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I. INTRODUCTION 

The advent of Energy Maneuverability Theory has revolutionized the 
description of fighter performance. The introduction of the Advanced 
Energy Maneuverability Theory, which has added the kinematic aspe~ts 
of maneuvering to the previously established energy concepts through 
the u se of turn rate and turn radius, has placed an even greater 
premium on obtaining the most realistic possible estimates of thrust, 
drag and useable lift under maneuvering conditions. Some of the 
earliest energy maneuverability comparisons of aircraft were made by 
assuming that aircraft could use all values of lift up to the aerodynamic 
limit, CL It was quickly recogniz ed that, in fact, very few air-

max 
craft can be flown to this limit due to stability and control restrictions 
encountered at lift values that may fall considerably short of the aero­
dynamic limit. An attempt was made to compare aircraft only up to 
maxirnum useable lift values by using published flight test and flight 
handbook restrictions. Unfortunately, this approach still proved un­
satisfactory since there existed no consistent, objective and quantitative 
methodology for describing the handling limitations of a fighter aircraft. 
Thus, truly fair comparisons of existing U.S. and foreign fighters could 
not be achieved. Perhaps even more serious was the fact that this 
lack of n1ethodology made it impossible to arrive at realistic corrFarisons 
of fighters still in the design stage. 

Recent theoretical advances including the correlation of a dynamic 
directional stability parameter with fli ght test experience by Chambers 
a:nd Anglin (NASA TND 5361 ) plus the parametric exploration of a s ix • 
degree of freedom spin dynamics simu_lation by Weyl and Casteel 
(AIAA 70-928) make it possible to correct the above deficiencies in the 
realistic description of fighter maneuvering performance. The following 
paper summarizes a quantitative approach to es tablishing handling qualities 
limitations on the following aspects of fighter maneuverability, in order: 

a. Maximum lift available without rolling, e.g., symmetrical, 
turning maneuvers such as the hard break. 

b. Maximum lift available while rolling at constant rate, e.g., 
three dimensional tactical maneuvers such as high g rolls, 
11pirouettes", etc. 

c. Average turn rate available including the effects of roll 
transients necessary to establish the turn, e.g., turn reversals, 
scissors, high g jinking. 

It should be understoodtithat the limits defined in this approach are not 
absolute restrictions on the feasible fli ght regime of an aircraft; 
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Exceptional pilots have and will continue to fly beyond the limits 
defined. However, flying beyond these limits is difficult and dangerous 
and will occur only rarely in air combat with average pilots. Current 
military practice i s to establish restrictions in flight handbooks to 
as sure that the average pilot will not encounter dangerous flight condltions. 

II. CONCEPT 

A. TURNING WITHOUT ROLLING 

There are basically five phenomena that can potentially inhibit 
a pilot from pulling g in a non-rolling mane1Ner right up to the 
maximum aerodynamic or stall limit of an aircraft: 

1. Directional instability - - as angle of attack increases, the 
ability of the vertical tail to keep the aircraft stable in yaw 
decreases, due to wing wake blanking the tail. If a point 
is reached where the tail provides no net restoring moment 
toward neutral yaw, as measur e d by the usual parameter 
~n ~ going through zero, the aircraft will begin to diverge 

1n yaw. 

2. Pitch-up - - there exist aircraft which have a tendency, upon 
reaching critical angles of attack below stall, to increase 
_pj_Ld1 c:1.agle w iL1wut farther oack stick force oeing required. -
a highly dangerous condition that almost invariably l eads to 
loss of control. Pitch-up can be caused by three basic 
sources: (a) center of pres sure movement forward due to 
tip stall on high sweep wings; (b) increasing downwash at the 
horizontal tail due to high tail location and (c) decreased 
dynamic pres sure at the tail due to wing wake. This condition 
is easily detected using the standard stability parameter C ¾ . 

3 . Heavy buffet - - most fighter aircraft experience increasingly 
violent buffet as they approach maximum lift. In some air­
craft the magnitude of the buffet can limit the utility of the high 
lift region. 

4. Wing rock - - Chambers and Anglin (NASA-Langley) have 
recently analyzed this high angle of attack phenomenon of 
increasing simultaneous yaw and roll oscillations (nose slicing 
and wing rock) as consisting of divergent dutch roll excursions. 
It is associated with aircraft of combined low directional 
stability and roll stability (dihedral effect). It can be measured 
by the NASA-developed dynamic stability parameter, Cn . . ,~ 
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5. Spin susceptibility -- for the case of turning maneuvers 
without rolling, the angle of attack :region in which the air­
craft is spin-prone is the same as the wing rock region 
identified by C . 

n ~ dyn 

These five r estrictions on lift capability in non-rolling maneu vers 
ar e depicted in the sampl e lift curve of Figure 1. Having defined 
a useable maximum lift from this figure (over an appropriate range 
of Mach numbers), this same limit is applied to a ll Advanced 
Ene rgy Maneuverability plots involving maximum lift turn rates, 
e.g., the Quickest, Tightest Turn Diagram and the Maximum 
Maneuver Diagram . Figure 2 shows the substantial i mpact of non­
rolling maneuver r es t rictions on a typical Maximum Maneuver 
Diagram. This difference becomes particularly important for 
differential diagrams comparing two aircraft . 

B . TURNING WHILE ROLLING 

The m enu of useful air combat maneuvers includes not only simple 
turns without rolling, but many additional two and thr ee dimensional 
maneuvers covering the spectrum of feasible roll and turn rates . 
Fi gure 3 shows this cleariy. The introduction of rolling at high 

addition to the £:i.ve discussed in the preceding section: 

1. Loss of adequate roll control - -as g or angle of attack 
incr eases , ai l erons lo se effectiveness due to flow separation 
until roll control becomes unsatisfactory for maneuvering 
fli ght. The normal parameter for measuring this effect is the 
rolling moment due to aileron deflection C o r . However, 

~ ~'\ 

stick force requirements must also be check."e'tl. to ensur e 
effective roll control. 

2. Roll reversal- -Some aircraft experience a relatively dange rou s 
condition wherein, beyond a certain angle of attack, r i ght 
stick commands produce l eft roll or vice versa. This can 
occur as a result of one off two causes: (a) the down aileron 
stalling its wing panel, or (b) the adverse yaw (no se away 
from direction of turn) due to aileron deflection causes increased 
lift on the wing to the inside of the turn. The r evers al 
condition can be detected very eas ily using a simple function 
of standard static parameters, as discussed in Appendix A. 
Taylor and Ifliff (NASA M i scellaneous paper for Agard in 1966) 
clear ly r e l aj:ed adverse tendencies to degradation of handling 
qualiti e s. 
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3. Spin susceptibility -- The same function that is used to 
identify roll reversal also identifies the spin susceptibility 
region in the case where maximum aileron inputs are appiied. 

Figure 4 shows the impact of these potentially more stringent 
handling limitations on maximum useable angle of attack as roll 
inputs are increased. 

Once established, these angle of attack limits under maximum 
rolling conditions (or their equivalent lift limits) need to be applied 
to both the Quickest, Tightest Turn Diagrams and the Maximum 
Maneuver Diagrams. Figure 5 shows a typical exa1nple of rolling 
limitations -auperi1nposed on a Maximu1n Maneuver Diagram 
together with the previously established turn without roll limits. 
Note that in this case rolling and roll-free liinits are very close. 
This i s normal for most current aircraft t :1ough there is no 
inher ent necessity for the two types of limits to be close. 

C. AVERAGE TURN RATE DURING TRANSIENT MANEUVERS 

The previous section identified as one important handling 
problem area the reduction in roll control effectiveness with 
~"h r-'J<o.-"'\ ...... O.;,_..,,...,. -."'°''"'fl,-.,...,+ .....,,f..-4,..-,,...l,,. -,r, ._,....,.,......,.,..,.,-.,,.....,...,4. ,-.,.-.l ..:~..., T,'""'.! "'!~ ~--. (. r,,t..,.: .... .._..,..._.._,.._ ...._,.....,..., ..... •o ...,_.._.., 6 .._.._,. '-'A .....,1,-1,,,c...1,.._. ... ._. .._.,...._, ..L. ..._,J:-"..._ ._,..._,..._..1..1.l,.._,.__l .l.l.J. ~ .J.51..,L..L. \..., V • J...lJ.J...::, 

reduction is serious enough to have a significant impact on the 
actual 11 agility 11 of the fighter aircraft. This can be seen in Figure 7 
which repeats the desired roll and turn rate combinations of 
Figure 3 overlaid with a sample plot of the reduction in available 
roll rates . 

To usefully quantify this effect in terms comparable to the 
previously used turn rates, the concept of average turn rate 
through a _transient maneuver is established . As a realistic 
desired maneuver, the following case is used: 

Starting from an established leve l turn, maximum 
available reverse roll is initiated until an equal 
rate level turn in the opposite direction is 
established and held iy order to obtain a total 
heading change of 45° . 

45° is roughly equivalent to oa, minimum of 5-8 seconds, a reasonable 
uppe r bound for scissors or jinking turns. 
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The average rate achieved through this representative maneuver 
(computing actual roll acceleration and ti'me histories is discussed 
in Appendix B) is a useful rn.easure of transient maneuver 
capability applicable to 1.."1.lrn reversals, scissors and high g 
jinking. Figure 8 shows the large difference in both absolute 
l evel and trend for average turn rates through transient 
maneuvers versus steady turns . Note that roll rates at high 
turn rates can become so slow as to actually decrease achieved 
average rates upon increasing lift beyond the best point. 
Unfortunately, the Figure 8 representation only shows a single 
a l titude and Mach number point. Therefore, a somewhat 
different and rnore comprehensive plot has been developed 
for addition to the standard Advanced Energy Maneuverability 
Theory displays. This plot is termed the Terminal Transient 
Maneuver Diagram and shows contours of absolute (or differential) 
average turn rate to achieve a 45° turn reversal on the P 5 versus 
Mach number plane at representative altitudes of 10,000 and 
35,000 feet. It indicates the ability of an aircraft to achieve 
quick turn reversals at all turning conditions from high energy 
gain to high energy loss rates. A sample is shown in Figure 9 . 

III. APPLICATION: F-5 vs. AIRCRAFT 504 

T_,ift t:,_,_!"~.rt?s f0!' tht: t'-.J:.70 airc-~~ft ~re '2~~pa!"ed i!"! Figu.:r e lO, sh()"'.ViYlb 
the computed handling restrictions (both rolling and non-rolling cases) . 
Aircraft 504 suffers a considerable penalty in useable lift due to 
handling restrictions. The F-5 suffers no restrictions. 
The practical effect of this is seen in Figure 11 which is a differential 
Maximum Maneuver Diagram (rolling case) for the two aircraft. 
The l arge exclusive region for the F-5 is mostly attributable to the 
l ack of handling restrictions. 

F i gure 12 shows the basic input for the Tenninal T ransient Maneuver 
Diagram, a comparison of achievable roll rates for each aircraft. 
Figu re 1 3 is the Terminal Transient Maneuver Diagram and shows a very 
large advantage in average turn rate during a transient maneu ve r for 
the F- 5 at all energy rat es of interest for the terminal phase of combat. 
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APPENDIX A 

SPIN CHARACTERISTICS 

The degree of SUS ceptibility to spin during hard turns with and without 
rolling inputs has a significant im.pact on the dogfighting capability of air 
superiority fighter aircraft. With aircraft that are spin prone the pilot is 
limited to low roll and pitch rates in. establishing desired maneuver attitude 
or transitioning from one maneuver to another. With a spin resistant 
aircraft the pilot is able to operate his aircraft at high angles of attack and 
sideslip without limitations on control deflections or rates. 

The capability for analytical evaluation of spin susceptibility for preliminary 
design aircraft has recently been advanced through development of six degree 
of freedo1n computer simulation techniques. One such advance has been 
identified by Weyland Casteel (AIAA 70-928). Spin resistance data are 
prepared in the format shown in Figure A-1. 

As illustrated, this method consists of establishing a boundary separating 
regions of spin and no spin on a plot of yaw rate versus angle of attack. This 
boundary is established by initiating computer runs at yaw rate/angle of 
attack combinations, and determining those which result in return to trim 
angle of attack without control inputs in less than two turn::; and tno::;e wl1icl1 

require more than two turns or depart to higher yaw rates and angles of 
attack. -This approach is analogous to spin model testing where the model is 
thro,vn into the test section for various yaw rates and angles of attack and 
the ensuing motion observed. 

In addition, a maneuver envelope is determined by introducing control inputs 
from normal combat maneuvering situations. The margin between the 
maneuver envelope and the spin boundary is a measure of the aircraft 1 s spin 
resistance . The greater the margin the more difficult it will be for the 
airplane to inadvertently reach the spin region. Although this approach is 
most desirable for a thorough analytical assessment of spin characteristics 
the time and effort required for a single spin plot is considerable. However, 
there are two simple para1neters which have been related to spin resistance 
1nargin and provide a good approximation of the relative resistance of various 
aircraft with a consistent method. 

The angle of attack region of spin susceptibility for non-rolling turning maneuvers 
without lateral or directional inputs has been correlated with the dynamic 

directional stability parameter, Cn . • = 
/3 dyn 

by Chambers and Anglin (NAS~-Langley). 
flight test time history for a maximum aft 

Iz 
CnA - Cf 1- tan OC , 

r '/!' X 

Figure A-2 presents an F-4E 
stick input without lateral or 
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directional inputs. The progression fro1n severe wing . rock to post stall 
gyrations and incipient spin correlates with the unstable region of Cn 
(i.e., negative values) as illustrated in Figure A-3. r dyn 

Unless the dynamic directional stability is stable throughout the possible 
oper ating angle of attack range to its trim capability, (and beyond to account 
for dynamic overshoot) as illustrated in Figure A-4 the aircraft will be 
susceptible to spin in hard non-rolling turns. 

For assessing the spin susceptibility in turning maneuvers where late ral 
control inputs are introduced, it has been found that the angle of attack at 
which the roll reverses due to sideslip opposing the aileron correlates 
very closely with the region of spin susceptibility of a number of current 
fight er aircraft. Figure A-5 illustrates the typical response to a step aileron 
input for aircraft with and without a roll reversal problem. The dominant 
pararn.eters influencing roll reversal are the yaw due to aileron Cn ,.. 

. Ca 
and the directional stability en .. . High adverse yaw and low directional 
stability are detrimental. A lateral control spin parameter can be defined by 
the equation below: 

Lateral Control Spin Parameter = 

Roll reversal occurs at the point where this parameter equals zero. Figure 
A-6 illustrates the variation of the lateral control spin parameter versus angle 
of attack normalized to maximum trimrn.ed angle . If the roll reversal point 
is lower than an angle of attack ratio of 1. 0 the spin susceptibility is high. 
As the reversal point increases above 1. 0 the spin resistance increases . 
Figur e A- 7 presents the lateral control spin parameter variations for the 
F-5A, F-l00D, F-8 and F-4E aircraft for which the spin characteristics 
are well known. The F-l00D, F-8 and F-4E roll reversal points are below 
their rn.aximum trim1ned angle of attack while the F- 5A r eversal point is 80% 
beyond this maximum. (The F-5A exhibits high spin resistance in flight 
whereas the F-l00D, F-8 and F-4E are spin prone and have flight handbook 
control restrictions above the points indicated.) 

Figure A-8 presents a comparison of the F-5A with Aircraft 504 in each of N \) . 
the spin susceptibility parameters. A comparison of aircraft 504 predicted 
lift characteristics with flight test results is presented in Figure A-9. The 
flight test rn.aximum useable lift is lower than the estimated maximum lift 
and compares closely with the lift coefficient for roll reversal. 
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APPENDIX B 

TIME TO ROLL, ROLL RATE AND AVERAGE TURN RATE 
DURING TRANSIENT MANEUVERS 

The first step in estimating roll characteristics is the standard measurement 
of rolling moment due to aileron deflection, C z & , in Figure B-1. Neither 
aircraft suffers from roll reversal due to ailerofr-induced stall. Both have 
the usual decrease in rolling moment due to increasing angle of attack. 
However, the measurement above is not sufficient to define time to roll or 
maximum roll rate adequately. 

The rolling moment created by aileron inputs is opposed by the following 
major forces: 

a. Opposite rolling moment due to sides lip - aileron inputs not only 
create the desired rolling moments but .will also produce unfavorable 
sideslip in aircraft with adverse yaw (as measured by Cn ~ ) . This 
adverse yaw (nose to the outside of the turn) creates a s i ctis lip that 
increases lift on the inside wing and decreases lift on the outside ...__ 
wing which represents a rolling moment oppos e d to the desired roll 
(this moment due to sideslip is represented by C ' r ). This is the 
motivation for using maximum safe bottom rudd~/ to induc e favorable 
sideslip in order to increase rolling moments . 

b. Roll damping (resistance to roll velocity) - as roll rate builds 
up, a resisting moment (C; ) due to the rotational velocities of the 

- f· 
aircraft also builds up. 

c. Considerably smaller opposing force contributions are attributed 
to such diverse influences as yaw caused by vertical tail rotation, yaw 
due to differential lift vector orientation on the inside and outside 
wings, etc. 

When favorable and opposing moments are in balance, the maximum steady 
state roll rate {without handling limitations) is achieved and can be computed 
with approximate closed fonn expressions. To obtain accurate time to roll, 
however, a roll time history from a 5 degree of freedom dynamic simulation .1 , 

should be used. In either case, the practical maximum rate is always 
limited by roll reversal (id entical to spin susceptibility for the maximum roll 
input case); this limit is imposed through the use of the lateral control spin 
parameter (see Appendix A). 



r 

Having established time to roll as limited by handling quality consideration, 
a generic transient maneuver case ne eds to be established. The n'lost common 
transient maneuver, particularly in the terminal phase of combat, is the 
maximum roll rate reversal from a hard turn in one direction to an equal and 
opposite turn to be held until a desired heading change has been achieved. 
This encompasses such maneuvers as turn reversals, high g jinking and 
scissors. Any desired amount of heading change could be used: Small angles 
tend to over- en'lphasize the effect of the rolling transient; angles much beyond 
45° are unrepresentative of the heading change used in scissors or jinks. 
Forty-five degrees has been chosen as a reasonable compromise. Average 
turn rate over the entire maneuver including roll transients is used as the 
"agility" measure; it is computed as shown in Figure B- 2. Note that there is 
a major difference between ordinary turn rate and average turn rate through 
a transient maneuver: For ordinary turns, inc reasing lift always increas es 
turn rate right up to maximum useable lift; for the . transient case, too much 
lift can force the time to roll to very large values thus significantly slowing 
average turn rates . This is seen in Figure B- 3, B-4 and B- 5, which show 
a side-by-side comparison of energy rate versus turn rate for both constant 
and transient turns at fixed altitude - Mach points. These plots clearly show 
that quickest transient turn rates are achieved at moderately negative energy 
levels - not maximum lift. They further show that the impact of the roll 
transient is very large insofar as it can cut maxim.um turn rates in half. 
Thes e plots are illuminating for a theoretical understanding of the transient 
turn measure. For tactical comparisons and training a more global presenta­
tion is preferred. This is contained in the Terminal Transient Maneuver 
Diagram already presented in Figure 9. 
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