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FORE.IDRD 

(U) 'Ihis report presents the investigations conducted by the Air 
Force Anrament L:iboratm:y, Analysis Division (DLYD), in ronjunction with 
Colonel John R. Boyd, Headquarters AFSC, in regard to the E:!ffoct of 
advanced energy maneuverability roncepts as they apply to tactics and 
design. 'Ibis effort constitutes a portion of an overall investigation 
of aircraft performance which relates directly to air-to-air gun and 
missile rrethodology. 

(U) 'lb.is technical report has been reviewed and approved. 

r1f -. ,Pfv. ~£_ 

~~TIE 
Director, Analysis Division 
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ABSTFi\CT 

◄• (U) 'Ihe ideas developed in this report expand the energy maneuvera­
bility concept to provide a capability to describe aircraft perfonnance 
in general and mmeuver.lbility in particular. Specifically, the report 
identifies the best region in which to change altitude, airspeed, and 
direction. Using these results, the concepts are applied tactically to 
develop a general maneuver strategy, sho11 where t:he air bc.1.ttle should 
take place, and perfonn a ccmparative analysis. Finally, the concepts 
are related to the design of aircraft and h . .:,w they can be used for con­
figuration and performar-.ce selection. 

Distribution limited to U. S. Governrae11t ageDcies only; I 
this report doc1wents test and evaluat!~~; distribution 1 
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SOCI'IOO I 

PURPOSE 

(U) 'lh.e purpose of this reIX)rt is to shew hew the maximum maneuver 
concept can be used to devise a general maneuver strategy, define air 
t"lttle arenas, perfonn carp:irative analyses, ar.d develop new designs. 

(U) In the air-to-air role, rnanet."Verability is needd with superior 
wec>.pons and electro-optical countenreasures to enable fighter aircraft 
to negate the threat posed by enert¥ aircraft as well as to gain a 
Sup,z?rior position to destroy that threat. Maneuverability cai: be 
defined as the ubility to perfonn a change, or carbination of c.l-ianges, 
in altitude, airspeed, and direction. The key }X)int relevant to this 
definition is that maneuverability is nore than just the ability to 
change direction. 'Ihe correctnes3 and inpact of this definition will 
becare evident as it is applied and used for logical guidance in this 
reJX)rt. 

(U) In this report, the outline of the discussion is as follo.,'S. 
First, a theory is develq,ed using a building block approach that builds 
sinple and seemingly unrelated ideas into a conceptual structure wit.11 
oonnecting threads of logic between these ideas. Next, the theory is 
applied tactically to: (1) devise a general maneuver strategy for out­
maneuvering an air-to-air adversary; (2) define a corrbat releva.rit air 
battle arena; and (3) devise an orderly concise sd1erre for perfo.cning 
relevant cooparative analyse£. Finally, the theory is applied design­
wise to sho.-: hcw superior configurations and performmce can be 
developed for ne,, fighters. 

(U) Additional info:mation pertai.'1i ng t o aircraft ma .. riemierabiEt:s-.1 
can 1::-e fo..md in References 1 to 3. 

1 
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SOCI'ICN II 

THEX)R'{ 

A. CHANGilli ALTITUDE AND AIRSPEED 

(U) 'Ihe building block approach will be used in discussing maneuver­
ability as it relates to changing altitude and airspeed. 'Ihe steady state 
envelope (Figure 1) of a cxmtenp:muy fighter (F-4E) with four AIM--7 
missiles can be used to sho.v hc:M sla..., hav high, or hav fast the aircraft 
can go. 'Ihe specific energy (E ) ccntours curving da.,mward from left to 
right shCM hav altitude can be haded-off for airspeed (or vice vers0) or 
hc:M mud1 energy must be added (lost) to focrease (decrease) altitude, air­
speed, ur both. 

(U) 'Ihe ability to gain altitude and/or airspeed can be represented by 
enbedding energy rate (P ) contours within the flight envelope. As sha.,m 
in Figure 2, these contofus depict ha.' quickly energy can be gained, or 
stated another way, hc:M rapidly the F-4E can cl.inn or accelerate or do both 
anywhere in the flight envelcpe. For exanple, at constant airspeed at Mach 
0.9 and 10,000 feet, the F-4E can clirrb at 600 ft/sec. At this sane point, 
the F-4E can µrrform a constant altitude acceleration by gaining speci~ic 
ener9Y at 600 ft/sec or by gaining airspeed at approxima~ly 20 ft/sec"". 

a= P g_= 600 ft/sec x 32.2 ft/sec
2 = 20 ft/sec2 

S V 970 ft/sec 

(U) In addition, the approximate location of a best path for gaining 
energy in m.inirr.um tine can be identified by fin<ling the rraximun energy 
rate at earn specific enP.rgy level. 'Ihe maximum energy rates are located 
at the points of tangency between the E and the P contours (F.igure 3) . s s 

(U) Che of the principal points to be derived from the energy clirrb 
charts is determining the Pnergy rate available to change altitu:le and 
airspee.1 (energy) anywhere in the fli.ght enveloi;:e. 'Ihese charts can also 
be used to identify the optimum paths, or corridors, for dlangbg altitude 
and airspeed in the least tirre. 

B. OIANGING DIRECTION 

(U) In addition to the manges in altitude and airspeed, a similar 
look at manging direction nay shc:M where turns should also be accarplished. 
Experience suggests the l.IT{X)rtancc of rraximum rate or minimum radius turns 
in order to change direction as quickly as possible . From an aerodynamic 
standpoint, the quickest or tightest: turn, for any given altitude/airspee<l 
a::xroination, is perfonred at maximum useable lift. Maximum turn rat.cs or 
minimum turn radii, at this lift, can be represented over the altitude/ 
airspeed spectrun• for any aircraft at any attitude. 

2 

• 

j 

t 
I 
f 



-✓ 

w. 

STEADY STATE ENVELOPE· 16 

MAXIMUM THRUS! 

80 

-~ 70 
w 
&.. 

&.. 

0 60 
V, 

C 
z so 
< 
V, 

::::> 
0 40 
:t: 
>--w 
0 30 
::::> .... 
>-< 20 

10 

-
- -
--

,_ 

--

--

-== ~ ·-

J 
I-/ 

t-r J 

----
------r-- -, 

·-----:--.. 

. I ----.... 

ri- r 
--+--- / 
II r--., 

- -
t--' 

-----I 'r---, 
I- --- ....... 

r-----.._ 

------- ---,........_ 

f --s 

" ...., 

-......._ 
......._ 

---...., 

-......._ 
---._ 

" r-----.._ ,..,... 

I/ 
~ -....., 

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

;-----.._ 
...... 

'-
;---. 

I"-.. 
"\. 

.... 
... ~ 

"' 

100 1i0 120 

~ ' " '\. 

" "\..' 1-_ '-
~I '· '\ 

'\. 

" " 
'\ 

'- ' ~- "\. '\. 

~ - "- '\.. 
'- '\. 

~ "r-.. \ 

' , "' 
'\. 

f', \ 
'"\ "'\ "\ 

rs. 

~ ['\ \! 
-. ..._ 

I\ \ " 
"\.I '\ ' 

'\ [\ 

~ {\ ) / 

"" 
lX \ ", 

'\r'\. J>( \ \ 

' (' ' \J rl- -

f.4£ IOI 
4 AIM-7 MISSILES 

130 140 150 160 

' \. \ \ \ 
'\ '\, \ ' \ '\. I\ 

['.., '\ \ 
'\. \ \ 

'\ \ \ \ '\. j'\ 
'\ 

'- "-
'\ '\ \ 

'\ 
'-

\ "\ ,\ \ \ 
'\ \ ' \ \ 

I\. '\ 

\I\. \ \ d_ \_ \ · 
\ 

i\ 
\ \ ,,,.., \ \i 

I\ x .,, J \ I .. 

'x' \ \ v·· \ \ \ ' I 
I 

\ i \ \ 
\ \ !\ \ 
\ I \ \ \ 

\ \ \ \ 
0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

MACH UNCLASSI FI EO 

Figure l. F-4E S~cc1dy State Envelope 

Wlf.&!I» - - - - -
... -....:ILJ .......... ~ ... I - ~.~ •• .J•!jl 



_.,. 

~ .... 

80 

-I-
70 w 

w 
u.. 
u.. 
0 60 
V, 

0 
z 50 
<£ 
V, 

:::> 
0 40 
::z: 
I-

LI.I 
30 0 

:::> .... 
I-

20 .... 
<( 

1U 

F-4£ !Ul ENERGY CLIMB • 1 G 

MAXIMUM THRUST Es 
♦-

4 Alll-7 IIISSllES 

90 I 100 110 120 130 140 150 160 

~~□fFLN4H ft1<llN:'kl 
rt---L ~r 11~Jr;h"l~T 'k I 't I\~ t\ I\ 

~----kl I l~1N . I\ 
N-+-

---... 

tttfl-4;~--+--j-:::::.l:s;:;::t~j-r;· .:st::t~M-~~ 

t-~~=tzf]7f~'i--=Pf-FSJ \\iJ1\ l \ 

\ 

0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 L.2 2.4 

MACH UNCLASS 1 FIED 

Fi~rura 2. F-4E EnerrJy Cl i.nb Diagram 

--~ ~--~'-•---& ~ - -- 1 'f".,.... $3 ¾? ~ ! ~ "'.~i 



80 

-I-
7() w 

w 
u.. 
u.. 
0 60 
V, 

C 
z 50 < 
V, 

::) 
...:. u, 0 40 

:r: 
I--w 

30 C 
::) ,_ 
I-

20 _, 
< 

10 

ENERGY CLIMB - 16 

MAXIMUM THRUSf-E-
90 s I 100 110 

f.4[ 101 
4 AIM-7 MISSILES 

120 130 . 140 150 160 

-;---+-l I I I r{J l N I ~ I 1'.T1. I \l f\ I \ 

~L Rdt~:tffihltttlmsN~ 
r-t-+--l rn~f!_is,[fil~Hs 

~~---1,.-~~I 

0 .2 .4 .6 1.0 1.2 1.4 1.6 U 2.0 2.2 2.4 

MACH UNCLASSIFIED 

f'igure 3. F-4E Energy Clinb Diagram (Best Ehergy Clinb Path) 

I 
I 
t! 
~ 
I 
( 
t 
l 
t ,· 

! 
;i. 

i 
! 
i 
I 
I: ,, 
[ 
I 
~ 

>:n::::t:r n ~ ~~ 

~. 
"-.,_ 

·.,. 



CU) l\s sho,m, in Figure 4, the rraxirnum tum rate (8) in degrees per 
second is represented over the entire flight envelop,3. Above and to the 
left of the rraxirnum g boundary on this figure, rraximum aerodynamic lift 
represents rr.aximum useable lift. BelOII and to t:l:e right of this boundary, 
a structural g-limit of 7 represents maximum t:.Seable lift. At any specific 
energy level v.mere altitude can be traded for airspeed (or vice versa), the 
glcbal (or absolute) rraxirnum tum rate occurs at the rraximum g boundary -
in this case 7g. 

(U) If turn radius oontours (R), with units i;1 nautical miles, are 
errbe<lded in the flight envelope (Figure 5), the gi.cbal mini.mum turn radius 
occurs at the sarre limit load factcr boundary where the glcbal tilln rate 
is naximum. Sudl results m:iy seemingly .i.nply t.'1at all turns should be 
perforrred along this boundary while all clinbs and ac~lerations should 
be perforrred or, the best energy clinb path noted on the energy clinb 
diagram. Ho.vever, any oonfidence t011ard accepting this possiliili ty is 
shaken by the high energy loss associated with sudl turns. In fact, at 
maximum turn rate (or mini.mum tu_rn radius), energy loss is maximum (Figure 
6). 'lhese results inply that rraximum rate or mini.mum radius turns at the 
limit load factor boundary (locus of oorner velocities) should not be 
employed as a daninant str;,_';:egy in a maneuveri'."ig air-to-air duel since arr/ 
oonterrp::>rary adversary employing such a strategy will consistently perform 
the sam:::: maneuver option -- a descending spiral (or roll) that terminates 
upon inpact with the ground. Ch the other hand, it should be understood 
that, for scrre cases, short duraticn ma..x.imum lift turns at limit lcJd 
factor (with naximum energy less) rray be necessary defensively to secure 
an overshoot or offensi~ly to gain a shooting position. 

(U) For inverted fliqht, rraxinum rate turns occur at the limit load 
factor boundai.y v.:hile minimum radit.s turns at given e.ne::-g-j levels (Figure 
7) occur at J,.igher altittrle and l0.-1er airspeed where ener9'.f loss is less. 
Such results suggest that if mini.mum radius turns are necessary, they are 
best perforrred at high altittrle and lo.v airspee.J while inw.rted in order 
to conserve energy needed for future mmeuver/countenr.aneuver options. 

(U) Aerodynamic considerat:icns suggest that a turn with minimum energy 
loss due to drag ca.1 be accanplished if lift for turns is reduced until 
turning lift-over-drag is maximized for any attittrle/altittrle/airspeed 
ca:rbination. Maneuvers of t:..l'lis type can be defined as nost aProdynami.cally 
efficic.rit turns anci can be repre:::.e.'1ted over the entire flight envelope. 

(U) As shewn in Figure 8, tum rate is rraximum and turn re.di.us is 
mini.mum at the 7g boundary. 'lhe boundary on this diagram is lo.-rer than the 
7g boundary on the quickest/tightest turn diagram (Figure 6). Other than 
this, little additional insight into the nature of naneuverabili.ty is 
provided. Ho,;ever, if energy rate oontours are errbedded in the nost 
efficient turn diagram (Figure 9) , the energy rate is neqat:iv""2 in the 
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sui:ersmic region. Cnly in the subsonic-transonic region is e nergy rate 
fX)Sitive. Such results reveal that even th:)Ugh the F-4E is a SUfersonic 
aircraft, it is a subsonic-transonic maneuvering fighter since it can.11ot 
maintain altittrle/airsp:.-ed ,mile maneuvering m::st efficiently in the 
supersonic :i::-egion. A simiii.1r evaluation of other etlsting U.S. fighter 
aircraft reveals this sarre key point. to be t.nie, since their enerq.1 rates 
are also negative in the surersonic region. 

(U) In sum-nary, the quickest, tightest, and m::st aerro]T1amically 
efficient turns have been identified, anc.1 SO!re insight has been gainErl 
into the nature of where mane!.wering canbat can take place. However, the 
best a:rnbinaticns of energy rate, turn rate, and tun1 radius, and the 
optimum location for maneilll\:rring conbat have net been identified. 

(U) Sinre it is kncwn that an inverted pull-dam turn or a naxi.mum 
rare turn is a trcU1Sient maneuver, and if a maximum lift turn at Limit 
load factor is undesirable, then the type of turning maneuver to be per­
famed nrust be determined. The resulting irrplication is that turns at 
less lift should be perfomed in an effort to retain energy for future 
maneuver/cotmtermaneuver q>tions. 

C. CWINGI'NG AL'l'ITUDE, AIRSPEED, AND DIRECTION 

(U) To accrn.mt for changes in altitu::ie and airspeed while changing 
direct.ia1 irrplies that these changes should be evaluated simultaneously. 
Since energy rate is related to changing altittrle and/or airspeed, while 
turn rate or turn radius can be t.Eed to n-easure changes h-1 direction, if 
sare cnnsister.t relationship between energy rate and turn rate (or turn 
radius) o:mld be fot.md, it rright reveal the tnE nature of rraneuverability 
and the impact on air-to-air cx:nbat. 

(U) Considering a pilot must reduce the energy rate to inprove the 
tur., rate (or redu:::e the turn rate to irrprove the energy rate) and he mu.5t 
maneuver in the present seuse as well as in the future, he would be expe<;ted 
to attenpt to extract the highest tum rate for any energy rate (or the 
highest energy rate for any turn rate) in an effort to protect future 
maneuver/oot.mterna11euver options. Since a pilot can trade turn rate for 
energy rate (or vice versa) and trade altitude for airspeed (or vice 
versa) at any energy level, as well as change energy levels, it follo.-;s 
that a maximum iraneu\'er region could be detenr.ined by finding the highest 
turn rate for any energy rate (or conversely ~e highest energy rc1te for 
any turn rate) at any energy level across all energy levels in the flight.. 
envelope. 

(U) A high speed caaputer can be USL><.1 to seard1 all enerqy levels in 
the flight envelc:pe and identify those mctximu:n energy rate/tum rate cnn­
binations between the ze ro turn rate associated with the best energy clirrb 
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and the tum rate whe.re limit load factor is first encountered. A region 
iJentified as a result of this procedure can be projected upon the altitude/ 
Mach plane as shc,,..'ll in Figure 10. lhis region is defined as the maximum 
maneuver rorridor since rraneuverability in terns of changing altittrle, 
airspeed, and direction at maximum rate is indeed represented by the maximum 
energy rate/tun1 conbinations contained therein. 

(U) Ha-.-eve:r, all possible maximum ccrrbinations of energy rate and turn 
rate are not included in the maximum maneuver corridor. Spec.i.fically, all 
possible maximum tum rate/energy rate carbina-t.ians between the place where 
limit load factor is first encountered ar_d the global quickest/tightest : 
turn boundary are not considered. To identify and locate these maximum 
cx:nbinations without exceeding maxi.mum useable G, the canputer search (or 
sweep out) mu.st be ccntinlE<l until all rerraining possibilities are extracted. 
A region identified as a result of this operation can be projected upon the 
altitude/Mach plane as sha-m in Figure 11. '!his is defined as the rruxi.rmJm 
maneuver region since these maximum energy rate/tum rate a:.inbinations 
(including those associated with the rnaxirrrum maneuver corridor) represent 
the ability to m:meuver at maximum rate. 

(U) 'Ihe P rontours depic..ted in Figure 12 represent the maximum energy 
rate for a.IT:/ tb rate/energy le'Vel carbination (or con'\lersely the turn 
rate values depicted on the vertical axis represent the maximum tum rate 
available =or any energy rate/energy level conbinatim) . Energy rates 
associated with the best energy clinb are located along the lcngi.tudinal 
axis. 'Ihe quickest/tightest tum boundary is at the top. 'ille ~ak (or 
second order maxi.mum) energy rate v--a.lues at or near the 15 ,000 feet energy 
level represent a domain of maximum maneuver energy states wi. thin the rrex.i.mum 
maneuver corridor. Correlation of these peak energy rate/energy level 
canbinations with the maximum maneuver region diagram (Figure 11) reveals 
that this domain of maximum maneuver energy states is located at sea level 
between the quickest/tightest turn a."1d Mach 0. 9 where the maximum n.meuver 
corridor begins to rise up.-1ard and to the right. 

(U) Another way to present the maximum energy rate/tum rate a;xroina­
tions is shc.w.n • in Figi,rre 13. In this case, the maximum turn rate ( 6) 
contours within the diagram and energy rate are along the vertical axis 
and the best energy clinb values are n& at the top. '1.ne quickest/tightest 
tum boundaiy i c. at the bottan. '.Ihe danain of maximum maneuver energy 
states is L:x::a _d at the peak turn rates located near the 15,000 feet energy 
level. Except fc1 the reversed locations, the maximum caminations con­
tained in this dia'::l r am are the sane as in Figure 12. Tue reason for 
presenting the date ; n a different format will appear when ·:.:he naximum 
maneuver region and maximum maneuver diagrams are discussed. 
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·----------------- - - · 

D. ~Ul·MARY 

(U) I'he key ideas associated with the maximum mane1Ner concept, as 
developed thus far, are as follo,,,s: 

(1) The maximum maneuver region is that dorrcin of altitude/airspeed 
carbinations across all energy states (within the flight envelope) whc:::-e 
tum rate is ma.ximum for any energy rate - or ronven,ely where energy -::ate 
is maximum for any tllill rate. 

(2) 'lhe maxunum mane:uver rorridors are the f<)rtions of the maximum 
maneuver region benveen the best energy cli.rrb (zero tum ratei and the 
first encounter with limit :!.oad factor. 

(3) 'Ihe maximum maneu-.-er energy states are the domain of mergy 
states where turn rate maximizes for cncr<J/ rate - or where energy rate 
maximizes for turn rates. 
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APPLICATICN TO Tl\CTIC, 

(U) In considering tactics , the rraxi.rnum maneuver and related key ideas 
can be expanded and enployed in order to devise a general maneuver strateqy 
for outmaneuvering an air-to-air adversary, define a canbat relevant air 
battle arena, and devise an orderly, cxncise scherre for perfonning -relevant 
o::mpa.rative analyses. 

A. MANEUVER STRATEGY 

(U) In developing a maneuver strategy, the interest is not in maneuvers 
that can be used in air-to-air carbat, but rather in finding a ccmron thread 
of logic that should be applied across all naneuvers in order to win in air­
to-air carbat. The inforrration contained in the maximum maneuver region 
will na,,, be used to attain this objective. 

(C) The location of the maximum rnaneuver region and enclosed rraxirnum 
maneuver corridor (Figure 14) inplies that up to the first enoounter with 
limit load factor, the tllITI rate increases for any e.."lergy rate as a sr:ecific 
energy contour is folla.-red to approach the naxi..rnum mane"Jver rorridor. Stated 
a!X)ther way, a positive gradient (or ccrnp:ment) of energy rate/tum rate 
caminadons, along sr:ecific energy contours, is pointed directly to.•1ard 
the mmd .. 'llum maneuver corridor. 'Ihe location of the domain of max.i..'llum 
nuneuver energy states inplies that another 1xisitive gradient (or o::imp:::ment.) 
of energy rate/tum rate ccrrbinations exists within the rraximum maneuver 
corridor. It is pointed at the dorrain of maxi.mu,.-n maneuver energy states. 
Talcen tO<Jether, these two gradient o::t1lp)l'lents suggest that · a pilot, in o:r.der 
to maneuver in the present sense yet save ez·icrqJ for futu...--e :ra'1euver2bilit:y,. 
can outroanet.'Ver his adversary if he maneuvers nore often beb-Je,m his 
adversary's energy state and his domain of rrwd.rnum maneuver energy states 
and between his ad•iersar1 a.'1d the rraxirnum nanernrer rorricbr. 

(C) In applyi.,g t.lu.s roncept, a pilot may oub@neuver his adversary, 
but he will be unable to srore unless he can get into p:,sition to errploy 
his weapons. For eY..ample, agair..st an adversary that rerrains high above tl1e 
corridor, he will be unable to score unless he turns up and <May from the 
corridor to achieve a firing p:,sition. If he does pull up, his adversary 
will very likely rounteTir.a.."1.euver by pulling do.m into the attack . The 
result is that the adversary is given the OP[X)rtunity to r..:meuver closer 
to both the nBY.i.rnum maneuver corridor and the domain of rmximum maneuver 
enerqJ states. Na,,,, if he pulls do;,m to go after his adversary, and his 
adversary pulls up to go after him, the cycle will contiI1Ue with eac.11 
adversary alternatively closer to the rraxiim.Im energy rate/Lum rate corrbina­
tions that make up the maximum maneuver corridor and t.11e domain of maximum 
traneuver energy states. Without further adjustnent by either adversary, 

20 

UNCLASSiHED 
\ 



~-~ I~ 

~ r~ ~~ ( )~ 

r .J •""-

0: ' \· ~~ ..... 
Ul..,_ 
,~ - ►, ,;-, 
f-'• • s. ;:-

' ~ 
~ 

~ 

I 

MAXIMUM MANEUVER REGION F-4£ !Ul 
HORIZONTAL ATTITUDE 4 AIM-7 MISSILES 

MAXI MUM THRUST 
r--Es 

100 110 120 130 140 150 160 
80, I -4--::1 I I I I I <I± I I 4: I I< I I cl I <I I< I k I < t 1 

ti:; 10 1 l=L:I I i I I "1,1 I 1>.J I h I l",I hi h I \t I\ I \~ 
I.I.I 
~ 

0 60 ·I l=L I I I I I "'I, I I I ><J: I 1, i ! ", I I", I P, I \l I • , i '~ 

v, , :--;-vr: I C ....._,__
0 

I z 
< 
V, 

.. ' . I ', I '~ I I" I ~,,l t I\ ' l ' <J: I h I ' 

::> 
0 
:I: 
I-

w 
a 
::> 
I-

I­_, 
< 

40 

30 

-I 
7 

20 -+-----i=: i I I 

10 t I =L i- I I I P-d~~~ 

0 .2 .4 .6 .6 1. 0 i.2 1.4 1.6 

MACH 
1.8 2.0 2.2 2.4 

UNCLAS SIFIED 

Figure 14. F-4E Maximum M", neuver Regim (Gradient Ll.nes) 

~~ -)> 
r-



__ 4'\-6~/ 

C~ENTIAL 
the result of such vertical maneuvering becares an unsatisfying stalemate 
unless sorre better sdlerre can ce defined. Kno,,;ledge of the gradient along 

_ the energy rontours (to and from th~ corridor) suggests that hard (maximum 
lift) manc,uvers should be executed over the tap near or at the quickE:3t/ 
tightest turn boundary while soft (not rnax.imum lift) energy ronserving 
maneuvers should be executed at the bottan, near or at the rnax.imum maneuver 
corridor. In other words , nore time should be spent conserving energy and 
changing direction near the rnax.imum maneuver oorridor while less tine should 
be spent in quickly changing direction and rapidly dissipating energy near 
the quickest/tightest turn ooundfily. 'lhe desired result would be a repeat­
able and faster overall turn designed to gain p:,sition advantage and win 
the fight. Clearly, it follo,,;s that such a maneuver sdlerre can be regarded 
formally as a general strategy for outrraneuvering an adversary in air-to­
air caruat. Natural 1 y, if both adversaries ma.,euver in this fashion, a 
stalemat e will rrost likely occur unless one adversary has a superior 
maneuvering vehicle. 

(C) On the other hand, if a fighter could turn at rnax.imum rate at the 
quicke::..t/tightest turn boundary (locus of oorner velocities) without losing 
energy, it follo,,;s that turns should be perfonred near or at the quid,est/ 
tightest turn boundary while cli..'Tbs and/or accelerations should be perform:..'Cl 
near or at the best ener9'J clinb path in the rnax.imum maneuver corridor in an 
effort lo outrra.rieuver an air-to-air adversary. W" th such a fighter a 
general strategy for out::maneuvering an air-to-air adversary would re to 
dec--eive the adversary by turning near the quickest/tightest turn bounda.ry 
and t j inb/accelerate near the best energy clinb path in the 1raxirnurn rraneuver 
corridor. Such a strategy would conform to the ideas expressed. in Reference 
2. 

n AIR BATI'LE ARENA 

· (U) After a general kna'w'ledge of ho..1 and mere to maneUVP-1.· (via the 
general maneuvering strategy) is c:btained, the air battle arena can be 
defined. In performing this task, the interest is not in where the air 
battle actually takes place, but rather where it should take place in 
order to win. 

(C) A fighter pilot v.0uld be interested in kncwing not only ha,• and 
mere he should rraneuver at rnax.imum rate but alsc where he can or cat~,ot 
sustain these rraximurn maneuvers. Thus, four mutually exclusive mane uver 
regions can be defined (Figure 15): 

(1) The transient maneuver region is that p:,rtion of the flight 
envelope where turn rate is not maximum for any negative energy r a te. 

(2) '11le sustained mc-meuver region is that jXlrtion of the flight 
envelcpe, outside t.1-ie rrax.imum nuneuver region, where turn rate is not 
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maximum for zero or arrJ rositive energy rate ·at maximum useable or any 
lo.ver corresponding lift or load factor. 

• (3) 'Ihe :'laXimum transient maneuver region is that p::>rtion of the 
maximum maneuver regicn where tum rate is maximum for arrJ negative energy 
rate. 

(4) 'Ihe maximum sustained maneuver region is that r,ortion of the 
maximum maneuver regiun where turn rate is maximum for zero or any positive 
energy rate at rnaxi.rru-. useable lift. 

(C) Since the area of interest is in determining where the air battle 
should take µlace, it would seem that perhaps the naxim..lm manel'ver region 
should be constraine< l sarewhere inside the steady state envelope. An 
exa'U.ination of Figure 15 indicates that energy levels bela,1 those associated 
with the maximum Su.Stained maneuver region should be avoided, since hard 
turning maneuvers here can easily drain c.Mey any existing energy that nay 
be needed fc::.. future maneuverability. 

(C) The existence of such a lo;.;er maneuver limit suggests that sarre 
upper practical limits also exist. 'Ihree limits a::xre to mind: visibility, 
nost efficient turn, and fuel. For visibility, if a turn radius of 2 
nautical miles is used as a limit, the quickest/tightest tum diac,-ram 
\\Uuld shew that maneuvering ccrrbat beyond 1. 6 r-'.a.ch is rrea'1.ingless. en the 
other hand, if the rationale associated with the rrost efficient. turn 
diagram is used, maneuvering cx:rrbat beyond the rrost efficie.11t sustained 
turn (maximum turning lift-over-drag at zero energy rate) aPf.€ars unlikely 
except for hit and run attacks or other short duration encounters where 
tum is relatively uni.nµJrtant. For the F-4E, this limit is at approxim:itely 
Mach 1.1. ruel li.rnits have only recently been addressed, and t.he results 
and related rationale are not yet ready for proper disCt.Esion; therefore 
this limit, although recognized, will rot be considered here. With only 
b..u limits to consider, the rrost efficient turn is rrore restrictive (for 
the F-4E), hence it is sha-m as the upper practical limit for the maneuvering 
air battle. 

(C) In surrmary, the naxinrum sustained and maximum transient maneuver 
regions in Fj_gure 16 between the lo,:er and upper limits as discussed 
represent that portion of the air batt:e arena where the general m:meuver 
strategy should be employed to win. 

(C) Hc:,,,,ever, the validity of such a concept nay be questionable since 
manetr.~rability by definition is dynamic. Yet, a static method - in this 
case an energy rrethod - has been used to devise a general maneuver strategy 
and define the air battle arena. Obviously, since dynamic rrethods have 
not been used, there is sorre ooncern about t.he validity of such a,., under­
taking. With this concern in mind, dynamic 3-D flight path optimization 
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techniques have been enployed (Reference 3) in a broad pararretric effort 
to verify or reject the idea.s that makeup the rnaxilm.ll!I maneuver concept. 
Specifically, t."1-ie effort attenpted to verify or reject the follc:Ming 
ideas: (1) optimum (mini.mun ti.Ire or naximum rate) maneuvers are drawn 
ta-;ard the naxirnum maneuver rorr.:.dor and the domain of rnaxi.:mun rraneuver 
energy states, (2) c:ptirnum maneuvers do behaw. in acoordance with the 
general maneuver strategy, and (3) cptirnum maneuvers are inhibited in 
proceeding beyond the quickest/tightest and the steady-state rrost 
efficient turn boundaries. 

(C) Results obtained so far do not reject any of the preceding ideas. 
en the contrary, evidence obtained to date provides strong canfirrw.tion 
that optimum maneuvers are drawn ta-1ard the nrud.mum xmneuver corridor and 
the doncin of maximum maneuver energy states, a-.d that these manelNers do 
tend to behave in accordance with the general maneuver strategy. en the 
other hand, in.sufficient evidence has been collected to date to sup!_X)rt 
the contention that optir.ll.lm maneuvers are inhibited in proceeding beyond 
the quickest/tightest and the steady-state rro.5t efficient turn boundaries. 
As a result, an additio:ial effort is required to fully address this irrpli­
catian. Examples of the optimum naneuvers and ha-1 they tend to seek t."1-ie 
maximum maneuver corridor are as sha,.m in Figure 17. 

C. ffi\'lPARATIVE ANALYSIS 

(C) After determining hew and where a fighter pilot should fight, 
it seeirs pcssible that the air battle arena and the nrud.rmJm rraneuver 
diagrams ooulJ. be used to ~ friendly versus thro....at fighters. 'Ihe 
pw:pose of this conparisan 'v.vuld be to identify margins of superiority 
(or inferiority) and tc, determine in rrore detail hew and where in t."1-ie air 
battle are.'12. tb.e IT'a.'1euver strateg-J should be Eriployed or .m:xii.fied to wi...n. 

(C) Before sudl a canp:rrison is considered, ha.ever, ener gy st.ate must 
be accepted as the desired frane of reference. Energy state, or energy 
level, nrust be derronstrated to be nore sensitive and altitude/airspeed to 
be inse.'15:i.tive. The Norforop 3-D flight path optimization program (Reference 
3) is being used to address these questions. The f(!.,l results provided so 
far shrn that 360° rnini.rnurn tiJre turns started and terminated at the sane 
energy level require ar:prox:i..m3.tely the sane tine to e01plete regardless of 
the altitude/airspeed point selected (at that energy level) . 'Ihese results 
also show that these sane turns a:mducted at widely different energy levels 
require substa.'1tially nore or less t.irre depending up:m the ene rgy level 
selected. So far, such results supp:>rt the idea that energy state is the 
superior frarre of reference. 

(C) en the other hand, it is expected that turns of fewer degrees 
will not require the sane tine to canplete at the various altitude/airspeed 
cxnbinations along an energy level. If t.ltls expectation is true, it follONS 

. that a ooncemed fighr.er pilot should place hi.rrGelf at those altittrle/airspeed 
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points where he has a turn rate/energy rate advantage over his adversmy 
in order to giJard against surprise attacks consisting of maneuvers of few 
degrees, or of short duration. Such rationale suggests that cx:mparisons 
should be made using both energy level and altitooe/airspeed as a frarre of 
reference. In this way, the tactician and analyst. will be presented with 
maneuvering margins of superiority (or inferiority) that can be used to 
minimize the i.npact of surprise attack as well as infltJ.P..noo hew and ...here 
the fighter pilot should maneuver during the air battle. 

(C) In ming this approach, a threut, the Fishbed F (MIG-21) described 
in Reference 4, will be carpared with the F-4E (Raference 5). 

(s) ·An examination of the air battle arenas (Figures 16 and 18) reveals 
that best maneuverability exists in approxi.'lE.tely the sarre altitude/airspeed 
spectrum for each fighter. Since such maneuverability lies between the 
lcwest specific energy level associated with the rraximum sustained manet.,ver 
region and the energy lew.l associated with the nost efficient s1.1stai.ned 
tum boundary in the ITr.lXlJTlUll naneuver oorridor, it is advantageous for both 
the F-4E and Fishbed F to fight between about the 12,000 and 40,000 feet 
energy levels. Close examination reveals that the F-4E should fight at 
higher airspeeds since its best maneuver region is narro,,er and exists 
at higher Mach than that of the Fishbed F. 

(S) Conparisan of the F-4E and Fishbed F, vi.a the turn rate/energy 
level maxi.mum maneuver diagram, (Figure 19) reVP..als that, i:i general, the 
Fishbed F is superior to the F-4E. At the bo--St maneuver energy levels, 
beh'leen about 12,000 and 40,000 feet, the Fishbed F with higher energy 
rates (!'IP) can outmaneuver the F-4E at the higner tum rates thereby 
suggesti.'1~ that the Fishbcd F would be superior in air-to-air corri::>at. en 
the other hand, the F-4E might be superior between these energy levels 
if the F-4E fought at the lcwer turn rates where it is better. Because 
these conflicting views cannot be resolved by this approach, a resolution 
must be found elsewhere. 

(S) First, the energy rate/energy level maximum maneuver diagrarn 
(Figure 20) will be used to crnpare the F-4E and Fishbed F. As sha,m, the 
Fishbed F appears to be better. en the other hand, at the best maneuver 
energy levels, between about 121,000 and 40,000 feet, the F-4E can ,,utturn 
the Fishbed F at the higher energy rates. F-4E superiority here is 
equivalent to F-4E superiority in e.viergy rate at the lcwer turn rates 
(Figure 19). Such results .reinforc-= the idea that the F-4E should fight 
at the lGi,,er turn rates or, equivalently, at the higher energy rates in 
this region. Hcwever, closer cbservation reveals such a strategy is 
inpossiblc since th~ energy rates are i:ositive. fls a result, an F-4E 
pilot rm.st nove to higher energy levels at positive energy rates and lcw 
turn rates or stay at lcwer energy levels by inc.reasing turn rate and 
decreasing energy rate. Either way, the F-4E is forced to maneuver where 
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the Fishbed Fis superior. Clearly, this inplies that the Fishbed Fis 
the superior fighter and that the energy rate/energy le'\/el waximum maneuver 
diagram is superior for differential a:>rrpariscns. 

(S) en the other hand, before soch an irrplicatico can be accepted, 
consideration must be gi'Jen to the fact that if an F-4E pilot i.npleirents 
the general maneuver strategy, he has the opp:>rtun:i_ty to gain energy at 
lc:M tum rates as well dS to lose energy at high tum rates . Viewing 
maneuverability in this rranner reveals the superior maneuver flexibility 
assqciated. with the general strategy and the difficulty in pre:isely 
deterI"lining which of two quite different but closely natched maneuvering 
vehicles is ~uperior. In a.'1 effort to prove that the Fishbed F is 
super.:.or to the F-4E, the aircraft will be caripared at the sarre altitude/ 
airspeed oorrbinatians, as well as at the sane energy levels. This a:>mpari­
son will use altitude/airspeed plots at constant lg, 4t:;, c.1,~1 7g-superirtµ)sed 
over the F-4E air battle arena. Exaroination of the lg diagram (Figure 21) 
superirrposed in this 1ranner reveals that the F-4E can outclirrb or out­
accelerate the Fishbed F at the lcwer altitu:1es in the subsonic 1X)r.tion 
of the flight envelope--whidl includes the maximum maneuver a:>rridor 
between the 12,000 an:l 40,000 feet energy levels. The F-4E also has a 
higher placard limit that allows it to reach higher airspeeds at a giv,,..n 
altitlXle than the Fishbed F. 

(S) en the oth,~ hand, examination of the 4g and 7g diagram5 (Figures 
22 and 23), superirrposed over the F-4E air battle arena, she,,,, that the 
Fishbed F can outtm.n the F-4E at lc:M airspeed where the F-4E cannot pull 
the sarre g force. Also, the F.ishbed F can oonserve energy better than the 
F-4E at every altitude/airspeed oorrbinatirn between the 12,000 and 40,000 
feet energy levels as well as everyvnere in the a:>rmon portions of the 
maneuver envelopes. (At airspeeds beyond the comron regior,s, the F-4E 
is cbvioi+5ly better.) Such corrparisans reveal that foe F.i.shbed F is 
better tha.'1 the F-4E in defending against surprise attac.1<s. These canp3.ri -
sons also reveal that the Fishbed F is better than the F-4E for errploying 
the general ffi:l.neuver strategy since the Fishbed F can outrraneuver the F-4E 
near the quickest/tightest tun1 boundary and near the rraximum rra.rieuver 
corridor. Cnly in la,., g, la,1 turn rate maneuvers near the In3.Xirr.um rra ... 11euver 
a:>rridor is the F-4E better. The oonclusion is that che Fishbed F is the 
superior mmeuvering fighter. 'Ihis a:mcluslon does not change if these 
two aircraft, in clean configuration, are oonpared against eac.1'1 other in 
the sarre rranner. 
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SECTICN rv 

APPLICATICN 'ID DESIGN 

{U) Use of the maximum maneuver concept tactically to achieve superfor 
results suggest that ~t can also be used during the design process to pro­
duce better performing fighters. Specifically, the energy rrethods associated 
with the maximum maneuver concept can be turned around to identify a 
criterion, or rreasure of rrerit, for selectj_ng supe.rior configurations. 
Also, the air battle a_rena and naximum maneuver diagrarns can be used to 
produce performance superiority over the threat aircraft out of the confi­
gurations carried forward for that purp::>se. 

A. CONFIGURATICN SELECI'ICN 

{U) Configuration selection involves a match-up of those physical 
characteristics that produce superior airframe or ronfiguration performance . 
In general, an examination of the key configuration d1aracteristics, or 
pararreters, sha,m that: 

• wt1 Sweep reduces drag due- ·to-lift while high Sweep reduces supersonic 
wave drag. 

• I..cw aspect ratio reduces profile or supersonic wave drag while high 
aspect ratio reduces drag due-to-lift. 

• !J::J.t1 thickness-to-chord reduces profile or sup=>.xsonic wave drag while 
high thickness-to-chord reduces structural weight. 

• ION ~amber and twist reduce profile or supersonic drag while high 
canber and t,..,ist reduce drag due-to-lift at higher lift. 

• I..cw maximum cross section and appropriate area distribution reduce 
supersonic wave drag while increased maximum cross section, aT'ld little 
attention to area distribution reduces costs but increases supersonic 
wave drag. 

(U) Since the problem is to find how much sweep goes with ha.•1 mud1 
aspect ratio, etc., SOITl2 criterion, or rreasure of rrerit, must be i dentified 
in order to produce a configuration with thE: right a::wbination of the s e 
conflicting c..11aracteristics that maxi.rrri.ze maneuverability and/or range for 
a g::.ven cost. • 

(U) An examination of the maneuverability and range expressions reveals 
that thrust-to-weight (T,M) and specific fuel consunption (SFC) represent 
engine performance while drag-to-weight (D,M) , radia l g force (N' ) and drag 
(D) rreasure confisruration performance. ~ s • n9 the se expressi ons and mani -
pulating those terms that are configura • ' ependent, sho,..,s that: 

•! 
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Energy Rate (P ) increases with a decrease in D/W. 
s 

p = ( T - 0 ) V = ( ! - ~) V = ( ! - Al V 
s W W W W J...o/D 

Turn rate (El) increases while tum radius (R) decreases with an increase 
of N'. 

Range (R ) increases with a decrease in D or D/W at zero radial g and 
given wefght. 

R = ../}__f = J5._f a W ( ... St,...C"")-,("'"D.,...) 

Since an increase or decrease of N' produces an increase or decrease in 
load factor (N), then mmeuverability and/or R can be maximized (for a 
given engine) if N is maximized for any D/W ra~o or ronversely if D/\v is 
minimized for any N. 

(U) '!bus, N and D/W (the dissipative force in the P expression) can 
be used to represent configuration performance as follc:,,;§: 

S,q 
N = w/s 

D CDq 

w= w/s 

where S, is lift coefficient 

~ is drag coefficient 

W/S is wingloading 

q is .dynamic pressure 

Since q is configuration independent whi::..e C,. / (W/S) and Cr/ (W/S) are ronfi­
guration dependent, the configuration p::rforlrtance can be maximized if 
<;,l(W/S) is maximized for any Cof (W/S) or conversely if Cif (W/S) is mini.­
nu.zed for any Sj(W/S). 

(U) Clearly, it follo,is that S/(W/:,) versus SJ(W/S) can be used to 
neasure as well as to maxi.'1ri.ze confi'guration perfor!nance (Figure 24) . 
When used in this manner Sf (W/S) can be regarded as load factor, or 
specific lift, independent of dynamic pressure while S/ (W/S) can be 
regarded as drag-to-weight, or specific drag, independent of dynamic 

37 

••--wam11rma_,SPl'mn-,t'W~-



-V) 

w ........... 
00 3: -........... 

_, 
c.., 

REPRESENTATIVE CONFIGURATION 
PERFORMANCE CURVES 

MACH = 0.9 

C0 /(W/SJ 

Figure 24. Representative ea.,figuration Polars 

') 

UNCLASSIFIED 

,,' 



pressure. Excellence is left and up. U,;ing this criterion, existinc,f 
configurations can be con-pared against one .:mother. t-'av ronfiqurations, 
possessing different cx.rrbinations of sweep angle, aspect ratio, thickness/ 
chord ratio, etc. , can be cx:mpared against one another to surface these 
configuration options that prcxiuce maximum perfonrance across a broad 
spectrum of altittrle and airspeed for a given th.--=i.:st, f'lEl, and grcss 
weight (for performance realism, handling quality constra:ints - such as 
pitch-up, yaw, and. roll reversal - must be irrposed to Lrlsure that only 
useable (<;,i(W/S) and C,./(W/S) values are considered). '!hose options th.at 
exhibit superior configuration performance can tllen be carried forward to 
establish engine/airfrarre perfonrance. 

(U) In sumnary, the goal of configuration selections is to find that 
balance of configuration pararreters that provides the highest Nor CJ(W/S) 
for any D/W ratio or Cr/ (W/S) across a broad spectrum of altiti.rle ana 
airspeed. 'Ihe configuratioP.s selected rrrust satisfy th.is goal for a given 
gross weight, fuel fraction - fuel weight/weight (Wy"W) , and T/W. 

B. PERFOIMANCE SELECTICN 

(U) Since a method has no'1 been established for identifying superior 
configurations, a specific engine .;an be matched with an airfrarre. But 
first tJ1e performance level required to defeat a kncwn or µ:,stulated threat 
must be identified. 

(U) Key perfonr.ance characteristics, or parameters, that mu.st be consi<lcre<l 
are W/S, T/W, and W /W. In general, W/S detennines how well a fighter can turn 
(low wingloading pr6duces high tum rates and small turn radii); Tfi'l deternrines 
how rapidly a fighter can climb and/or accelerate (high thrust/weight produces 
quick climbs and/or accelerations) and WlW determines how long a fighter can 
stay or persist in a fight, and/or how for he can go (high fuel fraction produces 
high persistence and/or long combat radius). ~ow, since low lV/S, high T/\I and 
high wpr•r improve combat maneuverability, combat persistence, ar..d combat radius, 
the problem is to find which co11binations produce superior maneuverability, per­
sistence, and radius for a given cost. 

(U) Stated another way, T/W, W/S, and Wp"i'l mu.st be balanced to produce 
superior maneuverability, superior persistence, and sufficient COirbat radius 
to defeat a kr..a,m or :fX)Stu.lated threat. Fuel trade-offs related to persis­
tence and canbat radiw have only recently been addressed, and the inpact 
upon W~ is not yet ready for proper discussion, therefore, this fact0r 
will not be considered. With only T/W and W/S to vary, perfo:::rr12:nre 
selection involves finding that balance of T/W ard W/S needed to achieve 
nnneuvering superiority acrcss a broad spectrum of energy states, and then 
seh::::-:t..ing T/W and W/S for a required conbat per.5istence, corrbat radius, 
and given cost that provides the widest margin of maneuvering s~riority. 
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(U) With maneuver superiority over the threat aircraft as the goal, 
the air battle arena and maximum mmeuver <liagrarrs can be used to maximize 
maneuver superiority margin for sufficient persiste-.nce, required ccrrbat 
radius, and given cost. To achieve such a result, T/W and W/S can be 
varied paranetrically nntil the overall margin of energy rate/tum rate 
superiority over a kno,m or postulated threat .is maximized across the maximum 
transient and maximum sustained maneuver regions. Clearly, such a para­
netric variation should be aca:mplished on the best options provided during 
the configuratim selection procedure. Equally clear, for these selected 
configurations, is the idea that the altitude,IMa.ch location of the maximum 
maneuver corridor, maximum transient, and maximum sustained maneuver regions 
should be incltrled in the configuraticn selection process then c.ycled 
forward through performance selectim to be sure that configuration character­
istics in ternlS of sweep angle, as:i;:ect ratio, thickness/chord, etc., are 
p.:-operly watched with performance characteristics in terns of T/W and W/S 
to maximize overall rraneuver SUf€riority. 
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(U) 'lhe analysis discussed in this rerort results in the mnclusions that: 

1. Sup9rior air-to-air tactics and fiqhter designs can be developed 
by using the max.imum maneuver ooncept. 

2. 'Ihe rnaxi.TIL.1 maneuver concept (via air battle arena, maximum 
maneuver diagrams) and the results of attack georretry analysis with basic 
tactical maneuvers can be enployed to devise superior rr>al'leuver/rountermaneuver 
sdlerres and to detenni.ne the best flight regions for adlieving tactical 
superiority over the threat. 

3. Configuration performan~ curves Sf (W/S) versus c,.J (W/S) can be 
anployed to identify physical dlaracteristics (AR, t/c, n, ~tc) necessary 
for superior airfrarre perfornance. 

4. Air battle arenas and roa.xi.mum m:meuver diagrarrs can be errployerl to 
isolate the T/\v and W/S dooain necessary to achieve engine/airfrarre 
performance superiority over the threat aircraft. 
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