motion"^, ^vitl^ tire: pttrsuer da•iving

the evacie:x upward, aplaear {lief. 2).

Ces^s;acrai:iota of a relatccl probleLn ti^itil veltie:le nioelels h^rther xeclttced i^1

order {I^,ef. ^} suggests th2t fast-evader trajectory pairs Have tl^e folloz^vin form.

Fok ti^.e aircraft: ha.vi€ig the higher n^a^ci^ntun stu5tauai:,e Earn: rate: a:s evader., Ll^ ►exe

is siz^3ple ^^airing o^ Et►ler solutions ter^zain.atinb .iii the '"cap'i€zre. set' s , a subset of

the '"target set" {^botli ciefinecl iu P^f. ^.) oz on its i^ou€^dary, If the sustaia^:la^e-turn-

rrcte-st^ijcrior aircraft is pursue-, aticl if it i.s inferior to the evader iu ma^iznu^n

isistantaneaus turn€ rate, soz^e of the trajectory Hairs have tcvo st€i^ares. The i^iitial

stthare aLii-►ost a1:ia.ins tuna-augtc elosuxe ^vitlz loft:-ceiling-^uatc}^ed enf3rgiES; tlte:

sceonct co.c^aprises a high-turn-r^^;te pair of trajeetoxi^s joined to the fzrst at a car--

ner at^cl terminates in the capture set or on its l^otu^dary.

If the: capture sot lies entirely aUove tl^ie loft-ceiling-^ia^^ttciz curve in energyT

space (pursuer specific c€ergy rjtasen: as is?ae ordi^zate), cape€€ze €tecess<<rits r tapes

plaice with the loft-ceiling inequality 2^iei tivitl^ a n^a.rgi€i, and ho±h eneg'y ^Zt.ltiplier

^=aria:^ls^ vanish s,t the ^i^^.al point Uy txa^.^^vorsalit^=. Such a sltu^.tkan ^.ris^s u^. the

case jest pientionecj exhibiting evaelex: superiority iii zn^►.a,:ix€i3uia insta^-€tatteous turn

rata at matched loft-e;eilings, as in rig. 7 of H.ef. 1, ^v1-€ic;h applies four ai^:eraft I3

pnxsuing A ,

`1
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1

if the loft-ceiliti^-ai^atcli cttrc^e fortes part of t3^e bou^^.dary of the capture

set, as in Fig. G of l^;Ef. ^ { ^ pursuing B ), the etze:t'g:Y xttzltiplier final v-^lctcs 	 ^
i

fez captu^°e ^.lanp the loin:-ceill:n^--tn2tc11 portion will loo rel.zl:ed ley I:ra^svers^tlit^^.

^Lfith 11 .	 auk lt..	 l;lte: loll:--ceilings 1:or evader aixl 1}ftrsuer, respectively, the
Ll	_L2

iztecjua.l ty

hl - lid z 0	 {1)
3^^	 y

i

_a:t^d. the ecletatian .d^„f^= 0 , ta^otlicr clefiniat^; c^^.l?tu.re, z^^ay be trea;tcd forrtially ley

acljoittitt^ their left tz^ext^bers tQ -the criterion fuxtct9otz, final tixtie t f , to forte the -

a^ubir<er^tecl fitnc.tit^ii:

I' W tf ^- ^,k p X f -^- ^h {h^ - hL )	 {^)

L 2f	 1f

'l'he usual t;ransversaTity as3alysi.s heads to

^If - =1	 {^)

^	 ^ A	 (^)
K {	 ?C

c11iLa

^^^ -- - 1zhL clE^ 
f	

(^)

f
-	 c1hLy f	 4	 -

2f	 L	 2

It^pasfng these catxdition:s ^:t a 5clectecl ternxina:l ca^tua.^e point on the . loft-c^ilin^-

ztaatcit cuxvc in energy apace clolirtos a otia--paraxrte^er :family of trajeetor57l^a.'irs,

i. e. , cane of the t^s^o pzrau-tei'.et'a 11 aud..^^ i5 clefinecl by (3), while the at)^ur
?C

caxt be regarclecl as the paraxtaeter of ^:11e fa:^ily.

,.
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rlac lizzzititig tr^^.jet;l:ory hairs correwponding to near-aniss or grazizzg trajsc

tonics are of si;eciszl i^zi^erest ^.nd correspoilci to I^ = U . Such fairs arc not larope^•

a^eznbers of tlzc fatsai^iy i^ut cl^^fic^e the b;_txrie^a• surface seiaard^iz^; s?iccess.f^zl evasion

at^zd sz^cce;ss^`ul pu^szEit. "l lie sl^cci^rl ^ ralues at thou ratio A /IL	 that an^^lte II
hL

v^x-^isi^ n1^^y ]^e clt;ter^l^iiactl i^:c,r^etively. '.C`here array be one, t^vo, or more of s^^ch

tTalucs, or z^:ane. Sc^mc izsi^hL into this is provided fay tine relatozlshi^ het^veen

the dual ltodagrapiz figures intY•oduce;ci in ref, 1. Such a Tza^ure is dxaivu fur loft 	 .

ceiliiz-^^ra#:claed e^aerg^s us^a j; for the ordinate a^ad {c31aL /^l^} E for tYze	 ^

abscissa. The nuas^ber a^ intersections of t3.ia t^vo hoc^ograph fig^.re>; in the upper 	 ^_ .

tYu^:dxar^ts equals the nu^a^t^er of vAa^islain^;s of TI. If one fia a.re lies ozltircly ivitliin	 i

tlic other, tixere arc; nezae; dais zncans ona aircraft is 3:ocaily superior at^.d that there

are tad g^raiing trajcGtorias tl^roi^^z tize point. An irztcseetian i3^. the upi^ex• c^ua.tl--

rants inil-:lies Il = 0 Uy tlzo er;istencE of a comanon tingczlt to th.c figures; a per

i]B^tliGLll'rLr tO this tl-crough the a:^igitz defines flit; directiari cf the co^tresl^otaeliiag
t

n^.u1^;31alie:r vuctar. Tlae term "tazl^-ezit" is emi^lo3recl 3.oasel^^ hone to include ear^:l:act

at ^. corner of tl^c Lig^tr^.	 _	 .
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COVIPO^I^'ii "r^ST--EVE-^^Er^" T1^E^3ECTOT-iiLS

	

..r	 If the pt^rs^:zer does nc^t have any I^nrl of la^v--ezler^,y superiority, the tr^.jectory

	

^ r	 ps:irs axe tu^iaroicexa (except: for tti°hai n^iglit ire called "axclina-ry" corners, tlznsc satis^
^ ^

	

^^ ^^	 f3'iag the ^rdn^a:rzn condition) and can. be fe,tu^cl by i ►ate;;rati.on of E^zler SO1.LZfionS heels -^

``	 ^t^ards iz^ tine using fitzal ^iluitipliex values determined fro3n eys. (3}-(E}; trajectories

	

^^ ^	 tern^.zzatng at vaxious paints of the capture set's boun.daxy eon^pttteel u^ t]zis «gay deter-
i	 .

^+	^; ^-	 mine the uarz•ier stixfacc.

Wlzst zni:ght he called generalized corners, i, e. , corners with nz^tltiplier ju^^zps,

appear Z^^Izeai thy: pursuer is supexiar izt maximum sustaitia}}].e tarn rate anc! at the sense

	

s	 ti1TFe Lt]^er, i:0^' in 111:}:^.111111T1 i^nstakltanenllS tUY'FL rate a.I:a^1g the z^zatched-loft--ccil.%ng cuz^cre

	

^^	 in enexy space.. ^gl^zetz tli^: oppnsn^ aircraft have tlz.is relationship, the pu>: •scaex, even

	

^^	 haZlilag attaiizccl near axzgular elosilre « p ith sufficient energy, is unable t^, effect capture

	

^^`	 i1v^.neclately I^ut only ina^^ages to force the evader ins•o a higkz-turn:-rata maneuve and

to steer tlzc chase to`^varcl lover energies ^vlzere ea^tuxe Ynay tale piece. Zt c^^^, !^e

argued tl^zat sustainable =^^.rn-rate^szipexiorit t o^ the ^^rszier ^:lon • the maLclicci--loff:^-3	 P	 g

	i	 cei^.ing curve to the 1nEi=est energies permitting might Y^:ales .closure ^cviti -znatchGd-:loft-

	

^`	 ceili:zi ener •y tantamotintto sulasecwent ca tt2re. The a^^earance of at least son^.e sip{,lzg	 ia.	 !	 I^	 Il

	,^	 t1vo--subarc trajectories is insu;ad tit^ith less ove^-^^vheln^uig superiority, !, e. , suPeri,ority
i_,:

of pLirsiicz in za^^:^;initun sustainable turn rate with energies o;E' both craft ^rttrestricted;

in this case, a segment of the in^:telteci--loft-coli^^g c;ukve will ha the locus of ga^le^al.izecl

corner jiznctUns. The t^ppe;r enc^ oi' tl^:ig segi^ient is cle.fiuecl by the limit. of tl^e pursr:ter°s

• st^stanal^la-turn-rate sttpei i:oz ity. The l.o^ver ez^ci will be o^ nz below the la^^ex• edge

of tho hai7el of .pursuer en.c^gles elefit^ed ley p,trsue sc^stni^i^:ble turn rate sup^^ ic^rit^^

eves the evacler's l^i.l^est sustainal^lc turn rite de^tc;xrriined with lii:s energy un.x•estrictecY.
^_s

The argue;^ez^ts ne.erlc:cl to establish that clos;tre wi^l^ ^.a^nhecl-wioft-ceiiig enexg^^ a:1:on

this segment insures subsequent capture are elen^entai^^ and siitzilar to thaso e^^zployael
^--1

for-the sufficient canelition of i^,ef. i. 	 _

E

	

	 A.$terztion is no^v ^lir ec:tecl to the getiex•^{lizecl corh.cr junction of extre^als appna^iz^g

in this caso ^vhcxe the. pursuer leas superiority at low energs r but lacks a zna.^gin of z^za^i.--

^num inst^aLaneous turn--rate to turn closure 'ti^^^ecli:ately into capture at hzah eue..gyr,

5

i

_•

.F

ry

I

=2



^^-^,r,	 ^ -	 _.^- x	 w.	 ....	 ., . ^ .. _.	 . -	 _...	 ^ _.	 .,

Consic^cr a faz^^ily o^ ^Lxler solutions thrax^giz an initial Point ha^iixg px= 0 and ^ur-

SLxC'r G'nerg,y high ecl^ugli that soTile of thc^ faazaily ixlembers ilitsrs^ci: pk^0 above

the lr,st--cciling^match cuxtre. Call T{El , - L^} thy; time--ta-ca^turE measured Ervin

a2•xival at p X =U , and pt {not necess^^rily small} ^hc tiiz^e e3a.^^sed durt ►^p t}^c^	 _

i3iotioil ^Iong tlxe first sub^Lrc. "^'l^en atS augxx^entcd .perfo:^nlri3ice inc]e:^ ^^ay hc: sett xtp ^^ti 	 ^:

I} ^ 'r(^ 1 , :C W ) -^= pt; ^- v (1^ - hL } -t- ^^ p,^	 {i}

^	 x	 ^..

_	 ^,
^t^her e fife superscribed b^.rs denote values at ari ival at ^Iic sua f^xee d^^ 0 .

.^

^.^ t118 113CC;EL^,lit^	
y

'	 t
•	

i^:

lJ2	L^
^_

;^

is 373Gt ^^*ith s: rnar;in, thin	 ^, = U .	 The r=citx^xlity i^Till. obtai:^k u^ lnan_3• cases, 11f)^VL'ZrE;k• , :`^

si^nee th.e Pursxxer t;r ill gene. ^^,'^ f + 	 tezxd to sac.ritiee eixergp nzar^;in fur tarn-rate in __;

effecting closure.- ^	 ;
L

E^

A tr^. ►^sversality analysis carried out 4vith tha inc;±lualityr (5) aax^l	 p^=p

regarctect as an intera^nediate target sot ^cacis to the system: l:.'

-	 -1 (^) ,^

-	 _

A^	 JLX (1Q)
,'

-	 al,
__	 aT	 L1

r ^ dE^
SEX

(1.1) ^..
Z^L ^..

dh
L ^

^^	 —	
a r	 + v 

a^ ^
(z^} E-^

2	 ^E	 2
2

^	
{:
^.:

..,:..,.

G

...	 ___	 ..	 °- -- _	 ..^	 .-.	 _:._	 .,nom_	 ._ra..:._.... ti	 .,,:ems	 .^,:.
^,, '1'

,,



	

^<^	 I^'vr exlre^a^^.l s^zu^.res e^^terit^g the surface p^^ 0 i*^i#.h si:rici: i^^equa.^ity (^) iii

(b), v = 0 ant the: canclitions ( cJ)--(^2) cleterniine all of the mt^tiplie:rs. I'or v ^ 0 ,

there is a one-p^:xaanetvr family tivhvse li3niti^^g r^ic^^bers occur Tor V u^^bouzTdecl,

these 2^^e trot l^ro^er n1e^^zi^e^:s, as II = U . Tl^e ^^ativ vT n^u^.i:il^licrs

clli
_	 L 1	 cil^

^	 ^2	
1	

dF
2

is well dt;fi^ied in tl^e li^1it. Tizcsc a^lultiplie^^s and ^x are deTizxed only ^t^ithi^.

a nYE3ltiplio^.tive cv^^st^r^t fax tliesc; ^raziz^g traj ectories. (Nate that tlxis corresponds

tc the classical cletinition of zhnornaality iti v^.riatiotaal problems: nonuniclue^^ess vT

	

»,^	 tl^e aaxultipliers.)

Tlie geirera.11zccl corner condition nT I3ernl^aia {I3eT. ^) furnishes a g^ude to

ii7lii.cli coi^3pon^iZts or the ^lultil^lier vecto^^ jclil^l^ ^acl which do not, viz.. Clio jt^.t7^;^

	

3	 us x^.ok^i^al tc^ the si^^gular surTace. Fo v r Q , this :^urfacc is the portion of the

	

^	 pl^l^^F Qx = 0 al^ovc tie 3natclaed. loft-ceilitZg cu^:ve, and only ilae ^nultipli.er ^

	

^,
	 jiunps. T'or v ^ 0 , it is the boundary clefiucd }ay the equality sign i:n (S), and

	^-+"	 the ciiergy ^^^t^ltiiallexs jump to thei^^ values bT/a^ accl t^T/aE fzom the2

	

^	 valt^.es (].1) az^r^ (I2); there is no juai^p in the coi^lponent of the ene^g^^-rnt^ltilalier

vector along the loft-ceilizig-^x^.atch c^xve's unbent,

Canstz-c^e:t^^o z^on^;razinb trajectory pairs t^iat 11^ve ttvo subaics anci tar-

^.nui^:te iii captux^a fro^i the first-c^rcicr ^ecess^cry cvnditians is €^:irly laborious,

First, ''open ].00^^ tt trajectory pairs conr ►ecting the capt^zre set asicl the inter-

xneclate target set. clef^:ned ny (s) airei py, = U are o}}tain^d. T)lose are tike svcot^d

' su^ares of campvsites and them: etzergy ir^ultplicrs provide the parti^:ls 8T/^^^

` a:iici b'I'/aE^ a^cceled in (^.^) a:t^.cl {1.2). ^'Ize syste^,tl (9)-(12} thcr^ larvtrid.es ^z^^:ttti--

plies end cnhclicions" for bacl^zvartl i^itebr^:tion of Eu1:er sohttions tvltich are the

` ^,pp^opriately tnatchGCl first subares,

^^"^

	

J	
, ^^^yl A
4U V .t1

^//
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I^ stxoke of ^aacl fort:L^YiL is that graziii^ trajectoryr pairs, Uf tii^.itx intcL-est

1JCCC:ctse tl^e^^ define Elie barrier, ^.re ral^^:titirely G^iS^T to calculate;. This lin7itin^

case I^^LS ^i,laL first sitl^nrc t;z^tnit^^il v^tlur:s iz^cleper_clent o^ the sccaiicl--sLtl?_xx:t; sc^iLetio^f;

fltc i^a.x•tizls ^'I'/bLj a^tcl ^'^/aL2 c3a not ^LE^pear i:x (13), t;hieh l;i • eatl3r sirn^lil'ies

the ccilcu.latian or the; l^^xrricr sttrfaccs. A sixxlilar sil:a^l;:aLt occurs «^if;^t the ncutrttl- 	 .

eti^aclexr rric^^el, -E,o be t2lieu ui^ ize^:t.

s
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Acloptint^ of tl?c: txxare ^asl.istic "izeetti•al -e.vtZdc,r" 3rsnr1^^1 l^^^^cl; to i^irr -^i.iit:^

al' salittiotxs l^^tvitl^• a n°oi• e cnt^^s.l^le^, sta. •LtcC^tre, ns ilisctts =;ccl itr ^iei_ '^. L"^icic3•

circut^sstancus sn37ten^1l^.t sit^ltlar to tl^nse in ^vl^icl-t t;vo-s^t«t.t^ •c solrtl-ions ^c^i.^c^

^,	 ^vitlt tl^e simpler ti^odel, solutic.>n.s 1;i4.vinb a third, tx^idcllc, sLt#arc' of sa-callucl
_,

T'tanclenx raotia^i" a.ppc+a;:. 'la^^^ tat^td^.;rtx tnoti.olz alxt^y itself he; c;ot^xislc^, incl^ccli^t;^
1 '	 the SitlbLil^,]' ^xres tliscusac:cl i.t^ li.ef. 2, The cliscttssioti of this scct.io.t^ mill i^no^•e

the possible a;pi^Lar^ttxce of sit^gLtlar scal3arc, ti^vliose role is not fully Lu:der.^toratt

E y	 2t present. It is n^ox• i;1-t uDtin`, hatt^evu3°, Lltai' .^11 c^:f the singular sttl^^L^•cs 1'c^Ltt7rl
^.

co3xt^aLrtatiouall^• in ilia e:_:^tir^xlsles j:o date li^t^-c h^;ett sczcetincl out E^}- one toss c^;-

atsatlter, hence the assLtmeci txan-appcs.r^ince t^x23, not lac ttuduly restricti ti c.

Tr^jectarics of "tatidcm-loft' s type, cslc:Ltl^^.i:cx1 ley t11c pY •acudtt3•e ,u?cl cojxl-

purer ^zogr^Lm descri.bcd ui P^,e:r. ^l, ^.re sl^o^•^^tx itx etleri;^^ space: in ri.g. ^ for ^:ir--

daft ^ as pttrsuet- ^:ncl A cL,S ev^:ticr. Tlierc is otxe t^•^.jectL'ot^^r of. pai•Licr?lur

intc;rest that hificreatcs, cliz-icling the ^ti^zxil;^, Tho,Se a.l7o^ •c it gc^ncrct.11y pt • cxlctc:^^ Z

]:OSS D^ ^:1L€3S1C1 esierg^' aiZtl ori^in^^tc aC l^iil^ lx^rsttex• ot:tcx ioc;. Those l^L,o^^• ti^^.

hif^tircatitig trajectarj' c;orreslxarttl gotxe:rall^- to itaczes.siLg laL.rsuer c^tie;^^^- (alihr^.l^;'s

n,at x^zotiototxc211t^), arid. oziginste at la^^^ laursue;a: ciiexgios. Tltc: t^^ •q h^^atLClie;s of

the I^ift^.rcatitig trajeactoz3 T form a s.epzxz^tri	 a l^ou^adcir5^ otrtsicle o^f ^^^lxicl^ tl^c. tc.ncic^a5.-

^oTt ^^xotiou does .rat attain loft-cc:ilitlg inatcli.

Tile ta^il.a^ of tancletx^/loft tr^tjecto^°ios is cletezaxii.necl leg nutixcrieal itxte^»a.-

ti.on ustx; a canput^z l^rogzaux suel BLS that desc^^il^ed i:tx Ref. ^. As a j]r^li7lxitla3'y',

lo€t-ceiit^a x ores at zixatcl^Etl-loTt-ccilit^a altittYCles i1-ts.^ r 13e cotixl^arr^tl [tit vartOttJ

points along the loft=ce.ilitag^matclz ctirr^e in energy space, as in rig. ^ c^ Rcl;. ^.

Tlxis was carried ottt ^t^i.th the coxnptLter Pag3 •^:i^^ of F.eF. 5, t^^hich also perforj^^s

a snglr^ step of it3tcgratiotz hacikaj^a.iels in ti2^^e using a coar •sc integration technicittu

^^zG'^NAU P
O.F pk^R Q



(^^iler ea^Era^poletion) to assist the se2rch for the Ui^urcatizlg trajectory and thi

separatrix.

Ttze region iu ener ,̂̂ ^ space between tle sapaza;^:rix anti tl^e lo{t-cailtng-

zaatch curve p^:a5s a role in the ^^eutras-evsclex trajectory f^^:i^ily analogous to that

nl tl^e loft-ceiling-match curse i^u that of the sixvpler fast-^e^^.aer a^c^de1, TrajeG#^a^•y

pairs correspvncling to purs^ier closure ^^iih ixzsufficient energy uz^clergo trazisitioz.^s

in this region. to tazxelexn--loft n^otian, which may cor^tinuc uz3til tl^e loft-ceiling-match

cur^Fe is ^•eached; then either capture occurs or a tr^:nsition to a high--twin-r^.te

o1^en-loo_7--aptixz^.al paix. Tlae grazing trajectories fox H = ^ join ^vitl^ tandeiY^-lnff:

arcs u^i the separ^;trix ivlien the hnc^t^grapli figures are ixz. the proper xelationship,

p ,̂eviously clescril^sel:, 1io«^e^ er, ^:he scaling factors ozi the energy-rate axes of`tlzese

fib erns are different: tlae^= ar e the inagnitetctes of the enc;rgy i^.idtip^iers. Thy ratio

of these is of inaizl i^^;poz^taz^ce, and, along the sepaiatxix, this ratio lar H = ^ is

ehtained as

^^^	 ^^

^^^	
^2

This nay be vie^veel as the detera^nii^ation of the nox^x^.a.I to a t^^^o ,dimeiisioz^al trajec-

t^xy frain t1^e coi^lponeuts of velocity, The rel:atiozi5hip (^^) is e^^^.ployed lime (13) iz

the c^eterm^uatian of inuitipLEers fx'oin transirersal.ity conditana gezzerally sil^.ij.ar ^^o .

those given. for the fast-evader maciel. TYie coml^sttation. of 3^a^rier candir^atcs comas

ctox^=n to the ^^se of (l.^) for the en^ray-auultipiier patio togethex ^v.ith H - 0 solve

itez^^.tvelsr for the ratio of ?^ X to ane of tho energy zxtz]:tipliers. 	 - -

,:	 a

The segment of the. scp^.ratr i:c which is the locus of generalized corners for	 ,

laazzie trajectory lairs is si^npl.y xelateel to the cora.espnzidiilg segziez^.t of the left-
5^

ceiling-match curve eliscus.sed prevzo^isly for the fast-evader ^nodcl. The rels:ti>^b

pro17erty is t^iat ta:ncie^lz--loft trajectory pairs originating on the separatrix segment
^.

,.a

{

.,	 ._,	 .._.<.,.?ku'ir.-.,ef.?a..^i"a^"^+^.F`E'4t9'AC°ih91..%-^SYr..'Ei.-„±,..C.,,.,dwi3i4Ai'kS.i.^.es1^-YCiea." 3M1Ri+'a4'd^#w.vrix„+^':u!^Xa"^4ia^^.;d4i^^+R^A"^.^.•^•••,
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^.	 rnt^st re.E332iE3 ^^-ithii^F ^. rc^iozi in e^ ►ergy space characterizeel by the existence of at

Ieast ^>iEs cl^tal-hada^ralati- ^E^uxe in^:c;^^scetiati acid reach the; niateiiecl--loft--ceiYlt3g

cE.trvc, otlzer^l'ise a j:l'c1SES1t1.0Yi t0 3^-D 1'17Otl.Oi3 c̀3.Yk{^ SLLC:C^SS^I:@^ ErViisiQll 18 ^705Si^^^:E'.

^..^	 The a.r^^.lii^e^lt is similar to that fior the s^illieieEit coxaelitic^n a^ Pef. 1. In the

exan.^i^l^a of ^l:irCrcl.^t 13 ch^.Sill^, A , tt3e e^3tire scr^.iatxi^. u3aj^s into ^. snalc point .

on t:iSe lalti--ceiling-;3^ateh cuzvc ^vl3icla is 1vitl^iEi the rebio3i a^ pursuEr-^superiar

suatc`LLF1ft^7^U ttarn rate' (stladecl 113 F1^. `^^ aEad 1ie13ce ^vc11 ^^^ii^lxi^t tl3e it3tersecting-

dual-}^ac3ag.^apl^ rc^ta^..

^^
	 It apj^ears j^ossil^le that the l:oeLas of ^er3erslired e;oriters of barrier trajec-^

^-=	 tories ^a eEaer^^• spr;ce 3riay soan^:ti^3les ire a canipos ite incl^zcliizg; segnieE3ts of tl^e

sej^aiatz it, tl^e bnu^ld^^.r }^ of the i13tersectin^-auai-hocto^raph r2bian hei^E^eer^ the

sep<<iatrix aE^.d the loft--eeiliESg-7z^.ai,eli c,ur^`e, aid the lofti--cetlizi^ -iaz^:tch c^^rtrc>

itsr.lf. Alone tl^e intersecting=e1^421-^3ocic^aa ^jah bow.ir^^ry, the ^3^^tiplex xs:tia

t	 cLE3`cE.1Cf^'C7C].s f0 (1) a^^a (:k^) 333^y be olatai^zect Lron^ thy: ^3aT^al to the i^nttn.ctary,
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1

raxnilies of trajectar3l pairs integr^ ced hacltwarcls in tina.e numerically defirxe i
the }^arriex surfa.ees.	 All sfiZrt at	 G1X = 0 and at pairs of specific energies along the

t^^cs of curves in the energy= space previously disecxssecl.	 lYlultiplier values -arc detez-- ^	 ^,''

ruii3acl a.s discn.s^ecl in tlZe.prnce^ling sections.	 The present seetioxx discusses the pra-

cedure aucl seclxtenec; of caiculat=offs enlplayed with computer pragr:ams such as those
€€
Ll	 _

^	 of Pefs. ^ and ^,}
_.	 ..

Perfazni first a caiuparison o^ energy rates and. susta}.nable turn rates «pith

_

s

energies matched a^Ter the energy age fo	 equal loft^eilings.	 'l'lic canxlxutation of
4	 ^	 y

( _.j

the k^arricr s^u^^ace for the susta>a.ahle -^buin-rate-super.for aircraft as evaet^r l^rocce^:s
_^

entixelS7 from tl^e boundary of tl^e capture region.	 If this J:ies coxnpletelyr al7ove the
1'
a	 _

loft=ceiling--^atclx curve, the }3outxdars, is elefined by rnatehir^g of nxa^irn^txn insta:n-

ta3leous -tErrn-r^:tes; if not, soxzae po7rtion of the loft-ceiling-x^^.tcll curve itsc^f m2y ^	 .

foxn^. a portion at the Uotxiiclar^• . - The .energy zuultipler e gad values arc zero for ^

xuax[7iz^lm-i:n.sta:rxta^aeotts tutu-rate n^ateh anr^ given Uy (^.3) far loft--ceiling xx^:atch. ^+

r	 Tle value of ^^ is fourxcl }ix the latter ease from H = 0 .	 Tlie prvg xani of Ttef, ^ ^ ;

does finis }a^T a. sca^i follotvecl l^S= a;rx iter^:tiaii, 	 If two v^.l^.es of	 ,t	 ei^^ezge £ra:^a tkxis ^_

t	 car^putatlon., one of them ^a^r }^e of interest when the aircz>al^ pi^:suerlov^zelex-^^:ol:es

are rcvcrsecl.	 -

For the sustain.^lxlc:_tE^ru--rate^su^^srior er^,£t ns	 urp	 suer., segments of t17^ ^^-,
__

j
lo^£t-ceili>lg-^^atcl^ c^ir^e, the separatri^:, noel the susta.itxal3le-turn-rata boutiel^.ry

^}^

ina3T form part of the loeErs of generalized carnets of l^s.rri:er trajec;taries, 	 Tf there ^• ^	 ^^

is a_regon of tanctern/loft xixbtian that leads to loft-ceiling xnatcl, the separatrix ,

should be fo>.tnd, then a eozz^p4site locus o:^ ^ener^lizcd cnrnez,s far- barrier trzjec^

tones by exarn:ixxing the tanclenx-^o^ t^>^.^ecto;^y family 	 e?ative to tlae sustai^inj^leT 1
^^tt^.ra^--a 1tc^supexiority region of the purs^tex.

:_
..

^,^ ^,	 ^.	 ....._	 ._	 ..
12

^^r-,Svie. .r_. «..«^ncSt,n+ff ^_:.x.^^l^wV,.^...LLia.k _1_Js^:^. 	 .i-. ....,.^.-v^.	 1	 5.e . ..^	 - .^:.^N:.	 _ ^	 M1'
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C4lil'UT1^'^^O^ti^^S^ RESITLTS FAR A VERSUS B

Soan.e results art pxese^ltecl i!z Fibs. ^, 2, and ^ of .barrier . surfaces for

tuxnizlg ehzels l3ei^wc;el , aircraft ^, a hs Tpotl^etical Mach 3 design., -and . aircraft B,

a vez•sian of fife f^ --4 n.sed fax illustiativc co^nia^ttatita!! s i!1 ^.efs. ^ anc^.2.

Figure 1 applies for A cilasilz 33 ; it ie Elie same for Math fast-evaclez^ alld

lzeutxal W e^^acler 113oclels. The uppUr l7otzndaxy of the eaptz^re Set is the instantalleaits-

ttzrl^--rate-niateh auz •^^ c;, zvh's.^.c the 1o^^^er is the Io;Ct--ceilillb allatrh carve. Intexatio!!s

of tr^;leatoy pairs laever de^reJ:oi^ ai^lzxeciai^le Positi^re .p^ va^kiies c^cept at high

cilergies; even in the re;;'!on 111ost fctroal3^.e to ^,, onl,^T S111all atlgl:e d.ffexellees

ca3.Y he closed suceessftrtl:ly.

rig^zie 2 is for fast--evader ^11oclelli .ug, fi elz^^.sillg A. The trajectory pairs

defin•ielb tllc laai • xiex all mass through the dower portion of the Ioft:-ceiling-^^natch.

C:ilr l'e.

Figztrc 3 sho;^^s -the rei.c^n oTtaiielezll hiotian for l3 cla:sl^g A and the separ--

s:trix ari^si^ig frozr^ 'bifzzxcatioll of a. taulem/lift trajectorS 7 that clivitles the region.

All of the tazlclenl trajectories calzsicicred e of tandelll/lofv tylc, s^lzce alb: chattering

5iizbula.r -arc segn^nis are sceellec^ out l yy hlilux•e to Yzzee:t adze retizlix•cment ar anather

(P^ef. ^}. The- pitx•sLEer-sttstaili.al^le--turn.-rato region is slioz^vn slnacletl.

-	 '.
Ti^xre ^ shoes tllc l7arrex suxface for B chasiu^ A , neutral--evade rnoclel--	 "^

lin	 Thd tra'ecto	 ^.irs lefznn^• the lia^rier ass tlxrou ` h the s^ aratrix cul = a
.. g^	 J	 ^'P	 ^	 p	 g	 p	 ^	 ^

s^n.11l rr^^ez. portion of the sep^:ratz i^ pi aviri^ b^.z rcn. `The dffcxelzce between the ,^
M

hax•rier res^^.lts fo^c fist =evacle>" °alld'neutral -̀-evader n^.odcl^ is large i^nthis e^^lzple``
s

ati^ ialzplies that the tandG^i/loft ;pursuit tactic is `iilllsari.^rit. ^t should lie Noted ^li^tt	 3

this rl^ay be u^atypical because of an azzazllaly ua the ©thertiuise re:^zlstie data fo^.^
,.

.	 ,.	 .,. ,.. ,^

r^... ...5	 .:^m^	 n : (_',_	 .-.^-^^.r	 ..a> > ..^... ^ ..v ..=1a a ... a.^l^: FYI	 ai^^ v_^ .^ v^_,.v .,_.v.a+.:._^ .^._ . ^•x^ xx v'aec+ls+'^ S._ t.r.e su^.w.T	 is:^ ^	 ^ ^	 ^	 i »,.	
^i

-	 ,^if}s^Wc'..,v.	 _ ,^^1-v^^ tai .^ i-, tl^. ..	 _-	 .:w^LEr.s^L:.,.	 ^ ^„.
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aircraft: ^ : CL	 rues taI^^n s:s ua^^ty inc^ependerit of ^l^Iach nu7nher; th[s is a.n es-
inax	 _	 r

^	 peGia:I.ty Optlmistie fi^iire Sli^3GrS011iCa^^y, , This ^.esds $o aa^. enera^'-rake advs:titage

for B tivhe^l h ptli craft fly at rE7atcheel-lcift-ceding altiucle; I^enc^ faros ^;he.lcftin
i :-tactie fir I3 as pursuear.	 ^ i	
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^ESLT7_,TS I'07.^ 13 ^T E^SUS C ^VITIi l?f1^A11?fETL1^IZ . ED TIiI.^UST

Sheii^rn ne..^t are soi^^e ies^^lts for aircraft I3 {r--4} against; C , a versia^^ of the

r-5. 3a can rc^acl^ siibst^tntia:Il^f higher ejzcrgies kliau C {7.10I^ vs. 70L^}; hou^ev^:x;

it is inferior to C in both';aa^i7a^^^n sus^ainsh^c titre. ra:to auel rnaz^i^nttxn. instantaneous

turn a^atc^ aL n^^t;cliecl loft-c.e^iiizlgs. The misa^atcia iii Gaiasl^il{tfes 13c;tn^een I3 . a1^:^1 C

rese^^aUles sonietvia^:t the i2iisniateh seeiz in-the- preceeling exa.n^ple hens een A anci B ,

hnt is tioi: as e^trez^e, The trajectory ^a^nilies axe six^7nlnr in t^va resi^eet^: tl^e

op}^o^.^tuni^L• ies for successful taitcle^^lo^ling .pursuit are negligible and have teenf

omitted e^itircly i11 tI'E(? CO]I11)Litat10I2S}, arzrl. t^1e relattoriship I)et^47 C:F;I1 ^31^.7i1ri71.13Z1 itistan-

tai^eofas turn rates is sash that hi.gl-t;^.irn--ral;^ sliirals tc^ la^i^ energy occui nra1^= for

B cha:si^ig C , i, e. , C c^ta cai^ture at lii:gli energs^. Taifc^n together, these cl^arac-

t^ristics resu].t its. siiul)le l^airi^.^g of trajectories its alf cases; there ai^e no ^^^ultiple=

suharc trajectories ifa tl^e fai^7ilies.
^. .

I`igcire 5 arc,rents i^axriea^-s^:irface results for f3 ptt.rsi^er azicl. C cv^.cler.

Successful p^trsuit occurs onlSr for C i^ the la^v energy ra^^ge gel for ^ «^itli a

la3•g^ initial eier^'y aelcaa^tagc in eoz^si)i ►zatio^z ^vit'r). an angular position aclvaatage,

ri:gt:^r e G shows 1^ar^-ie.r data far C chasing 73 . GPncrall^ r , a^^ energ^^ acl-

xTazztaoo is ncecled }^^, G to cal^t^tre D 1^efoe the chase reaches ^3's high-energy

Haven, Gi^Te^i. such ^:^1 ac^ir'antage, C can e:lase fair].^^ large a ►^gLt3a gaps a^3cl.captui^

w]icn the ixitial e^zczgi.es are loiv hativever, at l^ii;l^ ixzitia.l e^aer^iss, only zlioclest

^	 ^Iosures c^ 1?E ;effected e4en «itl larg ci^e^gy aclv^i^tage.

^.

	

	
A e^YZ^.I)^itatioiaal st^^ety of 17arrer behavior as 73's trust, level .is iI1Gr eased

was Gairiecl octt. 1]u iniPortant g^:title to tlke heliavior is pravicicc^ hp ute s^istainable-

tttt^^^-r^1te 1}ou^ze^a.ries in e^^crgy space tlepict;ec3 in I'i^;^tre '7. Configttz^^.tioit 73^ 1^;ts ^4i^,

tl^xust increase over the ^^asic valr^c over the enti^"o 1!E;^Gh ntiz^lbcr^ait,ttE^cic^ ra3z^e,

E..3r
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U'^3 3U^;^ , B4 ^4`;a,. The sitat^tian is sin^ilaa' to tli^.(: of tiie l3ft^ example as in	 i	 '

Fed: 3, ^.li:?xot.tolz sittai^ler iti re;spec{: to th^^ ^LI:75attce of tanc]ean/laft n^otian. As tlae 	 '`
^	 ^	 -^

tiiust is iize,"e^asec^ fro2u ^0 {/o to 44^Ic ov+^r i^asic, 13 cit^ve]ui^s aii otrer^li	 1,
'`'i

stxp^riariL^r its a^zaxinauars sitsG^.^.n^.331e ^Gur^^ x •^.tc., et^er^;V ciictcca open, and the I^ara^iei	 `^

	

'	 j
snrf^:ce fa^^ E i^c,is^^it3; ^ .c^isappeaxs, izaxplying e^ Teatua:l. c^3.pt^re in a lair;-- 	 ^-^ f

^.ur^^.iou chase irrespecti5 • a of iaa.iiia.l cQaic^iGions. Ear a.^ier sua:F^a.ceG iii l^ i8s. 8, 9, 	 '
y

a:nel ^.^ sl^o^v ki^c shifts in c^t.pt^ta:e c^.pai^itil:5, as u's tiuust i^ iaacreascci. The.	 ^	 _^

resi^i,s sl1o^^^n aa.ie: o:Zl^° raztph a:ppro^itn^:tiat3s an accoteaat oC caarse^icss of n^e,sh

oT tk^w tx^.jeetoa'y ci^zts. 	 _ ^[
;x'
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ABSTRACT	 - -	 . -	 ^

This manual ^Es a guide far us[ng the Air--craft Energy-Tura and Tandem

Motion programs, digital computer programs for use ^ di^fferentEal-fora com-	 -	 i
-	 -	 -	 . _.	 ;^

'	 putat [ans. The pragra^n [s written fa FORTRAN IV for use an a CDC 6fi00	 ^	 ^ s
,,

computer. With slight modification, the program may be rua oa any digital 	 • f

computer which will accept FORTRAN IV.
_	 -

_.	 -
ThQ.grogram inputs and outputs are described herein and. examples pro-

vided. Ir4 addition, the pr-ogram optioas are dEscussed and overall flow charts 	 r

are presented.

.	 ^.	 -	 -

The programs described were developed partially under iI. S. government

.	 --_^ contracta^: F44620-71=C-023 wEth the Asst. Chief of Staff, Studies and Analysis,

Headquarters USAF; N00014-73 -C-0328 with the Vehicle Warfare Office, O€t^ce
.._	 __.

of Naval Research; and NA3 2-8738 with NASA Ames Research Center.	 ^^	 ^	 - - - -

_:	 ^	 -..,.	 ;.	 ..
_	 ..	 -

F ^ 	 -	 .,	 -	 ..

i	
^	

i

,,

ti



TABLE. OF CONTENTS

Item Page

Introduction ...................	 ^ ,	 .........

Technical Summary, Energy^Turn Program 	 ... .	 ........ 2

Input Speal#ications, Energy-Tura Program	 _	 .
A.	 Inputs for Prepronessor . . . .............. , . 9

B.	 Main Inputs	 .. ... ..	 ... .. I:0
C. - _.Error Codes	 .. ............. 12

.	 D.	 Sample Input 	 ... .. ^.....	 ........ 13

Chitptit, Energy-Turn Pragram 	 . ........	 .. . .. 19

Sample Job Setup, Energy-Turn' Program . ... . ... ........ 22

Summary of Subroutines, Energy-Turn Progra3n 	 ....... 23

Technical Summary, Tandem-Motion Program . 	 ..	 . ,	 .. , .. 28

Input 5peetftcatione, Tandem-Motion Program
A.	 inputs for Preprocessor . .... 	 .. , ... . .. 30
B.	 Main Inputs	 .....	 ... ...	 .	 ...	 , ... 30
C.	 Sample Input	 . .	 ^ ,	 . .	 .. . ....	 ....	 .... 32

C?r^:tput, Tandem-Motion Program 	 ...	 , .. 35

References	 .	 ..	 ...	 ..	 ..... ...	 ..... 36

LL"^T OF FYGURES

Figure 1 .; Altitude/Velocity Envelope, Boundaries, and Loci .... .	 4

Figure 2 -Maxima of E versus E -Symmetric Flight .. . .. . .	 s

ii[



INTRCIDUC'^iON

The Aircraft Energy Turn program is an out;rowth of a digital computer

program which was designed to Ga parameter s^udiea of variable-altitude turns

obtained by nwnerical integr-at[on in reduced=order ("energy"} approximation for

supersonic aircraft, including the effects of constraints on altitude, dynamic

pressure, Mach number, lift coefficient, and normal load factor. The general

theory of reduced-order approximation for aircraft maneuver optimi^ztion is

described. in Ref. ^.. The program described here[n provides for t^xe simultaneous

integration of t^va aircraft trajectories, uncoupled except for control of print-out

and run teraninatfon. The present user's manna? overlaps tLat of Ref. 6, whicb

describes a similar single-aircraft prograx^. It dk scribes, in addition, are-

laced "Tandem-Motion'?„ coxiaputer program. The two programs are used in con-

junction with a third, "Holograph", computer program, described in Rof. 7, for

.differential-turn computations.

The fol3owing tables axe utilized in the programs: CD vs. Mash, CD
o	

"L
vs. Mach, rha vs. altitude, ^ vs. Maeh, speed of sound vs. attitude. Thrust

tables, which are functions of Mach number and altitude, are also used. internally,

the tables are fit by cubic splines or cubic spline lattices (Ref. 5), with al'1 "ma-

ments" (second derivatives at mesh points} stored in tabular form. to be used for.

Interpolations during trajectory ealeulations. The desirable feature of spl^ining

for the present application is enhanrec! smoahnees (continuity o€ second derivatives

is maintained), which facilitates the generation of families o€ solutions of the state/

Eider differentia
.
 i equations. The speed brae drag coefficient, 	 is introduced

as the product of a factor and. the zero-lift drag coefficient. A preprocesso-r is bufilt

into the programs go that the user may change any of the tables with Input. This is

explained in detail in the Input eection.



^^^

TECFli^CAL SUMMARY, _ENER,GY-TURN P^t9GRAM..

_ _
The augmented. Hamfltonian, H, 	 is defined:

_	 ._	 .	 ^	 .
_	 .`	 .	 _	 .

-

..

_

-.	 - -^	 -_	 _ 
a

-..	 ^_^	 ^ ,
..	 .._.	 __._	 -	 v	 _

.	 where. iii are the nequai#~y constraints: -	 -.

^^ _ h - h'I' ^ 0 terrain limit

^2 q - g p (E - h) ? 0 dynamic pressure lima

^3 =
_

M ^ M z 0
>.	 .

Mach number lima

^4 = cos µ - W/S a 0 ^	 limit
q^ _

5 cos µ - cos µ z' 0 nnxznal load factor limit

ORIGINAL FAGB IB -
OF POOR QUAL^1`Y 2



^^

Further details eoncerning the determination of the multipliers ^ i and the control

variables axe given in Ref. 1.

It is finstructive to consider two basic types of maneuver which are l^uniting

cases. These cases are: ^1y symmetric flight, in which the final energy of the air-

craft is to be maximized, and (2) hard turning flight, in which the final heading angle
._	 .

	_	 is to be maximized regardless of energy loss. The Hamiltonian is a weig!^ted sum of

energy and heading rates, namely: ^E E and ^ X X. The program finds the altitude,

' '	 h , at which the Hamiltonian is a minimum by searching versus h at . constant energy
L.

level.	
_ ^ _

	_	 _ The first -case, symmetric, flight, can be gene -rated ^y making ^^ negative

(say, -].. 0) and ^x , zeta or small negative. Because ^^ is generally much

_	 smaller than. ^^ fqr a given value . of E, hX^ -1.0 is considered a small value.

(Actually the multipliers ^E and ^x need. be :scaled. such that H = -Z. 0 , but since

only the ratio affects the computations, this scaling can be postponed.) A t}•pical tra-

jectory mfght start ^vith a low energy level, say E W 5 to 15, O^J4 feet. 'With such

values, the aircraft executes a generally accelerating, climbing path beginning at

sea level, choosing an altitude for which E is maximized. Two typical syrn.metric-

flight trajectories are shown ^n Fig. l in an altitude/velocity chart. The trajectories

	

-	 are shown superimposed on the velocity-altitude envelopes corresponding to constant

'{{	 values of E . Constant energy lines are also shown in the background as in the pro-
i eedures of Refs. 2 and 3. The aircraft climbs along a path of maximum E , (bE/bh^= 0 .

.There is a subsonic and a supersonic branch of the function (bE/ah}E=0, ^vhieh overlap

in the energy range of approXimateli 32, 500' ^ E ^ 45, 000' ; i. e. , there are ttvo minima.

The br-anch taken depends upon hcw the search for minimum of H is initiated; in other

words, the program does not have the capability of locating a global minimum. The

^^	 times at which the points along the trajectory are reached, as well as all values of the
variables and airplane parameters, are printed at each time -step by the .program. See

^, the section labelled Ostput for further details.
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The program, does not calculate the altitude^velocty envelope, energy-rate
and turn-rate peaks; this is available from. the companion "hodograph" program of
Ref, ?, Figure 2 presents the peak values of energy rate versus E for the sub-
ject aircraft and illustrates the subsonic (first) peak and the supersonic {second)
peak. The overlap range is, as noted previously, between E - 32, 500 and 45, 000.

The first trajectory {lower) of Figure 1 transferred from the subsonic to the super-

sanie branch of constant energy level E ^ 34, OOa , while the second transferred at

E ^ 45, U00. The di£ferenee is these cases depended upon how the ipttial,altitude

iterate was introduced into the 1-D search; selected by TS^O , where h	 is
guess

the mi^aimum of hl , h2 , and h3 , or by iT5--1, where hguess is tie value h cal-=
culated in the previous time interval. The second trajectory (upper) required a longer-

time interval to reach the final energy state than the first, since the first peak was
followed for too long. Ideally, the transfer point would. occur at the intersection of..	 ...	 _	 .

the first and second pear curves, E ^ 36, OUO feet.

The second ease of intere$t is that [n which maximum turning xate is sought
irrespective of energy rate. In these cases, the Hamiltonian consists of the term.
^X ^ tan µ. 'Txajecto^ries having :thus character may be generated by taking 7l X as a

-	 very large negative number, of the magnitude: . ^ X- !l x 1On , where n z 8 . The Hami1-

tontan is minimized _when..the xatio ( tan ^)/V is a maxi^nuri^, - and this corresponds to

.the so-cal3:ed corner velocity described in Ref. ]., where the load factor as limited by
is equal to the maximum allowable load factor of the airframe structure. The

.max
corner-velocity locus is not normally generated. by the program during a trajeectory*

calculation, , but an option is available for , executing this calculation.

Figure 1 $bows a "earner=vei4city" Iocus in turning. flight fn the l^faeh numbex-

altitude plane. As shown in the figure, in the region to the left of the corner velocity,
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Î I,I	 11 1 1	 ^r ifl il.^	 Sit€I	
^ Il ^ l	 :I	 ;	 I	 ``'I	 1	 }il: ' 	i I'^^	 I	 I!I	 •li	 `I€^	 ;II' 111	 3	 ;	 ll	 1	 !:	 I i	 i^l	 I}

	

1`^'T 
F I	

i	
, I'. ^'r	 ,	 r ^,	 ••^ i T	 ,	 "'r'»	 i .-.1 . 4	 -- ; ",--	 r ;	 ^- "'1'	 i 1-iz ; i 1	 i .	 : I	 , 1 I	 L.-..1I I :	 . , .	 : i

i	 rt	 1;1	 ';.	 .1	 i.i•	 ^	 ^.1'	 I	 Ei.	 '}li	 ,I	 i ` r y	 ^	 ,11	 ,iil	 I l	 :^•	 I•	 ^+ '1	 '^
I	 I	 $	 .^	 ^ F	 '`' 1	 i'	 ;i',	 r' 1 3	 i'	 L.	 i:^.:Jl"i 	 +:;	 II	 ;	 :I;I	 11	 1	 II	 •i.	 r	 r	 ,€.,	 l	 r I	 (	 .,rl	 _,+,	 .i:	 ;{	 :1,.

	

.} I'	 ++	 '	 S.'33,	 rl	 i;	 111	 1^	 rL+-[.:	 .l .r,	 -I	 .a	 :-[.+	 ^,	 i . i	 ^:	 Y	 +, 1.	 1.	 ^ ' ..r ;:	 :T	 T,'I	 l

	

-	 .;.	 ;	
p	 {,	 i ..t Y: 1rr	 ^j1 f'	 „•	 I	 _ ..I	 I„ I1,.1	 ^^	 :JI	 ,JS	 1111	 r

I I # f	 ^ i ' ^^{ . 1	 '. t• 	11: }}^. , ^	 1 1'	 t	 I	 L. €. €. ' 	 : I I - > ^ ^	 . i .	 (,	 ' ^ i k l ^	 I ' , , ,	 ; .1	 , ,	 ' 1 1	 I r	 '. + I	 i :	 I.	 I

	

T	 1	 1'rY	 1	 ^}^	 I	 €	 +	 1	 - t -	 'I^+ 	 {.!	 I	 •-I'	 '1"Ill	 ^1	 14 	'I	 1	 ' I	 1	 ,Ii	 1	 11	 Ir.	 ir'	 €	 I I	 '!I

	i:k: 	 k€	 i'	 1	 (i	 ^ ^	 <	 ^;li akl
l
	kt'i	 :^;;;;,'I!^;IfI,:	 € •!'	 (€I	

:1	
:i',I,	 I!i	 ,	 i;,,	 it	 II	 Iltl	 .I:	 i	 .^	 :I ' I	 i^^	 k.lrl

r•
1 	^

^11'' ''
	 .I '

	 t'-	 ; i--^ i 	'.	
1	

T1^ ^I'	 "l	 i	 ;I' i;,' .I I!I

	

^1 1 1r	 tr	 h	 I	 'I	 3	 ILi'	 LS^L	 li	 i	 I,S	 1 •,	 1	 ,1	 r l	 #,i{iif.	
i	 i t	 ii	 •I	

Illi	 II	 ' I li	 i.! ,	I	 {I^	 J	 I	 I • 	 r'

	

t	 .,.I	 iIC	 i'.	 ;Jlr'#!i'
 

......._^i.
	 l	 l^r^',i	 II' Ili	 -!t}11	 :I,1,'	 lil rr 	^	 l	 ii,	 il:	 t'.I	 ijll	 ,!'	 ,•_	 111!	 • +i l 'hiii

	

LI ^ 	 1	 {^	 l	 ^I,.r	 I I h I 	{^. 1 - I.	 {	 ^I 
I. i _ 	 ,;^	 .I.. { :-	 ..r... _t^.i	 :.r_.. . r ,	 __S'	 ,^.,..-.	 t-,.	 i,: a.;	 r.

	

#	 -J1.,_	 •.#.t.,^	 [..	 i	 1.:L.,r	 riil	 +^}	 ^	 it	 3:	 I	 It'	 I:I:.^l	 ;^ !^vi	 ' I	 (	 I	 .^.	 i? ,	 -l i 	rl^	 !	 r^•i^r

	

1^'	 lr+c^	 1'. 7 	€I	 il^!	 ,Il	 ^	 'li,t:,	 l	 ii	 :L,; k `!	
iI	 .i. 1 	 ?tr	 ;+	 it	 i,	 ^^',

	

i}{y s.	 ,'.	 ^: 4 	 4{`	 ,-1	 1;	 ^,	 .,	 It	
: I 	..,	 ,;,	 ;::,	 1i	 iI	 1 _ ,	 ^	 ,	 ;;	 ,	 ,r, ^	 ^	 _	 ^'	 {	 #'

$:i.	 11 .1 €^!I^Ei#.	 J /r i S .	I.I	 1:#^I	 ., r.# i 	 + .I^	 ,-^	 .1	 lr	 1	 ,1^	 Il,.	 ,	 ,	 =^	 1	 .I	 II	 ,}	 r€:	 I•L.	 I,	 4,	 1	 f	 it	 1
-N'+'.

	

-i-{r	 •f	 r-i-r	 i	 ,{^ -r i 	,	 tl	 '.''	
-I^	 I !	 'lt,	 7	 'F !^ ^ r .,.	 ;;	 ,II• II;€,	 i ll I 

I€ 
i

p
# Ir^^€=t

	

ii	 =. 1. •	 tt̂ 	
Il	 ^ • k	 i.	 I;	 -i	 Ill.	

}{..{.i 1
.':I'	 t ^I^ l 7 ^' I 	-^	 I	 ' ll ' ^'	 •1. `}. i . ^€	 IJ	 I	 iSl:	 Ilii.

	 Ill	 a}ii^ I } f i'	 • }II	 II { 	IF^1	 ^h•^^

	

.^1'	 ^.!	 ,^ I -f	 L	 I ^I	 ^r.-r ^' • }I ,	 I	 ^l...k	 +	 I	 l^l:i	 rli	 _,..	 li :.	 !-;^ I'	 if'^ 3 -' . ^ I K	 ^^	 .t^I-i-I•--f•,r r	 .T_	 L	 ..^
^'+--r.^r	 ^1	 •r,•r 1.{'	 +-^ 'pp Y R^ • 'f-	 i'^7'	 rFl^i '	 7̂ 	.^ [.	 jp	 I I' :f	

r ` ^ 1 , Tr ^ rr^
t
=^ li	

i^

	

,.;^	 €	 {-	 1	 • '^..31	 • it -,.	 'r'-^}^r ^. L
! ll	 .;!r;	 ;	 I i 	 1.	 ^..^ +'J„-	 ^I	 ;	 ^;i^	 'I( I ; ^I'S' ^	 i	 _II^"	

` . 1 }`	 Z;: . ^^^I	 ,. i t	 I ^^'^.	 .I:	 I k'	 IE	 {_;ri€	 }i

	

^ ^,	 ^	 j^	 i	
ll^	 h,	 1	 ^	 it	 _	 !	 1	 1 ' i	 ^:I' II	 k^'F^	 ,;il	 II I. .i.	 ^	 I: r i 	!II I Ir €; 	.,:	 t l	 t	 IJI 	 .Il l !	 II •t	 11€!	

€r{{	 €}
	'J-.li .1^ . ^	 1.	 1	 , €.I I	 , I I ,. i• I ..I^ ^ l . € r €•I	

: I 1	 = ^ .	 11	 ^._	 , . ► 	 c r l c 	, .	 L	 i	 _	 .^.	 ...:,

	

rr 	#!!	 :'1	 i	 1 .	 j^ ' 	 F'l^ ' f['	 ['	 I. ! .'^T	 "	 r
1 l'	 1	 3 yr	 ;'	 {	 i,	 irl,k+Ij.

I: I `l I,	 ,. ;j	 l ^	 li	 i	 ' > € j ,	 li	 i	 I^II^!	
l	

l ,^if , 	i'I^	 ^	 ti	 1 1;;	 !ii i 	^I^	 ^1i	 I. I 	 I 'I^3^	 1I	
' t̂ il .: l l ^ ^j ;, i l 'I l ls	 }'i^ ^ llr ^.^a'I.	 r	 ^	 ^I	 1	 ^	 If.r'	 ^	 ^^;€	 ,i11	 ''	 I	 I,t',	 _	 I.	 1 1.	 '1-	 ^rt«I.i	 ,.	 ^}.}:,r},	 ,;I.	 -j	 ^t'	 .r	 Ill^t	 -};' jf}-	 ;I

	

'r	 €TII	 $'{f 3"1'	 I-	 .j'	 .€:	 !	 • l,	 1	 :3:' i,, i 	 I	 I,;1	
I l;i ,	 !I:	 tt	 + .k	 •ii	 I11	 I	 'Iii' ^1	 ^	 ilk:	 i	 ^^	 ^ f ,	 IIII	 #II	 ij.?	 ,}	 ^:	 ,€I F. 11 .. : , I	 1 ^ jI 1'	 I l (,	 S I I	 1 ,,	 I	 ^ I	 - ,	 ,	 I 1 ^ I	 I ; ;	 + ,	 I	 1 ' ^ , , ,	 , ; -	 I I	 ^	 ,	 ^ #	 1	 t , '	 i ^ ' ^	 , 1^^^^	 I : 1 ,	 ; I	 i I

^I:	 I	 I	 ?:lir ^I	 :l il 	 itel	 It:	 Iii	 II^F;^!I:^:	 ^I'1•I:I#!!	 ^'	 i#il l; 	i • II	 ^4	 Ir^l i i€,	 III	 I	 _^€lt	 l^	 .let. „•i•_ ;.!
	 I,^,	 I tY I 	i^^f	 elr{	 l+.

	is ^' 	 ,'^	 ^I	 y ; ^-;-; ` - `f''j -r .r'^:	 i	 ^ i.	 r	 I - ^	 ;•-tom -. ^
j 	 I . ^' }	 :Tl 1 i 1 l ^	 I	 I^ I I	 = I - ,'•^

I	 I	 Li	
i	

il^' 	 l^. i 	 €;	 '	 I I ! ;	 't^i	 t ^ ' i	 ^Itlllt^^	 {^^1
1 	I { I	 .^lii

	
!i^^: ^1;^^1'1	 i^!	

I;iI	
I:II	 ll+	 '•##'	 I ;I	 I l li	 lil;	 €r€1 I^	 ^^

i . j ! Ik'f	 li	 ^ r ' I" I^^!	 `t^	
^#rl	

3;i	 !.	 } ^-1,	
• ii1 1 't	 '1:^	 11;'	 ; ^ "'i€I^	 '!''	 3^	 11°	 11 l .^ i l ' 	 !:}^	 ^ t #	 I	 I	 1^	 . iii ;€.	 t.

	^^' 	 ^^k	 €'	 t	 ,:	 I lil' j t1	 ; :Gr t ; : ,	 SI	 I^j.l:l+'^	 !	 , „ ^ 1 1 	}	 r l ; .- ,^; Ii ;	 I	 ^	 ll	 ^i;l	 ^•f	
ii l^`I,^q	 1 i l	 Ikli	

Ili	 p,	 ^^ I 	 ..^1
	k 	 F	 '^	 'k	 I	 t	 :I,	 i

I 	^-.	 ,	 t	 :!r	 I	 1	 I	 rrli	 lI "^	 .1.	 .k,i,	 .1.	 ,I,f	 .,	 I f 1.I ., 	,It	 ;I	 I!	 Sr.	 i1!	 {^-^

	

^^li	 rk ' t	 ^,, I ^	 'I ^I	 rI^I	 rill_

	

,	 ,

0	 2OK	 ^4^OIt	 fioK ,	 8OK	 .1Q4^.K F _ _._, 12^K	 ... _

	

..,-.-	 ._...	 ..	 _	
r^	 _.._ . _

iI ,^ j	 l	 11	 ^
3^ „1	 J;	 ;	 ^^ 1

s, l 	 ,	 _. I r !

I
{	

L

iI 1 	 1Gfi'' 	1	 ki	 ;
i	 rl	 l i	 .

! t	 i	 L,	 ,	
I	 i

!i	 +:,i I	 ,^
II	 I	 i	 .^
I l l	 ^	 '	 LI	 I

}	 it	 ^} I
{ r i	 1 	I	 lil	 l'	 I	 I
t i# .I r !	 I	 ri i, l ^^	 .i.. ^!

F 1	
,.

I	 r	 fly	 I	 ..'1	 r	 €I !!^	 , I 	+I.SI	 '€ I
Ili}	

^y	
Ili	 I ts	

jj
	 ' J'	 f,	 .,

!	 #'	 l i'1	 I1
	

^''	 II	
ri	

'	 I I!	 I

,11	 !!>	 r II	 i l l # 	 r	 I_f	 li	 girl s^sl

1	 ;^}1	 1€	
J	 kih+	 il;' 	'1..	 ^1:'	 If• I^rrTr..,r	 '.	 ,	 ,	 !

^. ,	 ^.	 Lt	 i,	 ^ #	 I

i^e t	 , I lr. '. 1.1	 i	 I,I	 tI	 o	 ^i	 +	 ^^. ^;

jl^1k'tlk+	 l	 11	 ^	 r	 'l,	 r,^i i!	 r	 J
1	

I	
1^	 !'t ^I

1	 ^'[	
f

i ' 	 1	 t.I€I	 Itf	
It;	

r	 r	 I
r	 ,	 1	 1

- rt•--',	 r
i	 r	

}I

^
Jkl 1	

j	 1 ^I I i t 	^rR
r 1 rr, -^(, 1^

^r l i €^r, ilii 
=,s	 I, I ! rji^;

r	 I	 JI	 I

^{	 llls	
^Irr	 l „ l	

^1€ 31

1:
,	 i+	 I,	 S	 i	 {

^^I^	 Ir^^	 ^L^i^!Ii	 tai =rl^ ^i

`	 „
i I	 ^i^t	 1'l

!
i
!i i !,.	 t	 it	 ,	 -^^

i!Ifliii'



i	 {	 ^	 k

1	 I	 ^	 k
!	 l _.__ .. __.._	 _...	 _	 _	 -	 -	 ^	 ^

the maneuvering capabfltty of the airplane is limited by ^ 	 while to the right,

the structural load factor limits maneuverfng.	 max

The general optimal turning maneuver is intermedfate between the symmetric

energy climb case and the "corner -veloeityTT case; however, there is more complexity

in the general combined turning case than in either of the IiYniting cases. Thus the

Ham_ fltonian function may exhib[t three relative minima versus altitude h at eanstant
^: energy, and the transition heha.• #.or may be quite intricate. Because h, in its aP.:

pearance as a control variable, is riot Tithe real thin;," having arr€ved by way of an
..	 _	 _

order-reduction approximation, the analyst using the computer program to generate

famfies of Euler solutions may be interested not only in the global minimum of H{ h)

but in the relative minima as well. Trajectyries so generated correspond to so-called

s
T'strongTT and "weak" extrema, respectively, and- complicate the survey of families.

Transition between minima should be carefully monitored and controlled by the user

_	 constructing families.
Z

The user may sleet a mode of operation that provides the global minimum of

H(h) and hence "strong" extrema ^' This is accompi^ished by a preliminary scan of

H values at 50fl ft altitude increments over the complete altitude range. While it is

computationally expensive, the alternative of controllingtransitions offwline is laborious

and slow,

Where T 'weak'T minima are of .interest, a measure of control over which mini-

mum of the Hamiltonian the program. selects is provided the user by tzvo optional input

choices described in the next section. One of these permits choice of first guess for

the one--dimensional search as either the vatus of h 2 resulting from the previoas

-D search at the preceding Integration step ^or a value slightly below the minimum

altitude limited by terrafin, dynaaznie pressure, or Mach nuinber3 A second option

^;	 1
i_;

IT5=3

2 lTS=1

3
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^.
consists o€ a choice > etweer. normal search logic described in Ref. 1, on the one hand,

and a logic choosing the m^nimutn altitude whenever the switching function ^ ?0 	 •E
cut throttle and the sloe a-H iven b E 123 of Ref. 1 is ositive this restricted(	 }	 P dfi g	 Y q•( }	 p^

{and possibly 'Tweak" minimum) choice reverting to normal logic should either sign.

change.	
-	

_	 _	
^	 -	 - -

_
A mechanized search for the multiplier value ^ x yielding a spec [€'Eed energy

at a fixed final time is available upon [nput option. The iterative scheme employed

is minimization of the square of the difference in actual and spee[fied final energies
_	 ._	 -	 .:

viva one-tlimensianal search. using golden section and cubic fit- techniques - of -Ref. 4. ^ ^^u

The program provides for simultaneous integration of energy - arid heading-

angle histories of two aircraft for convenience in differential-tarn computations

(Refs. 7 and 8}. The computations are independent; however, the print-out interval

is controlled bi part by turn-angle difference and the integration is terminated on

multiple criteria which include violation of prescribed. bounds on the specific energy

of each craft. The choice bettiveen integrating trajectories far one or two aircraft 	 r i

is eontro led by input, as discussed in. the next section, as is print-cut interval 	 - -.
.	 _- ...:and ^n termin►atian,	 _	 ___ _..	 . , .	 ,.	

_ _

._	 - -	 - .;
For the dc^tex^nination a^ lx initial values that matte the Hamiltonian for -

the two-vehicle system vanish, hence result is grazing =barrier) trajectories, an 	 =.,-	 _ .-	 _
.^ terat[on procedure is supplied. This mintmiz^eis the squaice of - the Hamiltohiaa	 -_ ^ _

via golden-section search:

}
^_;

k
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1

f^, INPUT SPECIFICATIONS, ENERGY-TURN PROGRAM

i

A.	 Inputs fo.r Preprocessor

,f

^-,
NAiVIELIST/MIND/ATAB, HATB, GDOT, XNLOT, CDCLT, XMCLT,

RHT, HRT, TGLH, XMCL, TRXH, ANiTRT, HTRT, NMA, NCDO,

;. NCDCZ, NRH, NCB, NXT, NHT, II?EN, EPSCF, EPSGS, LT

i.:

Il)EN is dfinet^sioned 6 and each slot is associated with a table IB. 	 The

tables are as follows:

^	 -	 Number^	 ,
I3]	 Table	 Dinaenston	 of Points	 Description^.

]:	 ATAB	 _ 20	 N1VIA	 a lapsed of sound

I.	 HATB	 20	 NMA	 h (altitude)

2	 CDOT	 20	 NGDO	 Cp

^	 XMOT	 20	 NCD^	 Mach No,

,'	 : 3 ^	 CDCLT	 20	 NCDCZ	 CD	 = 1/CL
C^ a

3	 XMCLT	 20	 NCDCZ	 Mach no.

.	 ^ -	 RHT	 20	 NRH	 rho (density

4	 HRT	 20	 NRH	 h

d	
(-^

L

._	 .	 ._ ^	 _.... 5 .	
TCLH _
	

20	 NCB	 C.^

S	 - YMCL	 20	 .NCB	 Mach na.

i ' . 6	 TRXH- _	 20,24	 NXT,NHT	 TR (thrust)	 h nos. = cols.	 '-	 Mac
-- Altitudes	 =rows_

- 6	 X^TRT	 20	 NXT	 Mach no.

_ 6	 HTRT	 20	 NHT	 h
_	

_^

If IDEN(7) = 0, the CD	table is read in directly.

'	 ^ If II]El^(7} ^ Q, the CL̂ table is read into the GDGLT table and the

`	 ' program inverts it befo a preprocessing.

;^ If all the tables axe to be preprocessed, I'DEN(n ^ 0 , I = I, 6.

€"^ If the user a	 acts to use the sane table or tables for man. runs	 he ma	 -Y	 ^	 Y.
^	 ^ want to avoid the- preprocessing by reading en IDEN(I} = 2 on the first run.	 ?

9.^	 ^	 -

,::.:	 _	 ..,, ,. _.	 :_.	 r
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This viii give a printout of the moment tal^ie or tables, which may be put

into data blocks in the succeeding runs and then IDEN (i} should be set to 0.

LT = 8	 indicates cad of rua
_.	 .

LT = i	 First aircraft tables are preproeesse^ 	 _

LT = ^	 .Second aircraft #rabies are preprocessed
.	 ,_

.	 LT = 3	 iterate for minimum HI A ^^ J!

See PROG^; Summary of Subroutines

LT = 4	 Integrate two-aircraft traieetory	 ` r'

^.	 .

LTA -5	 Lit grate one-vehicle tra3ectory only	 --

EPSCF	 Epsilon in ONEUiM to measure cYosene$ s to origin
..

.	 ^	 EPSGS	 _Epsilon for. convergence tests in above 	 ..

f'

B.	 NLain Inputs	 _ .	 _	 -_	 _
_, -.. _	 __	 ..	 -	 -

`x
_..	 ..	 _	 -	 _	 ,.

.	 _1	 Aircraft One-	 _
a

3

NAMELIST/MiNPUT/GQ, H, 3, W, E, X,. XLE, XLX, TMAX, DELT, £MiN,
.. _	 EB3, HDLT, EPSGS, EPSCF, NEQ, NPRN, iND, INTB, t^AR, Q^A,X, ICB, _.	 .

DLLME, HSTR, NC, XBAR, XMBAR, BNB, CNCLC, , ITS, I^TCR, HT.	 ,	 .	 _	 _.	 ._
-

_.
_

_..
^	 ^.

Natation Ex^rlanatoa Units
::

,

GO	 C^ravitation,al. constant (32.16) 	 ^	 ^	 - ft/sec,.
_.	

-	
-H	 -. _	 Guess, for initial altitude 	 ^, ._	 `...	 .,	 _ _ _.	 _ ft.:	

....WingS	 pianform reference area sq ft

W	 Weight of airexaft
^

lbs

E	 ^	 -in.itial energy	 .	 . -_,	 .. _ _ _ . ft	
_ ^

X	 ,Initial X angle	 ^ rad ^

XLE	 Initial a.E
r

.- .

^X	 Initial hX

'TMAX	 Maximum time of flight sec ^	 f
DEL_ T	 integration interval gec

ENiIN	 Trajectory terminates if E z ENIIN ft
^:



EB3 If E ^ EB3 , bypass Q3 calculation	 ft
HDLT Initial altitude step size .for the regular ONED1r1 rI routine	 ft

EPSGS Epsi^lan for convergence. in the goldea section of the
ONEDIM routine

EPSCF Epsilon for closeness to origin 	 ,

NEQ Number of equations to be integrated

NPRN Number of integration steps per printout

TND Print option tnclieator (to be explained in the Output
section)

INTB fl =last Gase was processed

- 1 - X45 always calculated

2 -='545 not ea:lculated when ^ E ^ fl and aH/ah ^ 0

QBAR Q boundary for ^ calculation

QNiAX Q bQUndary for cubic fit in ONEDIM ruuttne
If Q ^ QMAX , use cubic fit
If Q s Q^VIA%, use golden section only

ICB fl - z -- 1

1 = CL T TGLH (Mach)

DLLME First step in ONEI?IiVi on HL( fix}

If initial ^, = fl , program will start 'with -DLL^IE and
x

texmtnate if it cannot find a minimum

If nit[al ^	 fl , program will reverse directions tf itx<

- eanriot find a mtnirnuna

H^TR ^ H*

NC Number of samples allowed in ]NEDIIVI on HI( fix)

.	 XMBAR Mach boundary for ^^ calculation

XNB n (m:aximum structural load factor)

CNCLC Speed, brake factor, where Cr, = CNGLC * Cb
ĝ	 o

I	 1TS	 First guess for altti€cle in 1=D search
1.

0 -taken. from previous ^^ , ^^ , or ^3 solution - 500. - . ^*E

1 -taken from previous 3.-D search

3 - scans an altitude range for minimum Harntltontan
t ^	 ^^1GTI^,A^a PAGn IS
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^..

INCR	 Number of steps in scan anode	 -

C.	 ERROR. CQDES

Printout
Nwmbe^ Location

4Q . _ Table look-up

100 ^--^ Sean made: lower limit exceeds upper li;nit

l I1-. -• ^ Aircraft 1: b ^ E

. 112	 _ Aircraft It coy µ* > 1
__,	 ..

x.21 : _. _	
_ _	 _: Aircraft- 2: h > E

- ^	 122	 _ . Aircraft 2: cos }^'^ ^ 1
.

' 334 -:	 ^	
..

-	 --.	 - ^ubrnutine SPiNT: Inte^olation #or ^E = 8

-
^^	 ^	 ^:;
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D.	 $ample I^tgut

Two-Vehfale trajectory: Af^craft One 	 F-5
Af rcraft Twa	 F=^4

3t'3I^ti'
Lz = ^ s

A14^i=1:,.^n.:}.11^^.rll^'37.x1377. s1u'^%.•107.r1^1.1fi.^'3'-34.7s^bes.lr^5.i.1•'J^$.1r
'^ o^.].s3^8.lr y n,^•1s^^k3.1r353.1r^3^,^.lr y ^^.?r1a=74. ^14:^b.^t:i:
#-iTiT3=-1.E:t:^'..s'a..^:^f..€!{.r}..5.E4s^.^Y^2.^^^i3.^4y 3,fif34r4.f^+ f 4.^=4,^.^4r	 .
5.r^c^► rb.^'+ s1.^4*$. ^^+ r"ti.?J^^l+^^a.^4s2.^a^2.^5r	 :

^iH=2U^
R-^I=521.E-^^^377.E-^rZ^3^+3.^-^z,17^^i.F-atl^f^5.^- ,fit-?6^i.t-Car13^^5.F-^.
$k^ g ., E - 7 ^ '1^^^1. r-7 s ^ j 51. ^ - ^^ 3^7 .i 1 . ^-Tf 3F,i:i .:'-7, ?';^i^• ^.-7.2^,Jr^.-7,
1^t14.^-1,,^^36.f=-Sr 7rFi4.^-Rs51 ^1.F_c3r.i131. =::-^3r^4.t - }lr	 '^
H?^=+3.*^Eir^S.rS'.^3s1.£4^1.`"^'4*?.L^+t2.5_4s3.^#r:^.:^f^`^^4r4.E^r4.:^r^:5.^4 ♦ 	 {
5.5^.4tb.c4t7.^4r3.E4r^^i.?(I .7 ^^4r ?. rI}:t^:^i=s^a•L5^
taG^]0=i`3,
CLEF = . 3 ?fl5r.fl^u^s•U^US,.^]^[ihs•G?^3 ^r.^l^13r.U211,•r^"^2r.i73?`^s.]3^i ;'s•'^374r•Z3i`► r
.^;33^.s. 33^7t.^13tSlr•a.;97s.'.^4G^,.,w,!:ir.; +33rQ. r
X ^t(3T=fl. r . ^r.^^s. 7s ^. 8p r , ^}.:; ,.9^:^^.^3^s1..iJfl•l..il^ ♦?. LG y 1.2^3^1.4i7sl.5flsZ.fl^7s2. r 	-	

-

2.Zs2.4r?.^sQ•s
NC 8=14. =h.

XctC^T=E}. r•?s.^^r.7^i^.^3s.^s.^?3•.=15^^:.+7x1.(^5r1..t^7s!•^̂ t}tl.;:li:1•aas1.'3^^r2.•	 3

NG^CL-1=^,	 -

G^;i^ ^=•.lsijr.1. 3 $s . 1^^Ss•2:]1•.2U:,,.211x.'1^S•.2?.'-ir. ?.^ .^s. ?52r.^67^.?^7s•36$s.4`^Ss
.4^+,.^4s.7^,t^t.741f.1y^r3.f
Y^1^^ -E}.r.^.s,^s.^s.7,.`3s1•^}.s1.,3*1.r1.'r1.^:^,^.L•^_'...if^.fi.^`.1.rG•r^?.r'!•yfl.rfl.^ aTi;L*+^. ^^^ . ^ a^ ^, . 'i^r •? -^^ •^t5w. ^E^ s. T^s. `_^^► •^, 45..^^i7 .3^,.s'. ^r s .3^ .	 _
^i.r3•sU..^7.sfl. s^.s
IvxT = 14^f^3i^#=ifl,	 `
X`"T^?,T=4 . r.,?^.°+s•E^ •.^rl.•1.^r^.•4si.^s1.'s^•r? ?,' 4•?.+:^s^.,i^.sll.,J.•). 	

..

FiF^T--1flU,73^.^u.,1flF3f1G.,2:;sUi3^.,3u^fJ[i.,^+G0^4.s7^sl+J^1.,i11UUfl„7iliil3U.,
2G^1 Q0.3.s'3.r^.^7.,7.r"u.r^^.,fl.s^.• ►3.,C.r	 - i
TT.Xiitlri}=1Z ^32fl ^ . •'1 ^ U? ^]7., 127 ^s ^?^l. rt #.1 ^^%! ^3•X12'3?7 •i.sL^i^Uii?i.r33^► ilfl.r?^Ut,.^^ot;^. r -
S.. OJ.ra3^%.: 5^^3^...f^:i0[J., }:,^'Jfi^.tl^.r.^s^^..sJ.,^.s'?.•
^^.XF^ Il s ^1 =3^Zi €^.:3^^ fJ^1 .:. s 3^4t1 . ,..3- ► t•^i1:.^ rt 3'^?f. U. sY^' ^fi:s. r 4140 ^. s^Q217 ^.: 3 •̂ 6'^ ^. _
3^^GU. •3^^7^^., 3'^bfl,^ .:3^^t:'. r3^ aJv . e;. r ^. ^^. s is. t '^.s3. r
T?'.Xli[1r a)-^34 iJfl.^?:S4EJG.,^^i1Ji3. sZ7i^E}^7.s31?_l^fl.s 3^iJ3Et.s4ZZi^^1.,^'+f.^6f1..^3[}fl7.s
4 G Ug fl•s4 ^ ufl u. s42^1(Ifl.t4.2i^i^^.^4^ . Jiii;.s^'.r^. si^.s^f. ^`;.,lJ.r
Ti^XH^1,4} = 1a4flJ.s1^4^](^.

?
r

T{
1
1
.̂72^)Q.^i r̂ ^ ^]=a.,^.34;71^,r?.7nf1.r3?^f^4].r3^J^3t^.•^+2^^^.^

44c3^€7. rf33^]^+s4^3U3fl. ^4" wIJU^S+ si+3v€3;;^^1^:..^. rfl.sU > > 3. ^fl. s
T:^Xi-1^1s7)=11ALU.s21U^^}.r11^^][J.s1:S:^"J:^.ylf]^E}.^5.'^^:fJ^:;.r?4U^1i1.^^:1nf;3.^332i717.s
.i7 2Q fl .^3^i ^^ +̂ .r37dUU•^^^3UJ.s3^r iiii3.ru' s^ 1• s^J.s'i}.•`3.s^3.^ 	- ..	 3
1^XN t:1s^}=^^UJ•^ 5^[^0. r7?J^^. st3?3^3. s1CSG^U.,I.2^fi7. si. ^30. rl ?A p fl. r?3^:^7.t.
Zf•4173• ^^^3'+fl^. rw^5^^. s2^^i^^=. rz^7 y 3J•.s^..3. s^1a•3. •s3.^^. ^	 i
Ti^h^i{1171=^+2{1Q.t420^^•^^+4U^.s^17+^.•'is3U::;•s7^+0©.t^-+€li',.s12.bti^J.s14;1 °7a'^.r1^a24}].r	 r
1 ^ ^ it ^ . ? t ^ i^ ^ 3 • r ^') `^ ^ l ^ • f 1 2 ^ IJ ^ • 7 v a , ^F • . ^^ • t ^^ • f ^3 . f ^ ^

TAX-tI1, `^1-?.iE^i. ,2h`3J.r'3a_^..3JG:.s:i %•" i.r`s^ ^'n,s`a^li^•r7^^3i;.^$4F3U.s?^Z'J. r 	^
L'uEiJ^7. ♦ lv•^u^^.^13z!1c7.:7^i3s3.ra.s^.,%;.sG.,,1.•fl.t
TAX,^1I7.•'3i=?^E^^J.s2^lJ3.s2^7^1?'.^2?^^p..?433ti.r2^Ofl•,a^sti^.s-'-► ut7i,.,4^^]1^..^^`?3,,
b?Ofl.s '^4t^iJ.^F43flU.r4n0J. r^.r!'.sir . r^::.^G.•^l.t
T^'XNtlr3. d}=?G T fl. s
I^E^i =l r1rirtrl,Yrflr	 p^E ^

pF PUUR 1^U^,
.^

^^



i

$M.I,'JP
LT = 1, 	-
^M =^0	 -	 - -	 _	 -	 .--	 - -.r	 ..	 ..	 -
aTAE3 =-i49^:. •^S:1Ei, ^^:1:^397.^^i377.^ ^:^,^7:^ 1^3T. 1 1036.'sf^gw•T,^5^3:'1 s^`*^•1^9n8.1"y...-- .
+^^ +3 .1.9 ŝ ^.lt'3t; F3.ls^bt3.1x97$.1,^'^^.1t9:^4.2,1f1fl4.,1^;75.4.5, 	 _
N?1T3 -1...^5tD.^.S..,€.:i.*Z.,^4^1:5€tr?.Ef+s2..5=4.3.^4^3.E^E:?^4y4.E4^4.54r^•E4^_.	 -	 -

	

....5.5^4,5.^4,7.E4,^.8..^!+,@..-20^^^,tr.^l+-r3-..E_-5.,^2-., 5,	 :__	 _	 -..:_.:.^_^^^- -- - _-..._______

RHT-6^21.E-5,2377.E-6,^^#^4^3.E-3,175.^-a.^.4'3^.^-`^,:^?fi6,£-^,1i16.^s.E-^, 	 ^^;
$833.E-^s7't] r+1.^-.^^-^^3^i1.^-7,4nD1.E^-7i3^;1A.^-7,?^3^t5.c•7,2?3^.^-7, _.. 	 _ _..	 _
138f. E-7rlia:^b,^:-^3 ► 77a4.c--^,71ai.r-F1s^131.r-8, 134 ^4-^i,	 ^...	 _
^3^T-,1.^5,fl.,^.E3y1.E4,.1.5^4t?•^4,_^.5^4,3.£^+ y 3.^u4=^► ,4.^.^t4:6^4,5.4F:^^ 	 •F_•

	

.5^4,6.^4,7.^^► ^^3. E4r8.2^#.2^4,^^.^4r1.E5t2,=:5,	 _	 -	 ;^

Y^;C^=O.,• 'r.kt.^,.7,.3,.`3,.^•y41.,2..C^5,S.^.,3.%,1:^► ,i.6y1.^:3.,4^Q.,	 -
TGLM =.$as .^3n,•86•:.T,^t•T6,.^^+,. n4,1.E34si,2^1. 27*1.^3s1..13t.^}^St. v^,.•5y.^^ 	-

t^^7^=16;	
- - .. .

X`taT=i].•.2,.4,.b ♦.7,.3,.9 s•9^rl.,.G5s1.1.1.^,1.4r1.5t1r:g,3.t`}^[I.r- .
C'.]^^'s. .EI2,.31^,.X33.95s.0192,; g 183t.01^`i9,.D20^,. ^327i.G?n,(3•► 03s,^3^€l6l.IE4R^3,
.0^+14.r+04k3s .^41. 3s :.041,3_^..4^ .^. t

X^G^T=G.,.Zt.4„6t.7,.H^ .'^,.^1^ :i. s1.0~^1.1, 1.?,1.4,1.b,i.Dy3.,^+^`0., 	 _
C:1^LT=5.4y^.4s5.4,6.q,^.br7.F^tT.lsc^.br.^r^i.4*.r. ► ..•4.6r3.^,3. ^^.^s2.5,4^t1.,

?C^^tT^tT={3.•.^s.4r.^,.8t1.s1»?,^1.4t^.^s.#..^^S:y`a.^. 	 _

f^4T^f -t5^^G0.yu•^1^0.00.:y:^^ {3fl.^anJ^^^.> ;+-^3^3liii^.s4's.i7F3^3:,^fli ► ifEr. ^17^(i^30.s11'^fl..:; -
T ^ 7Ck-t ^^.;:^_=LI.^: ^i 1 t1-^ . t3=1 _Z1=tI . -1 ^3 4-^^i-.- s i t^ 711 i; ^ :^: f. 3: a a t3 . r f ^-^. f11 +^ ^- t3 2 0 ^3 .. ^ 14 3 i^ ^ » Y rs # fl-Q . * :	 ..." _

T?Xt-9 [1s 2)=^^(3t7.^_^s_5:gp.. *72Q;Z. rT'^i:. s$7 T̂ 3^., ^^ 37^]., 1^33ia7. y11t4i3.Y 11^aU. t

T^Xi=I^[1"s3)-41fl1^. 1 4ilYD. yG5i3fl. ^51iik^. y^9i^i^. y6^flfl.^7 1ra`^.,7 t3i^ti.t84E]'D.,a^Q^[J.y^ ..,	-

=T'^?X+-[-:[.^.1f.,1.,.^.a#).^...y^^rD^.-Y-:3-^(1D:•r3a0i^.t^F1flfl.*5il0^1.-?iys7^3-^7:,.69Ou...r.7$31..^.-r87-4^.r- 	 -----
10*7., _.__
T^X^-!(xr5) - 1Ui3U.,tfl (^O.s1^0R. , 2?i3^J.,^E^4}G „ 330^J. , ^+1(^^.,4F^OG.,54^7^3 «, 59fl©.,
1fl'^D.^	 __.......	 _
TRxH[i,^l-Tt;fl,,Tflfl.,;12^fl.,S7D^..,z1flt^.,^^3flfl.,3477..'+6flu.,4:^OT.,520u.,10'^1.,
^'f^K^[].,T}-=F^DI1r,1300.,1^0].s140^^.,^.70G„21^D.,2.7fl^1.,3?^iU.s37QG.^42a13.,1^}^a., 	 -"
Tr^XH1ls1^^=5-a-fl-.-t^^^-.,70-fl-.-^1f^Dti. y 1;SD#].^160t7r,20fl^.-,^4'J_f}-.:^^fl0. y3^fi^ll. s1G^0. s

IL^^^=1,1, ^., 1 t iti t 1,	 . .
$E i i;]

14
,^	 ..



i

^"=i^p

LT = 4,	 _

^^^
.	 ..^

G^=32.2i'i=3^u"^Q. ^5-170. ,:! — :.ii'i ^U. ^" =1 ► DJ€1J.,Xl."_=-i..Y. X--1. •

(:^Q^=4JUn.^I^==^,XN3=^.7^^1,X°11ZI1'?=.3.,f:iJCLv-1.^.^T:':^'_i-1,^^3=1^3^]?U.*
.ITS=3,H',^1.^'=1^ . ,t^MdX=17U 1a ^ • e Z^fCi::- r̂ ^t7,^"7I^J-BU^ sJ I .i'i^^'i'SrS=.1^—; ' •
W=9^4^.,X^93-7. 3i,^]-^^1K=1f '^';.,X'ic?^l^•_=1.7^,

7C^A^ =a. ,

^^ ^1?	 -	 -
^^I`li'2
S=^3>,7. ,',^=37'x? 3. * X = t1 . , I'^!'.?_ ^ ^[1, (;ivL^^;= 1„'^'^^a' =?iy ^. ^? r, X ^;, q^=^ , _,
XN€i-7.,'^^^=1,r1=^^Jf3^.,ITS=3,IiJT^=_s1^JLT=a!'.,

Xt.^--^.33i^ba77 a01^+;f147,^=i,^^^5. ^^^:,:^^6^ti7,.^'1AX=2'itl^^, ,
XLX=-.47^^^i2Q1^7?^^F^^a,°_i1T`+wiy's30^s^;.,
t=75uEl.s],xLr='.1.E-7,X^X=-? .,
I+tiJ=1,
b^i^^ i=1

^M^^v^^r
i^3^^=^,
^^^^	 -	 -
^^^l^^
LT=3,
::+^^1^	 -

pAG

^}F pig'
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Sample input for a two :vehicle lteratioa followed by -a trajectory:

Lf-_,

ATA^^-^^+7^.,i.il^.,tU^T..i'^7^T.^^^a7.:137.s1^in.t'7^t.7}y^i.l}`^rF3.1t9F3.1^ 	 -
3Gd•1t.7^:^.1s`K=^^:.I.s^' .̀^tS.^.s^=:,3.2.^ci.1t^=+3^ ► .21^.^^^i.tl^^fs.ES3,	

`

H+^T3=-1.F5• ^..5.G3^^..E4s]:^^t+,^.*^+t?.5^^sr-5.F4^3.6[i9^4t4.^4t4."^^4}^.^4s

^-1T»5^2i.^-a•?377".^=^ss^Uyj.^..^f^.TES.^-^tl!^96.^-^tL3^if-i.^-Fi,iOsah.E-^,	
_.

^33^.E-7.7^i ^1".=-T,^3^^. ^-',4i3^.^-7,3^i^.i=-7}2. t3; ► 5.^-7}2?3^.E-7,	 -
1334.^-1,c1^75.^-3}7T6YS^-:3i5f',i.^-t3,3131.^^-3,^^4.E-3, 	 _ _ ..
^^T=-1..^, ^.s.^3,1E4}:.^E4s_>. ^4.2.3c ►+• 3. E4} 3.^Q'^=^}4.e4s4.5^4*5.^4} 	1
5,^ 4, 5. • E4, 7. ^=+* 3.^.E#+,.Fs :.2s:?^1±} 3. ^4, 1,.E5r^. ^5} 	-

GC1 `̂ ^=.^'?^5t.Cs^Tat.^7f:5,..L^u^^.^.Z::^,.172i]^,^21Us.t^^42t.4324s.U33^3,.737w t .^7;S34 t ^ i
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OUTPUT, _ E1^ERGY-TURN RROGR.AM

Time history of a trajectory.

1. Ai_rera^ft One

IND = 1	 Normal printout at prtnt times, TMAX, and whenever ETA changes.

Time, T , in seconds from o ; energy ; X angle in xadiaas ;

;altitude ; veloc;ity ; Q ; Mach No. ; tan ^,, p(density); thrust;
X

H1VM (altitude €rom ONEDIIWI ; HPRM (Hamiltonian); XDIF (x^^ ^ );

E ; X; ^ ; ^ ;ETA; A; PDV
X

IND ^ 2	 Additional printout far debugging purposes (see PRINT. subroutiae)

2. Aircraft Two

Same as ^Ar Aircraft One but without XDTF .

Output _ Notation

h

^^
::

..,..

pA^^ ^
4ĝ G ̂ ^ t^VA

^^ ^
19	 ^
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M =	 Mach number

TANi3 tangent µ

RHO - ^	 p

Tli, .: _	 _	 thrast	 ..	 _

H1V,[	 - -	 altitude from 1-D search	 -

HPRM '^_	 augmented Hamiltonian
.	 ._

D
r	

drag	
. _.

L _	 lift	 -	 -	 -

GNU; =	 sineµ	 -	 ._

CoSU. - -	 ensine µ	 -	 .
CDO _ - ^	 zero lift drab coefficient	 ^^

CDB speed brake drag coefficient
_	 _

CtiB
aW_	 C.	 pr ^	 -S.	

_ .

g
max

CDCL2 -	 induced drag factor

^HH'	 --_ ^^ .augmented Hamiltonian for first guess of 1-D search

PHRH	 ^. ^_ .. =	 ap/^h	 ..

PAH	
_ ..._ as/^h -	 -

PTH aTR/^h 	-	 -

PTE =	 h TR/^ E
._	 :	 ^

EDOT E
^,

XD^T -	 X	 --

20
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;;

i

XLED

XLXD

ETA

A

PDV

P CD ^l^T

PCDB3I

PCDC^I

PCLF^I

BSI-5)

Hxx

HH2

HH3

EXTRA

HMZ

HMC^

PHU

PHH

MK

-	
^E

-	 ^
X

_	 ^

speed of saiu^.d

=	 aD/a^'

-	 a ^ /8M
0

aCD /aM
B

-	 a CD /a M

a 
L 

/8M

-	 ^ (1-5)

-	 augmented Hamiltonian from 1--D search

--	 augmented HarnxlLonian an ^^ 5 boundary

=	 augmented Hamiltonian on ^^ ^ 2, or 3 boundary

=	 extra texrr^ in ^E equation

-	 H on ^1s ^, or ^ boundary

-	 H on ^4 5 boundary

^ x/a µ

-	 a H/bh

W	 indicator for boundaries

^. _ ^^ boundary

2 = ,62 boundary

3 = ^3 bonn.dary

4 = ^^ 5 boundary

5 = ^.-D search

j 21
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SAIVIPLE SOB SETUP, E ;̂ERGY-TUI3.N PROGRAM

Setup for CDC 6G00

All control card punches start in Ooluzn^. ^.

ID123^5, CM750d0, T3Q0. XD No. , amount of core to be used,
total running time,

RUNS) ^ ^ ^ Set to run.

SET(4) Sets core to 0.

LGO/RFL, LL =777777/. Wil.l allow addi^Eional lines of output
to be printed, over and above normal
job cut-off.

8 End of record.
.	 g

Source Deck

7

8 End of record,
9

Dada

6

7 End of file:

9

1

^^G^AL PAGE ^S
of PooR ^u^

_::
22
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SUMMARY OF SUBROUTINES, ENERGY.'-TURN PROGIi,A1lrL

ii

MANE
1

Maus Program
Calls PREPR

PREPR
i

Reads input.	 ^
Preprocesses when necessary. 	 `<
Calls PROG or PROGI
Calls EXIT	 'r̂:

BLOCK DATA
Contains data oamzn.on to the entire program.

DBLSPL
j

Called by PREPR
Calculates moarsenis to be used in spline fits for thrust and

partials of thrust with respect to altitude and energy.

DERTLj
Called by PROD and RI^CAL
Calculates derivatives for equations to he integrated for Aircraft One.

DERIV2
Called by DERIV
Calculates derivatives for equations to be integrated for Aircraft Two.

'	 ERROR '
Called frorr^ various parts of program, namely:

FNDIX	 --	 ID No.	 40
FNDHM	 -	 "	 I
FNALT	 -	 140
SLF	 -	 "	 111 or 1.12 _

SLF2	 -	 "	 121 or 1.22	 -
'	 SPLNT	 -	 "	 334

Writes ID X10, for error location.
Calls PRINT	 -
Goes to newt case.

FINDI^I(H1)
::

;:
Called by DERIV
Finds the altitude as a function a£ h	 , ^^ , E .E



^	 ^	 i	 ^	 ^	 ^

FL^DH2{H2)
Called by DERIV'2

FtiTAL T
. - :Called by FINDH
- ^ Used when TTS = 3 .	 -
-Scans altitude range for minimum- Hamiltonian and chooses

proper boundary to follow.

FNALT2
Called by FTNDH2

FNDI-LII{E}
Called by FTNDH
Finds altitudes which cause X31, ^2 , ^3 , and ^^ ^ to go to zero

- and chooses the desired altitude. 	 '

FNDFLti^I^(E2
Called by FTNDH^

FtiDTX{]^, N, X, XTB }
Called by FNDHM and NCALC
Finds upper index IX for an interval in an , N paint table ^TB

- within which X falls.

TNPL' T
Called by PREPR
Reads input by rneax^s of na3nelist for Aircraft One.

Tl^''PUT2
Called by INPUT
Re;^ds input for Aircraft Two.

ITATLti^(A, N, B, M, THEY, DETERM)
Called by DBLSPL, SNGSPL, ONED, and ONEDIM
Solves the system Ax W B .
A is an n x n matrix, B is an n-vector.
Answex X covers up B , and A is altered.
Method used is adouble-pivoting Gaussian elimination.
If I^EY ^ N , axxatrix is siaguiar.
DETERM contains determinant of A .

^ ^^ î ^7
.^Q^R .QZT 

^^ -^S'

^/
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NCALC
Called by SLF
Finds thrust (TR) , a TR/ ah , a TR/ a E , A , aA/ ah , CDO , a cno/ a^^ ,

CDCL2, aCDCL2/aM, p, ap/dh, CD, aCD/dM, CL, and
aCL /aM by using cubic splines.

NCALC2
Called by SLF2

ONED(TTT, NTAPE, CAYaI^lN, EX1, MPTS, 0, CCAY)
TTT	 - Counter for nu^nbex of function evaluations
NTAPE	 - Output tape number
CAYMIN - Answer
EX7.	 -- First guess
MPTS	 = 4
CCAY	 -- Initial step size { px]
Called by PROG1
Finds x for minimum F , where F = f(x) evaluated by

SLFX (F, EX (Z )) .
This routine is used to find the ^ which will find minimum

HT( ax ) 2 = (H 2 ( fix ) ^ H^(A X ) - H^ ) 2 .

ONEDLI^[(TTT, NTAPE, CANlIN, E.X1, MPTS, 0, CCAY)
Called by FINDH
Seine as above, except this subroutine is used to find h for

minimum Hamiltonian where H = f(h) .
Calls SLFUN(F, EX(1)) instead of SLFX(F, EX(I)) .

PRINT
Ca11ec1 by PROD and ERROR
Prints out for Aircraft One as explained in the Output section.

PRINT2
Called by PRINT
Prints output for Aircraft Ttvo.

PROG
Called by PREPR
Calculates a trajectory from T = 0 to T - TMAX or froze

T = TMAY to T = 0 depending upon DELT.
DELT > 0 forward
DELT ^ 0 bacl,-ward

i

4
,;

^.^
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PROG1
Called by PREPR
Sets up a table of 9 X x's, starting with ,^^ = 0 .

1
Does a scan of HT{ ^ ); whenever HT(^ ) changes sign,

xi	 ^ i
^X for HT{ ^l x ) ^ 0 is estimated by linear interpolation and

^lae estimate is used as a first guess for a ONEDIIIT search on

(HI( ^X }}^ . The first two crossings are recorded and, far

each solution of ^ X obtained, a trajectory is run.

Inputs needed for these iterations that res^,^lt from computations
in the holograph program are:

Evader

XLE -PAR-LFT-CETL
TO ENERGY

E SPECIFIC ENERGY
XLX CORNER MULT

RATTO^EV

Pursuer

XLE -PAR-LF-CE-PUR
TO ENERGY

E PUR--EN
MATCHED

XLX CORNER MULT
RATIO-PUR

RKCAL (ID)

Fzom Loft-Ceiling
1^Iatched Rates Table

SLF

SLF2

Called by FROG and PREPR
This is a fourth-order Runge-Kutta integrator tivith a raved-off

control..
ID = 1 Initializes the routine. Calculates coefficients to the

full capacity of the computer.
ID = 2 Normal integration step.
ID = 3 Restart -- Q blocic i.s zeroed out (round-off control).

Called by SLFUN, FINDH, FNDHM, and FNALT

Called by SLFUN, FINDH2, FNDHl^T2, and FVALT2

^:`i

','

ai

I
;:	 i

2G
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SLFUN (HH, RR)
Called by ONEDIM
Evaluates HH where HH = f {h + R.I^ ^ RDL) .
h is i.n COMMON.
RDL = -►-1 ox --^. and is also in COMMON.
aH/ ^h and aH/ bµ are also calculated when RR = 0 .
As a by-pxoduct, we also get TANU, SECU, COSU, SINU,

D, and TR .

SLFX(P, ^
Called by ONED
Evaluates ^` = f (x) _ {H2 _ H1 - H*}2.
X=l

x

SPINT
Called by PROG
?ntexpolates fox l X W 4 .

SPLINE
Called by NCALC
Computes cubic spl'zne fits fax vaxious tables.

SPLN
Called by NCALC
Computes cubic spline fits for double table look-ups.

SNGSPL
Called by PREPR
Caic^d.ates moments to be ^zsed in computing cubic spline fits

later in the program.
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TECH^*fCAL ST3^I3^TARY TANDEI^i-MO'^^ION PROGRAM

The "tandem--motion" program calculates time histories of specific energies

and the corresponding adjoint variables for 2-D motion of two aircraft at a common

altitude which is the "loft--ceiling" (highest altitude far vertical equililarium in level

flight) of the one identified as the pursuer (Refs. 7, 8, 9, IO). Energy modelling and a

thrust-along the--path assumption are employed as i.n the energy-turn program.

Throttle is full forward (^^l) and wings level (^,^,= 0) for each aircraft.

subscript I denotes evader and 2 pursuer. It should be noted that 1E^^0

and ^ E2 s 0 for full,-throttle flight in the differential--game foz •mulations, i, e. , the

signs are normally opposite. This affords unusual opportunity for error in transi-

tion between the two-aircraft energy-turn progra.3.n acid the tandem--motion program.,

for in the former the signs of ^El and L E2 are the same for full Throttle, both

negative, this to permit use of the program for either aircraft singly in the same

way as in the single-aircraft program (F.cef. 6). The fallowing adjoirtt equations

account for the constraints h l ^ h2 - h2L that specify both altitudes equal to the

pursuer's loft--ceiling.

d
Vx aT1 * T1 g - qx Sl g I	 of ^ 3 C

^El ^ - ^El. ^ W^ ^E1 Vl Wl	Virg L a dMl	 ^l oJ.^

ITV	

d ^

-L ^^

- q S a ^ r d 1 r	 1 ^^
l 1

:..' ̂ .^,:^^^ 	 ^''l^CxE TS
^^^ ^'^t€}R QfiJAT,I^Y
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^,
j

r	 ;	 ,

V2 aT
2	Tag	 q^S^b 1 d ^02	 3

A E2 = -^E2^W2 a^ -- V2^V2 - W
2 ^a dM2 ^ V2 ^02^

W ^ d DCL 	 DCL2	 2
g2 S2 a ^ d11^2 	1'I2 ^^

d
r ^ d h

2L 
r V9 ^ T2	 W ^ T2 -^- 

q2 S2 
V^ ^' ^- i1I d a } ^ 2

E2 dE ^ W ah ^	 V W	 W a ^V	 2 dh / dM

	

2	 2	 2 E2	 2 2	 2	 2	 2

3

+ C	
^3ag2 5`2 _ `5

22 ClA `y
02 ^ V

2 W2	 2 W2 d h /

d CD
C2

2 
^^2	 ^'2 1 _g 1 ^^2 da	 C r 1 dA ^ 1

+ A2 S2 V2 ^ dM^ ^,aV2 	a dh ^ ^ DC21pdh ^ ^z J^}
^`	 L2	 2

` ^ dh
2L 

V^ ^Tl 	r g T2 + qx S^ V1 ^ ;- M da d - °a,
E1 dE ^ W ^h ^	 V ^'^	 W a ^ V	 1 dh ^ d ^Z

	

2	 1	 3. E^	 2^	 ^	 1	 1

3
+ C-	 ^ 3^ ^!x S^ - S^ V1 c^ A ^.

oZ V^ W^	 2 W^ d h ,,

d CD ^

i^I2 W^ 
r	

^! g _ 1 da	 (^ dA	 g ^

* p^S^ V^ L dM^ ^ ati^	 a dh ^ } ^DC2 `p dh r `T2 1
L2	 2



INPUT SPECIFICATIONS, TA1l^DEM-MOTION PROGRAM

Tha tandem--motion program lzas basically the carne inputs as the two-

ve.ricle ener^^--turn program.

A. Inp^^ts far Preprocessor

NAl^IELIST/MINP/ATAB, HATB, CDOT, XMOT, CDCLT, XMCLT,

RHT, HRT, TCLH, YMCL, TRXH, XMTRT, HTRT, NMA, NCDO,

NCDCL, NRH, NCB, NXT, NHT, IDEN, IDG, LT, NEE, NEX, ETB

Notation Explanation

IDG	 = 1 Generates power ceiling (h6 } and loft ceiling (h7
tables versus energy.

= 0 Does not generate tables as they are already available.

NEJ.	 Number of points to be splined i.n the power ceiling and
loft-ceiling tables for Aircraft One.

NEE	 Number of points for Aircraft Two, same tables as above.

ETB	 Twenty point table of energies to be used vahen generating
above tables.

All other terms are e.•splained in, the two--aircraft energy-turn section,

B. Main Inputs

1.	 Aircraft One -- Evader

NAI+IELIST/MINPLTT/u0, S, W, E, X, TMAX, DELT, NEQ, NPRN,

ITB, INTS, CNCLC, XNB, ICB, XLE

^^ A .,

^o



f

^	 ^	 ^

^	 i	 ^	 ,.

Notation E^-planation

FTS	 = I Uses XLE input as initial ^ E for integration.

Z.	 Aircraft T^vo --^ Pursuer

NAMELYST/MlNP2/S, W, E, CNCLC, XNB, ICB, XLE, EDOT

All other terms are explained in the -two-vehicle energy-turn section.

Main inputs $MINPUT and ^MINP2 must be react in at least twice for

the first trajectory. The first time is needed for the preprocessing of the h^

and h^ tables.

s	 3 ^.



C.	 Sample Input, Tandem-Motion Program

:^^1I'1^
LT=2,

ETL3-O.,St;ili'3., i0) flfl., 15) 3t7.,2(l ? ^J^3. ,250(!7. ,3Q00 J. ,3^ . UG0.,4flOfl^:. >'+5070.,
^i1;7Q e7. ?5503'l.,i`i0fl=3fl. ,?J ^OJ.,3? 7aG.,,90^^J0., 1001;] :.,110fl0U. 73.2001]0.,13gi703.r
P•i,^i ^ = z U 7	 ^	 ....
A1'!i'3= 149^a.,1).1^^.310^3?.7f0?•7.,LE);^7.r1(137.,1A^5.iaL)4.^7908,1,9^^^.1r9^i8._La
9h^i• 17`X08.1,9b$.1,9ti75,^r9^8,1Y9o8>i,y84:2,10134.:kE.:ao.437
rztkT:3--1.^•57:..t5.£3,1+^^'..rf ► ?L=+r2.c^tr?.a=4,3.1r^+t3,yiF^f=4,4.	 .7='	 .N
5.5:=4yo,^4yl.^^+,B.E^+r^.20?W4y9•^4Y.i.E5^2.^.5_r	 - .	 _..	 _

^? H F = 8957.^̀•- c, ?3 .7-7.E-bzci7 ir^,.r-^,1755.^^FsYI^-9n.E-n,l2i^o.E--0,1;^6a,E-7y	 -.
d?i93.E-7r70;_.1. -'?^?_513y1,^-F,45^1^...E-7s3E^i.8.^.-?r?3c^5.r:.--7,2238.=-•7s 	 .--	 -
i,i8 .̂ .1=--7zai55 Ê ,E::-8,7764y^--`3,515!.1=--3,3131.x-8,^34,Z.--B^	 - .-

- H ^'^' _ •- ^ . -1= 5 , O . r 5 . ^ 3 ^ 3.. 1" ^! , 1. , t^ r [^ T 2 . ^!+^ 2 . ^,= 4 .r 3. E.4 ^ 3 , ^^ 4} `^ ^ ^-^ 4-.1r. ^ y 4-,--r-r•^-^ 5 . ^; ^ 7_ :._-_-
5.^^4r5+^4,7..^+s^&•^^F73a?i)"^'GF,^wC47f ► ^r72.^5,	 _	 :._	 - -
^CB= 14,
Yi"!CL-EI.,.L,. 3r.a,. 7,-`:^l.isl.:ir1.5,1.7 ,1. ^jy2.1,._'.::n2.Es^O.ytj.yG.yfl»,O.,iU.y
F^L y =.85,.87, .53; ,81,.! 3,.^8r.'JS^ ,,75,.54„^t5^ .?+G,.35*.3fl r.3,
O.,i].,O.^O,,O.,Q., ^.	 -	 _	 _	 ..	 _

G!.^CF=.02475?.++J205r.0205, .0^?115,.02i1^^r.t7210,.0713 7 .iic'42, .fl32 rtr, ^J359,. ^137t+i.038^s-,
0385,.^j3.9^T .i3,ia 7,.L13aT„'^ ►+03,.C1r•^;^,i,,U4J;i7^1.,

i€; ;=^ t = ^'-,-•r- . 2 r • t]^7 7-=-7-5-,-.-tl ^ : -^-i 3, r ^# ^ r , ^^ =i^ ^.. fl Q T !-, i7 5 r ! . i^^^T L y 2 fl-x^.. ^-kl r ^.:. 5 tl r 1 . t3 €3 .^ 2 >. 9
2.2r2.^+ 7 2.t^47.t _	 -	 ..	 _	 .

(^C9CL=1 ^3,
C^7C:. F = .19P, r . 1923, n ^.'3$, .?^J1,.2i357 .2).Zy.?_18, .2?8,. ^_'.^{3T.252?.265,.297, ..35^.t,.t-'r5i3
. ^^^r4 , . 6^+, . 74; 4 „744, .744 , :3. , 	 .
KuCLT=0.7.2,.:i5:.7:^,.&;:,.35,. ju, .'ii ,1.0,1.']5,1,117y1.21ir1.40,^..5U, Z. 80?2.;

... 2.2 7 c . 4 r 2 . ^i- r 0 . -, ---- -....	 ti _	 ._	 ---_ _	 _ _	 . - -

Ki•iT?T=0';,.27.4,^6^.8r1:^,^1x2y1.4,1^.51,$7 2,y2. 2,2.4s2.67(3:7{l,,^i•?.,O.,fl.r7..7. ..
MT^T= 1Q000^.:.,0.^^.0000.,ZR^IUQ,,3^7'i0(3.,4JO .3fl.r^^0+)Q47,. 7 600€)+0= Y 7Cl^flt}„	 ._..	 __-_
G ^^ V (J ^ U . , fl . , i^ f T Q • ? 1 w 7 ^ • 7 J . T:J . ? ^^ • i J n ] ^ . 9

T:2Kti {^r^.?=:Z?{3zt7^3.,^20?0!7.,'11?4^J0, 71GufSOfl., 119?G'?. ^3.020flfl, y 334i3 +3.:?'2E)0. T5a0;,i.,
- -5";^0-.,.3^i^0=3.,5tii^1U., 5^ie7(1. y56U'{].s0„i;,,U.,fl.sG.,U. ?

T^'Xi-! (f., 2l =322(ifl, T 3??Gfl, s 3a^+OQ„ .i4^^70.,3^^2tii3. 7^•2;1^}€;.,4i'-^•fl0.,'+G20fl.,.39h00>,
3oi0T7^s.i^b0u.s3^Eii70.?3^^.^7:7:7;^9Ci7:i..,{)..^:).rG:^r^•i0•s3.y. 	 -

T;;Xi-it1-^3-? = 2.3 !+U^.3. 7 234110. r7^ ►JflO, 7 2'7'-}^3Et-y.r 3t2;Q, i-3^ZQ,iI.?^?_.200-yT4's^1^i].T4.'i01^-^7.=n.
^ ► E0;)0., =+2Gi]ii. yt+20J0.r42')G^3., t+20 U:3.,fi.,?3.,l;.70., '.rGer
F?XH(1?'^)=16^00.,1^4QQ. r17200.r1'^^^'Ou.r232+.iJ.,?7^Gi1.,3250(1.73^37UG.,4240t).,
^•^.306=,^43^30=7.,4:i0vJ,;43^)=x.,4.3+J^JU.,fl.,O.,U„O.,^i.,0., 	 -
Tr^X^1{1 ? 5?=1].flu0;. 7^):^t70i3. r-13.600.r^.3^'110^r^.at^fl0;r19^^(t^^.T240flt0:^?_^36i)i3.y332fl17:=
372:1^J,r38^0.G'„3T8^f1,.,350>3:.?.^,3=^_flfl:^^7(!,s-0.7^.:s,0.,'..?Q,, 	 -	 ..	 ...	 -.:."	 ._..
1'?XH.{1T5) = ^^(IO,^^i^0[^.,72110, T B?17i3,y'1OQ00.,12Cat7^"i. r1=i^i^3fl.rl{3^t0(3, s?30131.,
2F^48+1.,28^E11^1.,?`?5Qt3.,2^:13^. ? ?.140tl. T^J.,il, 7 i;.,t}., :.,0+,
Tr'X^i Ei,?1=^+:'04), 74270.,'•+401., 5 ^u^}.,y30G.,7:^00„-1 aiii;, Y 1150Q.eZ4 Q^l., t72p^.,
1%0110 . r 1723 s1^;. rl o40J, 7 223c13. 7 u. , `^ ., 0. r:1. 7 J. r 0. ,
1'r^XFi (1 7 ^)-2-^0^1..r 2600.,231]'.,3''Gii., 36011. T^+:.^+7^1. ,5^>[ir^.,7D0i3.,84t1t7. =9^i^37. y
1^)n,:0.,1^J8^7!;, 7Z.112170.77nU0.,0.,U.,^.,0.,0.,0.,
i Ỳ XhI( 1?^1=2QOJ.,2000.,Z0G;.,2 ? ,70 ,,24UG.,?':fl0. r3 ^UC.y1+GOG.,4 3'^ik.77s;10.,
i;^^0. r%^f+Jla.,f^Os0i3.,t+r^OG.,3.iQ.,G.,1.,G.70.7

I,1ccd - 1 9 17 L r r. 7 ^-?1i^9
:^^.^ F _
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3^tIVP
E_T=1,

aT.^3=f4=}r,?11.1^.^.T1J'^7.s1J'7.^liitil,i2'J.;7.^#.{11.5.T`}'s'•.^'='];^K.1T'3^-i,l^]^r3.1^.v	
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^.5^'+T6.^4,^.^4, $ n c^t T 8. ?0?`4,?w`is,l..^5f2.;^5,
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:.	 HE-'.T=-1.^^^J•,^.^ 3f]..E.4T1.^-4,"r',^^ty^.a^4,3.^4Ti,^3;: =4,rF.=a,4. ^E47^,r^+T

Yid:.,^=7.,.?,,lri.^y.7Af-
t
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.	 ;,,1^1'+T.^]^.13,s':»13,.U4^^3y4^G.,

^^r,^^,,^=1^ 7
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}.c7J^, a T1:'f:,,
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i17^^„
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F °	 OUTPUT, TANDEM-MOTIOR PROGRAM

Evader
Y

T E	 PHE1 ALT VEL
^:

Q MACH	 MU RHO TR

..	 D L	 CDO CDB CLB

CLH CL	 CDCL2 EDOT HDIF

A BET7	 OME H'7 HG

If NEQ = 4 ; the follo^^vinb is printed.

` ^	 LME^. LIVTE2	 CAPLH LMElD Ll^TE2D

Pursuer

T E	 PHE2 ALT VEL

Q MACH	 PHEE RHO TR

D L	 CDO CDB CLB

CLH CL	 CDCL2 EDOT

A BET7	 OMP H7 H6

PHEE is analytical (closed-form) (ah,^/aE2 ) printed as a check.

f'

1

^- 3 ^
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A ri fl rrtri A /ry ra-.

This xn.a.nual is a gv.ide to the use of the AIRCRAFT ENERGY--TURN HODO-

GRAPI^I PROGRAM which produces art extended energy-maneuverability description

of the capabilities o€ an aircraft whose characteristics have been input. The

various quantities computed are those needed in the energy-turn and differential--

tur"^ analyses of the references. The program is i^ FORTRAN N for use on a

CDi.- 6G00 computer but with minor modifications can, be run on any computer ac-

cer ,; ng FORTRAN IV.

ii
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INTRODUCTION

The AIRCRAFT ENERGY-TURN HODOGRAPH PROGRAM is a computer

program for calculation of aircraft maneuvering performance in terms of the

following quantities as functions of specific energy level: maximum energy rate,

maximum instantaneous turn rate, maximum sustainable turn rate, power-ceiling,

Ioft-ceiling, energy rate at loft-ceiling, and Ioft-ceiling rate at loft-ceiling. A

choice of approximations fur treatment of vertical thrust component is available

on input option.

The program is related to the SUPERSONIC AIRCRAFT ENERGY-TURN

COMPUTER PROGRAM of Refs. ^ and 2 and requires the same aircraft tabular

data represented via cubic--spline lattices {Ref. 3). The coding takes advantage

of the NAl^IELIST feature of I+'ORTRAN IV, which perxn.its T stacking T of sueces--

sive cases to be computed with minimal input. The program may be used in

conjunction with the two programs of Ref. 7, as described in. Ref. S, to generate

families of differential-turn trajectories and their barrier surfaces.
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1	 ;

ANALYTICAL DESCRIPTION

Turning duels between t^vo dissimilar aircraft are studied in Refs. 4, 5,

and 6 with the use of energy modelling approximation and a differential game for-

mulation. Cornpixtation of various energy-rate and turn-rate quantities are needed

for comparisons which represent steps in the numerical solution of the differential-

turning game, and which are in themselves of more than qualitative interest for

comparison of configurations.

Power-Ceiling at a specified energy level is defined as the highest altitude permitting

horizontal-force equilibrium in level flight. Designated h 6 , it is determined ixn--

plicitly by

2

with at from

q S CL ^ -r T a = T^4T	 (2a)

n
The computation is perfor^.ed with SpecifFC Energy , E = h ^- V"/ 2 g held constant.

An alternate thrust-along-the-path option is available with use of

T ^- D = 0	 {1b)

q S CL cx ^ W	 (2b)

Either eq. (1a) or {1b) is solved computationally by Newton-Raphson iteration be-

ginning with a first guess determined by a rough scan aver the alti^zde range. A

g

uadratic CD versus CL model is employed, with no upper bound imposed upon

-L

2
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Laft-Ceiling , h7 , is defined as the highest altitude permitting vertical equilibrium.

It is determined as the root of

q S CL{NI) -^ T sin ot'^ = W	 (3)

where CL{M) is CL 	a function of Mach number. Stall angle-of-attack, ^^` ,
max

may be input as zero for thrust-along-the--path modelling; this choice also triggers

the use of (1a) and (2a} in preference to {Ib) and (2b).

Sustainable Turn Rate is computed in small- (y appraximation as

Wp - 
g VW^ {L -^ Ttx)	 {4a)

A candidate ee is computed from tl^e horizontal--farce-equilibrium eq. {lb); it is

employed if the corresponding lift coefficient CL = L a s CL ; otherwise CL

and corresponding a are used in (4a}. Computations are performed at fixed E

and h . The maximum sustainable turn rate for each E is picked out by a scan

over the altitude range bounded below by terrain limit, h l , dynamic pressure

limit, h2 , or Mach number limit, h3 , and bounded above by h^ . The altitude

pUUnds h2 and h^ are determined by iterative solution of the defining equations

^2 W 0 and ^3^= b as in Refs. J. and 2; in fact, the coding employed is identical.

The approximation to the maximum sustainable turn rate found by the scan over a

coarse mesh is further refined by the use of golden-seci^on one-dimensional search

starting at the altitude mesh-point chosen by the scan.

An altar^ative estimate of sustainable turn rate employing athrust-along-

the-path model is triggered by input of ^^ = 0 . (The estimate of the preceding

paragraph is automatic for Cx * ^ 0 , as is the po^^•^r-ceiling estimate of eqs. (7.a)

and {2a).) It is important to input ^^= Q when compatibility with the program of

Refs. ^. and 2 is needed. The thrust-along--the-path model uses cos a = 1 ,

sin a = 0 , obtains a CL candidate as

3



Z	 T _ ^,

CD 	^q s	 `7] ^	
{5)

o

and employs it if < CL , otherwise 
Z 

in

gsin^,gSCL

	

W ^	 VWp

Maximum Instantaneous Turn Rate is computed as that for -L = CL at the corner--

velocity altitude, h^^ , if h45 z 0 for the chosen energy level, otherwise at

h = 0 . The corner--velocity altitude is determined by iter^tion on ^^= 0 and

^^ = 0 (CL limit and normal -load-factor limit) just as in the program of Refs. ].

and 2,

	

g	
gSCD-^Tsinc^"

2

^	 ()

	

C^JL = V	
W	

^ - ].	 6

Energy Rate is computed in small- Cx approximation as

E -^ V^T^1- 2 ^-D^	 (7a}

with ce determined from eq. (2b) at each specified energy-altitude point. This

approximation is used when a^ ^ 0 is input whereas, for a''` = 0 , a thrust-

along--the-path model is used for which the co y°respon.ding equations are

E = VAT-D^	 {7b)

and ^ determined by

(4b)

q S CL ^ = W	 (2c)



Standard print--out for both options consists of the maximum energy-rate value at each

specific energy level, determined by a scan plus search between bounds identical. to that

far maximum sustainable turn rato, and the energy rate at h7 , the laft-ceiling. Also

printed is time rate of change of loft--ceiling altitude.

TURN RATE CO^TPARTSONS

When the characteristics of two aircraft are input, computational comparison of

sustainable turn-rates is carried out. One such computation cletermines the curve in.

energy space separating regions of sustainable-turn--rate superiaxity of each exaft over

the other; the other compares sustainable turn rates at matched loft--ceilings (Refs. 4

and 5). Prior to these computations, cubic spline fits are made of maximum sustainable

turn rate versus specific energy and loft-ceiling versus specific energy for bath aircraft.

The computations then proceed iteratively for several input values of sustainable turn

rate, yielding as rs^any as four pairs of energies for each. Tt should be noted that the

equal-sustainable-turn.-rate c^xrves in Unergy space enter the determination of the number

and sequence of subares of trajectories anal affect the barrier surface structure.

A similar car.^putation a.f pairs of energies far equal instantaneous turn rates is

available on option.

TANDEi^'I/LO1"T NIOTTON APPROX7:lTATTON

A rough estimate of the tandem/loft motion starting at the matched--loft-ceiling

curve and proceeding for a single step bacit^vards in time is provided by Eider extrapo-

lation. Tf (hL2- hLl } ^ 0 at loft-ceiling match., tandem/loft motion i.s a ca:n^iidate option

for the pursuer and, accordingly, the computation is performed; otli:=revise it is by-passed.

Tf the second derivative of the rate difference (h L2- hL^) is positive, the time step

6 t - - (hL2^ ^? }
	

(g)

(hL2-hLl)

5
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is calculated and employed so long as it does not exceed in anagnitud^a an input value

pt <0 , chosen as perhaps -20 sec, or -30 sec. If the second derivative is not positive

or if lit given by (8) e:^ceeds A,t in magnitude, ^,t is used. The pair of exirapolated

energies and the L1t used are calculated and printed for various initial points along the

matched-loft-ce^l€ng curve.

CI^I.TTERING SING[ILAR ARC

The Locus of a singular solution in energy space (Ref. B) is determined upon

input option by iteration on Q = o , D being a determinant having pursuer and

evader energies as arguments.

A	 f -- f * f ^ 
af

J.2L - f	
afl ^ f * af^^L

^ ,• 2L 2 ^ ^ 1 aE^	 ^ ':L aE x 	2 aE2

1rr 
of	 of^

- ^f 12L - f 1 / \ f 2 aE2 - f 2L aE2 ^ y 0

where
- ^- V1(T7. - D^)

f1 = ^-- ^^	
h*

1

V2(T2 ^ D2)
f2L - ^ W2	 ^h

2L

f ^`	

^^( T2 ^ D2)

'	 2 - ^	 LV2	 ^h ^:
2

VxET1 - Dl)r
' ^x2L r	 ^^	 h

2L

:^	

rr
aE _ aE LVI(W D^) =^^ ah ^Vx(T^^- DZ) ^ 	 dE

1.	 1	 I	 hx	 1	 1	 h^	 I

^:	 ---	 ^
aft 	^ V2 (T2 - D2)	 a V2(T^ - D^)	 d1^2

aE2 - aE 2 ^	 W2	 ^h * ^ ah2 L	 '4rV2	 ^h ^ dE2
2	 2

af12L	 a	 V1 tTx - DI )

a^	 - aE ^	 w1	 1.	 X	
h2 L

af12L _ a V1 (Tl ^' D^) l	 dh2L

	

aE2 - ah1 ^	 ^	 J h dE2
2L

6
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bf2L _ ^ r ^2(T2 - D
2 } l
	

a V2 (T2 - D2 )	 ^h2L
a E2 	^ E2 L	 W^	 J h * ah^ L.	 W^	 ^ h	 ^ E^

2^	 2L

*	 *
In these expressions, h i is the altitude for maximum energy rate f i , and h^L

is the pursuer's loft-ceiling altitude.

The locus of points far ^vhich L1 vanishes subject to the evader's loft-

ceilinb exceeding the pursuer{ s is of interest. To determine this approximately,

a scan is carried out of d versus evader energy at fixed pursuer energy, using

the loft-ceiling match energy previously determined as a loner bound, Amore

precise determination is then performed by minimization of Q2 via golden--sectio^a

search. This is done for several input values of pursuer energy.

Since the computer program employs cubic-spline fits of h*(^) and first

derivatives oT these spline representations, care must be take +i when h* (^) for

either or both aircraft exhibits a jump discontinuity to carry oL t the chattering

arc computations sectionally, i. e. , not requiring the spline to approximate the

discontinuous function, so as to avoid undue numerical error.

7
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INPUT SPECIFICATIONS

A
	

Input Ta3^les

NAMELIST/M1NP/ATAB, HATB, CDOT, XMOT, CDCLT, XIICLT, RHT,

HRT, TCLH, YMCL, TRH, XMTRT, HTRT, NAIA, NCDO,

NCDCL, NRH, NCB, NXT, NHT, IDEN, LT, EIVIIN, EMIR,

EMAX, DEMID, DEMAX, ETA , IDGO , IDG]. , IDG2, IDSUS,

EVL, TSEP, DLTI, IiVIXI

IDEN is dimensioned G and each slot is associated with a table IP. The

tables axe as follows:

NUMBER
ID TABLE DIIIrIENSION OF POINTS

I. ATAB 20 NMA

I HATB 20 NMA

2 CDOT 20 NCDO

2 XMOT 20 NCDO

3 CDCLT 20 NCDCL

3 XMCLT 20 NCDCL

4 RIIT 20 NRH

4 HRT 20 NRH

5 'I'CLkI 20 NCB

5 YMCL 20 NCB

6 TRXH 20, 20 NXT, NHT

6 .Xyli TRT 20 NXT

6 HTRT 20 NHT

EVL 100

DESCRIPTION

a (speed of sound)

h (altitude)

D
0

Mach Number

^^2

Mach Number

p (density}

h (alti^de}

CL

Mach Number

TR (thrust)

Mach Numbex

h (altitude)

Energy to be pracessetl

8



Other notation explanation:

LT = 0	 indicates end of run (termination trigger)

= 1	 indicates evader p.^acessed

= 2	 indicates pursuer ^,rocessed

Ei^'IIN minimum E

E1VlID internal cutoff E

EMAX maximum E

DEiVIID DE from EMIN to EMIR; if DEMID = 0 , pragrar'n expects EVL table

DENIAX DE from EMID to EMAX

ETA constant multiplier of thrust tables

IDGO W 1 processes evader when two--aircraft stud y is desired

= 2 pursuer processed

= 3 one aircraft study to be followed by stud • of another aircraft

_^ one aircraft study to be followed with another study using the
same aircraft

IDGl =7. normal print

= 2 skips table prints other than matchings

IDG2 = I no chattering

2	 includes chattering

IDSUS number of paints in grid of matching maximum sustainable turn rates

ISEP = 0 no approximate tandem loft motion

# 0 calculates and prints approximate tandem-loft motion

DLTI limit on ^ in tandem--loft motion; must be positive

IMXI number of points in grid of maximum instantaneous matchings

9



B	 Other Input

NAMELIST/MINPUT/GO, S, W, CNCLC, XNB, QBAR, XMBAR, EF^^,

HT, ICB, ALPN, ALPD

ALPN

ALPD

Notation Explanation

gravitational constant (32, Y6)

wing planforan reference area

weight of aircraft

speed braise factor, where ^ ^ CNCLC ^ CD
0

N (maximum str^.etural load factor)

Q boundary for ^^ calculation

Mach boundary far ^3 calculation

If E ^ EB3 , by-pass ^S calculation

maximum altit-ade allowed

^^, ^^^,
_ ^. y 

-L 
W TCLH (MACH)

numerator for n^'^

denominator for ^'^

GO

S

^V

CNCLC

XNB

QBAR

^'1^IBAR

EB3

HT

zcB

OUTPUT

Sample output followe,

IO
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