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Experimental Investigation of Pilot Dynamics in a Pilot-

J. AIRCRAFT

Induced Oscillation Situation

D. L. Hirscu* axp R. L. McCorMIick{
Northrop Corporation, Hawthorne Caldf.

Results are presented for an experimental fixed and moving-base flight simulator investi-
gation of a genecralized aircraft longitudinal pilot induced oscillation (PI0) situation. Data
are given relative to four handling-quality areas 1) pilot dynamic performance when traclk-
ing sinusoidal inputs following the oceurrence of P10, 2) the influence of motion cues on such
performance, 3) the effects of varying stick force on pilot dynamic behavior in the PIO situa-
tion, and 4) the effect of varying the vehicle short-period transfer function numerator term
1/Ts:. Increases in this term to values above the normal level associated with the simulated
airframe yielded experimental PIO’s. The intentional increases were accomplished at a high
input rate in an effort to preclude significant initial pilot gain adaptation. Approximately
five times the increase in 1/Tp, which produced the moving-base PIQ was needed to produce
instances of fixed-base PIO. With only external visual cues available during an oscillation,
the pilot did not appear 1o operate in a synchronous (pure gain) manner. The availability
of full-scale motion cues with visual cues causes the pilot to appear more nearly synchronous
in the visual loop; however, the same data more consistently show the pilot operating with lag

dynamics on the load factor cues.

Nomenclature hor = horizon
7 = input
[P = normal acceleration at the pilot’s location, ¢’s 0 = output
I, = gtick force, Ib P = pilot
g = acceleration due to gravity, ft/sec? s = slick
7 = (—1)v2 sp = short period
jw = imaginary portion of complex variable, ¢ + jw W = vertical velocity
K. = control gain, deg 65 /b F, z = vertical axis
Ky = stick force gradient at stick grip, 1b/in. & = angle of altack angular velocity
K, = pilotgain, b F,/dcg 6. € = error
K. = gain of vertical velocity short-period transfer funetion, 8 = pitch angle
ft/deg [:774
K., = gain of pitch attitude shori-period transfer function,
’ deg 0/deg 61 Introduction

= pitching acceleration per unit pitching velocity, 1/sec

= pitching acceleration per unit vertical velocity, 1/sec-ft

= pitching acceleration per unit rate of change of angle
of attack, 1/sec

QS a result of recent cxperimental and theoretical handling-
quality investigations,’,* there has arisen legitimate de-
bate as to the cause of pilot-induced oscillations in contem-

Ms = pitching acceleration per unit horizontal tail deflection, porary aireraft, and satisfactory criteria to offset them.
1/sec? ) Central and necessary to the evolution of such criteria is a
4 = pitching angular velocity, rad/sec knowledge of the dynamic behavior of the pilot during the
s = laplace transform operator ‘ L PIO situation. A review of rare but sometimes available
/Ty = V.ertlcal yelomtynumerau{r 1nversc_t1me constant, 1./56(5 flicht time histories of PIO’s (of which Fig. 1 is an example)
1/Tg, = pitch attitude numerator inverse time constant, 1/sec SR AR S oo e B “ /
ue = Torward-velocity/57.3, fps I‘eve.,a‘ls three (hstm(tt‘and (hffgrl.ng p.enods of tot.al syﬁ,‘em be-
W = airframe perturbed velocity along vertical axis, fps havior. Analyses of PIO difficulties on specific airframes
Zs = vertical acceleration per unit horizontal tail deflection, have also been undertaken.®* Prior to the P10, the pilot-
ft/seerrad control-airframe system exhibits a normal tracking behavior
5y = horizontal tail deflection, deg where the pilot is most often controlling random-appearing
8 = stick grip deflection, in. . inputs. The last period is the developed P10 where the ap-
¢y = abrframeshort-period damping ratio . parent airframe motions arc of a nearly sinusoidal form.
o3 - pe}'mrlbmf O: airframe pitch angle; simulator cab pitch Between the pre-P10 and developed-PI1O periods is a transient
. _ re:lnp%)ii(offof complex variable, o + je period that cgntains the tim.o-varying ex'cim.t‘iron,‘ vehicle,
wsp = airframeshort-period natural frequency, rad/sec control, and Dllf’t changes WthhASGI'VG to initiate DhC. PIO.
Random-appearing system behavior has been the subject of
Subscripts exhaustive analytical and experimental efforts, and theo-
B — simulator beam retical pilot models applicable to this phase are available to
C = simulator cab the handling-quality analyst; however, by its very nature,
¢ = control the period of developed PIO has not been amenable to general-
r = stick force ized analysis. In fact, an advance in the state-of-art of
g = gust ground-based flight simulators was necessary before compre-
H = horizontal tail
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hensive experimental investigation of this phase could be
undertaken. With this capability, the intent of the investi-
gation reported herein was to produce an experimental
evaluation of pilot dynamics in the developed-PIO phase.
It is hoped that continued research with these data will yield
a pilot model and thereby cquip the handling-quality analyst
with powerful theoretical tools for PIO prognosis or preven-
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Fig. 1 Time history of a PIO.

tion in new aircraft designs.  Ultimately, a detailed analysis
of the transient (or mid-PIO) phase of pilot dynamics will
have to be undertaken before final agreed-upon criteria for
PIO prevention evolve; however, the transient period, which
was intentionally induced by an airframe dynamics change in
the course of these experiments, has not been the subject of
analysis in this evaluation. Subjective evaluation of this
period still appears to require an advance in the knowledge
concerning pilot time-varying characteristics.

The reader is again reminded that the nature of this in-
vestigation is experimental. An analysis has not been under-
taken which would test enough theoretical pilot transfer
function possibilities to select one finally for the developed
PIO phase. Such an effort is a needed and logical sequel to
conclude this investigation.

The Experiment

A pilot was placed in the simulated pitch control loop rep-
resentative of a conventional jet fighter aircraft flying under
visual conditions in moderate turbulence at low altitude and
high speed. Only the pitch axis could be controlled by the
pilot; lateral and directional degrees of freedom were held
fixed. To obtain the “tightness” of pilot control representa-
tive of actual precision flight tasks conducive to P’IO, the
simulator flight task was reduced to one of pure compensa-
tory tracking in pitch. The pilot viewed a horizon external
to the cockpit with display sensitivity analogous to the “real
world” situation. An input gust disturbance of known fre-
quency and amplitude was applied to the airframe and the
pilot was instructed to track the horizon. Following a nor-
mal 2- to 4-min tracking exposure, and without warning to
the pilot, the value of 1/T, in the vehicle transfer function
numerator was rapidly increased. Airframe gain, control
system gain, and airframe short period and damping were
all left unaltered. The experiment was terminated when
1) the simulator ran out of available travel, 2) a number of
cycles of an oscillation occurred, or 3) it became evident that
a PIO would not occur. Problem variables included presence
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or absence of motion cues, stick force gradient, pitch attitude
visual cue, and the final level of 1/7%,.

The linear vehicle pitch dynamies used were representative
of contemporary fighter-type aircraft and were acceptable
to the pilot from a handling-qualities point of view. With
reference to the conventional maps of desired short-period
characteristics, the simulated aireraft exhibited a stick-fixed
natural frequency of 3.0 rad/sec and a damping ratio of 0.5.
A consistent set of aerodynamic characteristics was used in
the pitch representation, ie., no artificial relationships
existed between pitch transfer function numerator and de-
nominator during normal tracking petiods of the experiment.
Linear control system dynamies were reduced to those rep-
resentative of a spring-mass feel system.  To examine the
effects on PIO behavior due to variations in initial static force
gain of the control system, two gradient levels of 6 and 20
Ib/in. of stick deflection were selected.  The dynamics of the
control system afforded a frequency separation by a (actor
of at least 7 from the stick-fixed short period. Although
stick-free bobweight cffects were not desired, some were
present because of the control stick geometry.

Qualified jet fighter pilots, including individuals of the
. 8. Alr Foree Experimental Test Pilots” School, were used
as subjects. No attempt was made to conceal the fact that
the tests were concerned with PIO.  No speeial instructions
were given with respect to piloting technique.  All subjects
underwent repeated familiarization tracking exercises in the
simulator. This was required to stabilize pre-P10 run-to-
run performances. A constant level of tracking performance
was desired for individual pilots as an indication that learning
was not a pronounced factor in the PIO situation. Measure-
ments of accumulated pitch, attitude, error, and stick motion
for pre-PIO tracking with constant aivirame-control dynamies
were used to evaluate this factor.

Pilot dynamics relative to the stick-force characteristics
of the simulated vehicle were a desired output of the analysis.
In particular, such data are desired to shed more light on the
qualitative observation that pilot force outputs may be
dominant in PIO studies. This obscrvation derives from
past non-PIO experimental experience, which indicates dis-
placement outputs to be dominant for spring-restrained con-
trol sticks when large or preprogramed stick motions are re-
quired, and force outputs to be dominant when fine motions
and precision control are nceded. Previous analyses of
speeific aireraft systems where PIO oceurred! indicate that
either foree or position outputs could be dominant depending
on the situation and the nonlinearities present.

The Simulation

Vehicle Representation

Linear two-degrec-of-frecdom  pitch  transfer funetions
were mechanized on an analog computer for piteh and vertical
translation.  In short-period form, the airframe pitch transfer
function was

6 Ko, (s + 1/Tg)

O - 8[(8/(1)51,)2 -+ Zi‘sps//wsp + lj

with

Keosp = 2.89 degf/degdn 1/Te. = 1.75/5ec
wsp = 3.0 rad/sec Cop = 0.5
Vertical velocity was expressed as

w o Reps +1/Tw

671 - (8://(*’51!)2 +72§‘xn8/w81) +1
with

Ko, = 0.356 ft/degdy 1/Tw, = 80/sec



NOV-DIEC. 1966

A disturbance was applied to the airframe through the
following gust-response transfer functions:

g 0.0727
= e S deg/[ps

w, D% A 2C08 we 11

w 0.222 (s + 4.5) .

= R fps/fps

w, (s5/we)? 4 200,8) wap

To lacilitate analyvsiz, the random-appearing distwbance
input chosen to provide a gusting environment simulation was
comprised ol ten superimposed sine waves of known fre-
queney and amplitude.  These lorcing lunctions bad been:
prevecorded on magnetic tape in a 30-min nonrepeating run
and were introduced to the airframe in this form.  Because
the flight task was vompensatory, it was necessary 1o avoid
sources of long-term simulator drift; therefore; a first-ovder
high-pass filter wa= used between the disturbance and air-
frame to suppress low frequency content.  Before the filter
was introduced 1o the analog mechanization, it was nearly
impossible o flv the simulator without drifting into its
physical stops.  Alter the filter insertion, the simulation
experiment was flvable and the pilots reported that the ride
was very realistic,

In the analog mechanization used for the aitframe, the
8/6 and w &7 transfer functions arc combined to produce
normal load factors computed for the aireraft center of
eravity and pilot locations; therefore, variations in the pitch
transfer lunction numerator term 1/7g will alter the stick
forece and deflection per degree of piteh attitude, as well a=
the stick deflection and force per g. In the course of trigger-
ing a PLO during any experimental run, the airframe gain,
control sy=tem gain, and the airframe short period and damp-
ing were all left unaltered, but the increased 1/T4, decreased
the stick force and deflection per g. Verification of the
dynamic characteristies of the analog-mechanized vehiele
transfer functions was obtained by a frequeney response
checkout prior to the experiments.

Control System

The control sv=tem available for this set of experimernts
was physically construeted from a conventional control stick
and mechanical spring  device.  Control system  dyvnamic
characteristics were of the form:
0. 7.13

= 2 R/
Fo st LATYEK )Y 4+ 855 K

6u/6. = 0.5 deg/in.

where K = 6and 20 1h/in.

The transfer function was derived from a measured moment
of mertia for the control stick assembly (0.55 slug-ft?), a
measured moment arm of 1.9% {t from the pivot to stick erip,
and a damping ratio of 0.08 extracted from time histories of
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Fig. 3 Large amplitude flight simulator.

the installed system response to an impulse.  Damping was
afforded by internal spring friction and bearing friction.

It was desired that the static control system character-
istics be as linear as possible for a physical spring-stick ar-
rangement.  Values of 6 and 20 1b/in. were selected to pro-
vide one low gradient typical of contemporary aireraft sys-
fems and one high gradient lor comparative purposes.  The
system exhibited very little hysterises (<0.8 1b) for both
gradients.  Breakout forees were approximately 0.9 b for
the low gradient and almost nonexistent for the heavier
gradient. Force at the grip was scnsed by a stick-mounted
strain gage; stick position was the output of a pivot-mounted
potentiometer.

Following installation in the simulatoy, the control system
was found to exhibit stick-free bobweight characteristics.
A frequeney response of the complete simulator provides
data  for obtaining these characteristics.  Experimental
measurenents with the heavier gradient vielded deflection
and force values of 0.075 in./g and 1.5 1b/g, respectively; for
the highter gradient 0.25 in./g.  These values were used in
subsequent analyses.

Although stick foree data were available for all experiments,
it was filtered prior to recording.  Dynamies ol the filter
remained in question during data analysis, so no force related
pilot dynamies are included. No similar difficultics were
encountered in the collection of stick deflection data.  Dil-
ferences in pilot dynamies relative to displacement character-
Isties are noted and indicated for the two levels of stick lorce
gradients used in the experiments.

Flight Simulator

The general physical arrangement of the Northrop large
amplitude flight simulator and analog computer complex can
be discerned from Figs. 2 and 3. Cockpit internal display
mockup and arrangement were (ypical of a contemporary
fighter.  The only operating flight information available
from the internal display was vertical load factor.

As previously stated, the desived simulator flight task was
pure compensatory tracking. Trom a visual cue stand-
point, this required that the pilot not be aware of additional
pitch attitude cues within the usable cockpit travel of the
simulator room other than those being displayed 1o him on
the screen.  Physically this is accomplished with a light-
absorbing black paint, which surrounds the display screen
at the edges of the pilot’s peripheral horizontal field.  As
measured from the pilot’s eye, the horizon display nominally
oceupies 145° of this field.  In order that the pilot control
only those vehicle dynamics designed in the experiment, it
was necessary to avoid simulator electrical and mechanical
“washouts” within the region of allowable simulator motion.
This required that the analog computer, the simulator and
display drives, and the airframe disturbances all be mechan-
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Fig. 4 Fixed-base block diagram.

ized to avoid long term drifts. It was finally possible, by
careful experiment design and execution, to cause the pilot
always to “fy” the simulator within its physical travel
limits without resorting to electrical neutral-sceking washouts.

The flight simulator cockpit was free to translate and rotate
in the vertical plane during moving-base experiments. Dur-
ing fixed-base runs the cockpit was held fixed and only the
horizon was displaced in response to pitch commands. As
previously indicated, roll and directional degrees of freedom
were not included in the simulation. General simplified
block diagrams covering both the fixed- and moving-base
cages are included in Figs. 4 and 5.

The previous discussions were not intended to imply the
absence of significant dynamics due to the simulator motion
systems. In fact, the production of full-scale load factors
and motion cues required a more precise definition of system
dynamics than was available at the outset of the experimental
design period. Successive simulator response tests provided
this definition; some of the more pertinent system dynamies
are revealed in Fig. 6.

Discussion of Results

From linear systems analysis theory it has been postulated
that, following PIOQ onset, the nearly sinusoidal sustained
motion gives rise to a simple gain-pilot-describing function.?
The theory further assumes primary pilot response is to visual
pitch-attitude cues. Under such conditions a linear P10
could be predicted to oceur if the value of 2{,ws — 1/Ts,
could become negative. Physically, an unusual airplane con-
figuration would be required to make this value negative.
Using the approximate factors of Ref. 5,

Waposy — 1/ Ty = — My, — My — (Zs/Ms)M.

where —M3/Z; is proportional to the effective elevator con-
trol arm (measured positive forward). To make the right
side of this equation negative would require a canard con-
figuration (positive eontrol arm and negative iM,) or a low
value of — 3, and a small control arm. Without belaboring
this point further, it appears that imposing such dynamics
might be used as an expedient to produce conditions of PIO
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and examine the pilot behavior in more detail. Such an
approach was elected in this series of ground-based simulator
experiments.

Of first significance is the fact that P1O’s were generated
under both fixed-base (8 cues only) and moving-base condi-
tions as a result of sudden changes in 1/7Ts, from the original
level (1.75) to elevated levels. Assuming a synchronous
gain “pilot” and no control system dynamics, an increase
in 1/Te to 3.0 would result in a theorctical pitch attitude
locus asymptotic to the imaginary axis. Values in excess
of this would theoretically give rise to PIO if the increase
occurred rapidly enough to preclude significant initial pilot
gain adaptation. This is illustrated in the root locus plots
of Figs. 7 and 8. The control system dynamies are included
in these loci. Although control system effects are small at
the PIO frequencies, the 1/75, = 3.0 locus now crosses the
imaginary axis. It can be seen that a reduction in pilot gain
could prevent a pure gain-pilot from getting into a PIO situa~
ion at the values of 1/7%, shown; hence, 1/, was increased
very rapidly in the experiments. Also, any other pilot
adaptation would result in different loci from those shown.
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Fig. 7 Root locus plot with low stick force gradient.
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Table 1 Moving-base runs

Bs/a"z 68/63
Phase,
W, 1/T g, w, deg AR, Phase, AT,
fps 1/sec rad/sec (lag) in./g deg in./deg Remarks
Low stick-force gradient

i0 3.46 4.16 68 U.69 25 lag 0.15 9 eveles, deereasing amplitude
10 3.75 3.60 98 0.58 54 lag (.25 5 eycles, increasing amplitude

6 2.90 3.96 79 0.75 50 lag 0.24 51 cycles, increasing amplitude
10 3.46 3.41 78 (.34 36 lead 0.18 21 cycles, constant amplitude
16 3.00 5.50 56 3.25 7 lead 2.66 3 cycles, increasing amplitude
10 2.71 5.50 60 2.55 7 lead 5.24 3 cyeles, increasing amplitude

6 3.29 5.61 29 2.45 56 lead 1.36 4% evcles, constant amplitude
10 3.00 5.15 63 1.95 46 lead 1.51 6 cyeles, increasing amplitude

8 3.46 4.04 39 0.95 49 lead (.42 3 % cycles, decreasing amplitude
10 3.46 3.34 79 0.52 35 lead (.30 7 eycles, constant amplitude
10 3.48 4.12 60 (.48 29 lead (.32 8 cycles, constant amplitude
16 3.46 4.12 48 0.86 29 lead (.37 8 cycles, constant amplitude

ITigh stick-foree gradient

8 3.00 3.99 75 1.35 24 lag G.95 3 eyeles, constant amplitude
S 3.10 3.63 68 0.79 i0lag 0.46 2 1 eycles, constant amplitude
16 4.06 3.63 74 0.54 31lead 0.39 4 cyeles, constant amplitude

6 3.90 3.80 63 0.88 32 lead (.40 5 eycles, constant amplitude
10 3.46 4,00 66 (.88 54 lead 1.3 4 cycles, decreasing amplitude
14 4.25 4.12 By .72 39 lead .48 6 cycles, decreasing amplitude

6 3.29 4.75 33 135 57 lead S 14 eycles, inc 1e‘1'\in;> amplitude

a 3.29 4.68 44 3.5Y 27 lead 1.53 5 cycles, ine 1em1ng amplitude
10 3.29 4.12 52 1.15 37 lead .53 4 cycles, decreasing amplitude
10 2.71 4.1 40 1.59 5lead 0.83 73 (:yoleQ, constant amplitude

This could account for the fact that PIO’s may not occur at
exactly the frequencies that these loci would predict.

Several of the runs in which a PTO cxisted are tabulated in
Table 1 (moving-base runs) and Table 2 (fixed-base runs).
Listed are the average PP1O oscillation frequency, the level of
the distwbance input, the final value of 1/7%,, and the phase
and amplitude ratio of §,/a¢’. and 8,/8.. Under fixed-base
conditions, an inerease to approximately 17.0 was necessary
to produce an oscillation. A single case of fixed-hase PI1C
was noted for a 1/Te, of 8.5. The graphically observed
closed-loop oscillation frequency was not closely related wo
the final value of 1/7Ts. This [requency  because of the
graphical method of data reduction represents an average
frequency over the oscillation. Portions of the time his-
tories of a typical run arc reproduced i Ifigs. 9 and 10, both
belore and after the PIO.

The vital nature of load factor cues was indicated by pilot
comment.  One pilot, to help prevent overcontrolling, stead-
ied his right arm with his right leg and also on occasion with
his left hand. Two of the pﬂot,a, both with extensive flight
experience in PIO situations, used an unconventional open
grip on the stick. This technigue prevented any possible
application of force on the stick in an unintended direction.
These techniques would scem to reduce any limb-manipulator
coupling.

During some of the actual PIO’s, the simulatory beam mo-
tion reached a rate limit. "The effect of this limit was to cause
vertical load factor experienced at the cockpit to approach a
triangular waveform instead of the expected sinusoid. The
effeet of this characteristic on pilot dynamic behavior could
not be isolated in the analysis; however, on being questioned,
the pilots did not seem to be awarc of the difference in mo-
tion cue.

A brief investigation of the effect of 1/, at values below
the nominal value of 1.75 was conducted.  One run was made
moving-base and one fixed-base. A disturbance was used
in both cases. No quantitative analysis was made but pilot
comment indicated that there was a loss of control as 1/T%,
was reduced. During the moving-base run the pilot was

aware that more stick was required when 1/7, reached 1.15;
at 0.75 he noted a further loss of control, at 0.40 he stated
that he was “really tugging” on the stick, and at 0.20 he
was “ridinge—that’s all”  During the fixed-base run, a
slight loss in control was noted as 1,/7, was reduced from
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Table 2 Fixed-base runs

5s/a’z® 385/8e
Phase,
Worms, 1/Tgs, w, deg AR, Phase, AR,
fps 1/sec rad /sec (lag) in./g deg (lead) in./deg Remarks
Low stick-force gradient

10 8.48 4.12 84 0.49 36 0.56 3 cycles, decreasing amplitude
10 19.05 4.12 90 0.20 0 0.18 2% cycles, decreasing amplitude
10 20.95 3.64 85 0.11 0 0.16 2 cycles, constant amplitude
10 40.25 3.99 70 0.067 15 0.098 6 cycles, decreasing amplitude
10 30.55 4.12 79 0.11 0 0.14 3 eycles, decreasing amplitude
10 16.95 4.58 48 0.43 33 0.54 63 cycles, decreasing amplitude

6 18.05 4.85 65 0.43 25 0.57 5 eyeles, constant amplitude
10 19.05 4.26 42 0.29 6 0.37 91 cycles, decreasing amplitude
10 19.05 4,12 48 0.16 43 0.31 9 cycles, decreasing amplitude
10 16.95 4.12 60 0.19 8 0.26 4 cycles, decreasing amplitude

High stick-force gradient

8 30.55 4.50 44 0.23 30 0.23 2 cycles, decreasing amplitude

6 18.05 4 .86 44 0.14 50 0.58 8% cycles, decreasing amplitude
10 16.95 4.98 44 0.38 36 0.46 9 cycles, constant amplitude
10 24.85 4.26 65 0.27 21 0.21 7 cycles, decreasing amplitude

Listed for reference only using computed normal acceleration. In the fixed-base mode, of course, no accelerations were developed.

1.75 down to 0.20. At 0.10 the pilot noted that larger
stick movements were required but that damping had re-
mained constant. With 1/7, reduced to zero he could not
prevent large horizon excursions.

Conclusions

Certainly a good deal of spread can be obscrved in the
data; scatter seems inevitable with human subjects and
learning on the part of the pilots probably never ceased.
However, the sum of this experience suggests several vital
points about the effective pilot dynamies occurring during
PIO0.

1) With only the visual cue available during an oscillation,
the pilot does not appear to operate in a purely synchronous
manner unless it is possible that he is capable of almost in-
stantaneous large magnitude gain adaptation. Adaptation
of this nature would be required for a synchronous pilot to
avoid a PIO at the level of 1/Ty, used. Based on previous
human response research,! such adaptation does not seem
feasible.

2) When a pilot flies a visual loop with full-scale motion
cucs available to him, his dynamics are altered from the
motionless pure visual case. The availability of full-scale
motion cues causes the pilot model to appear more syn-
chronous in the visual loop; however, the same data more
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Fig. 9 Pre-Pl1O tracking time history, moving-base.

consistently show the pilot operating with lag dynamics on
the load factor cues.

3) In regard to the two stick-force spring gradients used,
the high gradient generally appeared to reduce PIO tend-
encies. However, some PIOs were generated with each
spring at about the same values of 1/,

4) Under both moving- and fixed-base conditions, a re-
duction in 1/Ty, to values near zero produced a situation of
inferior controllability and worsened pilot opinion.

The reader is cautioned that the suggested PIO pilot
dynamics are stationary descriptions, and ax such are valid
during PIO, but not during the transition period to PIO
from a previously stable behavior. TFurther, it is empha~
sized that the tests provide discrete [requeney points, not a
continuous frequency domain.
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Fig. 10 Typical PIO time history, moving-base.
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Recent Research Results in the Aerodynamics of
Supersonic Vehicles

A WarxEr Rosixs,* Opern A, Morris, T axp Rovy V. Harwis Jr.
NASA Langley Research Center, Hamplon, Va.

The continuing aerodynamic-research effort aimed at improving the design of supersonic-
cruise vehicles has recently produced some significant results. Research by both government
and industry has provided, in addition to a better understanding of the design problem itself,
some new and very useful design tools and concepts. Some of the advantages of these meth-
ods in the lreatment of wave drag and drag due to lift are briefly discussed. Also presented
are some new considerations of aerodynamie interference and its eflect on the aerodynamic
efficiency of the trimmed vehicle. An illustrative example of the application of these design
1ools and concepls to the aerodynamic design of a supersonic-cruise vehicle (SCAT 15-F) is
made. A parallel analytic and experimental buildup of the vehicle is presented, including
treatment of the symmetric (flat camber-plane), the warped, and the warped-and-reflexed
versions of the configuration. The potential of the new techniques is demonstrated by the

zood agreement between experiment and theory and by the high level of vehicle performance.

Introduction

BASIC aim of acrodynamic research is to provide the

design acrodynamicist with rational, rapid, and reliable
means for evaluating the aerodynamics of a given aerody-
namic shape and to enable him to assess quickly the cost in
aerodynamic efficiency of proposed changes in vehicle shape
brought about by other considerations. A short reaction
time for the aerodynamicisi will permit him to participate
more effectively at the vehicle coneept stage and thus provide
for a more comprehensive design process.  Intensive effort
by both government and industry therefore has been devoted
to the implementation of existing theory with new analytical
numerical methods such that the high-speed computer might
provide ecalculative results heretofore restricted to certain
relatively simple shapes.  Some significant contributions to
this end have recently been made.  These, along with other
new considerations of the acrodynamics of the supersonie
vehicle, will be discussed.
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Discussion
Zevo-Lift Wave Drag

One of the most useful developments has been the applica-
tion of the high-speed computer to the problem of rapidly
determining the zero-lift wave drags of highly complex shapes.
Most early cfforts aimed at treating the complex ease, such
as the “transfer rule” of Ward! and, of course, supersonic
area rule,® 3 involved the concept of equivalent bodies of
revolution.  These efforts had depended upon graphical or
semigraphical schemes for generation of the geometry of the
many equivalent bodies and utilized, with erratic results, a
Fourier series representation of the slopes of areas of these
bodies in the drag calculations.  More recent schemes* ac-
complish the geometrie exercise with the computer using a
mathematical model of the aireraft as <hown in Fig. 1 and
determine the drag of the equivalent bodies as vepresented by
least-drag paths through the computed cross-sectional areas.
The result is a significant advancement in both speed and
accuracy. The right-hand portion of the figure shows the
agreement hetween caleulated and experimental values in the
Mach number range from 1.4 to 3.2 for very complex, con-
plete configurations designed for supersonic cruise, varying
from fighter-type vehicles on the upper right to bomber and
transport types on the left.  Except for the three high points,
all of which may have resulted from boundary-laver separa-
tion, the agreement is generally good. Such computer pro-
grams certainly represent a powerful aid to the design acro-
dynamicist.



