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FOREWORD 

This report was prepared for the United States Air Force by the Cor

nell Aeronautical Laboratory, Inc., Buffalo, New York, in partial fulfillment 

of Contract AF33{616}-5823, Part I, Paragraph B, Item V. 

The work reported herein was performed by the Flight Research De

partment of the Cornell Aeronautical Laboratory under the sponsorship of the 

Aero-Space Mechanics Branch, Flight Control Laboratory, Wright Air Devel

opment Division, Wright-Patterson Air Force Base, Dayton, Ohio, as Project 

No. 8219, Task No. 82163. WADD project engineers have been S. Hawkins, 

R. Ringgenberg and R. Wasicko. 

Significant contributions to the engineering effort of this project were 

made by the following members of the Flight Research Department: J. L. 

Beilman, N. L. Infanti, and P. A. Reynolds. 

The report is also being published as Cornell Aeronautical Labora

tory Report No. TE-1243-F-2. 
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ABSTRACT 

The initial results of a flight research program to simulate the 

handling qualities of winged vehicles during atmospheric entry are re

ported and discussed. The purpose of the program is to evaluate in flight 

the effects on pilot-vehicle performance of the dynamic flight character

istics of atmospheric entry vehicles, and to determine their suitability for 

the entry mission. 

The evaluations were conducted in a three-axis variable stability 

T-33 airplane. Different sets of handling characteristics were evaluated 

in maneuvering flight and rated as to their suitability for the entry mission. 

Emphasis was placed upon the lateral handling characteristics, and one 

hundred twenty-nine configurations were examined by one pilot. An effort 

is made to relate pilot objections and the attendant poor ratings to their 

causative vehicle characteristics. The piloting difficulties involved in the 

control of vehicles vvith either static or dynamic directional instabilities 

are discussed. 

PUBLICATION REVIEW 

This report has been reviewed and is approved. 

FOR THE COMMANDER: 

<2~:~ 
Chief, Aero-Space Mechanics 

Branch 
Flight Control Laboratory 
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Subscripts 

Trim value0 

A Aileron 

AS Aileron stick 

E: Elevator
 

£S Elevator stick
 

12 Rudder
 

"fa? Rudder pedal
 

S5 Steady state
 

Axes and Sign Conventions 

The airplane response sensors in the T-33 airplane are oriented with re

spect to the fuselage reference axes. These are the body axes with their origin 

at the c. g., and defined by the leveling points in the airplane such that when the 

airplane is laterally and longitudinally level the X and Y axes lie in the horizontal 

plane with the X axis in the plane of symmetry pointing forward along the fuselage. 

The Y axis is normal to the plane of symmetry with its positive direction out the 

right wing, The Z axis lies in the plane of symmetry with its positive axis 

downward, 

The moments and products of inertia, I'X ' I ' and I 1l't ar'e specified for
1 

this fuselage reference axis system. The equations of motion in Appendix A are 

written with respect to this axis system, and hence the stability derivatives, 

(e, g" Y,g , NI' ' LIS ' CY,.s , ant! ' C..e,e , etc,) are computed for this axis system. 

The "primed" yawing and rolling moment derivatives N't:J L '1a , etc.,' ,.., 

are linear combinations of the fuselage reference axis derivatives, NfS ' Lt6 • 
etc" and are defined in the List of Symbols, 
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SECTION I 

INTRODUCTION 

Under the sponsorship of the Flight Control Laboratory, Wright Air 

Development Division, Air Research and Development Command, U. S. Air 

Force, a comprehensive research program has been undertaken to determine 

the suitable range of handling quality parameters for atmospheric entry ve

hicles. This work is being performed by the Flight Research Department of 

the Cornell Aeronautical Laboratory, Inc., Buffalo, New York, in a contin

uing effort to expand the knowledge of handling qualities for advanced piloted 

vehicles. 

The principal objective of the over-all program is to determine the ef

fects of the vehicle dynamic flight characteristics on the pilot-vehicle perform

ance during the entry and descent phases of flight. A particular entry vehicle 

is not studiedj, instead, the range of dynamic flight characteristics investigated_ 

is made sufficiently wide as to encompass the probable characteristics of future 

piloted vehicles. 

This report contains the results of an investigation of a wide variety of 

dynamic flight characteristics, concentrating on the effects of large excursions 

of lateral-directional handling qualities on the pilot control of the vehicle and in

cluding a look at the interaction effects of different longitudinal characteristics. 

This work covers both good and bad characteristics in order to supp,ly informa

tion to define the desirable dynamic flight characteristics for the entry task and 

to provide a measurement of the degradation of pilot-vehicle performance as the 

flight characteristics are worsened. 

The method by which these evaluations are made is a series of experi

ments in which a pilot is put in control of a vehicle whos e dynamic flight char

acteristics are alterable. The flight characteristics under consideration are 

set up on the vehicle, one group at a time, and the pilot performs a series of 

maneuvers representative of those maneuvers which he might be called upon 

to perform during an actual entry and descent. His comments regarding his 
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control difficulties, his objections to the dynamic flight characteristics of the 

vehicle, and his subjective evaluation of the suitability of these characteristics 

ior the accomplishment of the task form the bulk of the evaluation data. 

The pilot-vehicle combination is a dynamic system, and the evaluation 

of the suitability of a variety of vehicles should be made with the complete sys

tem being us ed in the accomplishment of the required tasks. It is not yet pos

sible to represent the human pilot analytically with enough accuracy and com

pleteness so as to perform these evaluations theoretically. Since an experi

ment is thus required, it would be desirable to measure the pilot-vehicle per

formance and use its degradation as a measure of the lack of suitability of the 

vehicle1s characteristics. Attempts to do this have met with little success, 

principally because the pilot is so adaptable in his own dynamic performance 

as the controlling element that he maintains near-constant pilot-vehicle per

formance over wide excursions of vehicle handling characteristics in the types 

of tasks (generally tracking maneuvers) which have been examined. At the 

same time that he is achieving good performance, the pilot says he is so sat1.4r

ated with the poor characteristics that he could not handle other requirements 

of the mission except under ideal circumstances. Hence the subjective evalu

ation is relied upon because of our inability to devise a suitable performance 

measure which will adequately weigh all aspects of the contribution of the par

ticular vehicle characteristics toward the accomplishment of the mis sion. It 
~ 

~hould be noted that the subjective evaluation is so-called expert t~stimony, 

not just hearsay. It consists of detailed comments made and recorded during 

the evaluation, as well as summary ratings given at the completion 0.1 ea:::h 

evaluation. The comment data is extensively studied, and is heavily wF,~ighed 

in the establishment of the boundaries on the plots of pilot ratings vers1.4S con

figuration characteristics. 

The pilot has a variety of sensory inputs which affect his actions both 

as a dynamic controlling element and as the evaluator of the suitability of the 

vehicle characteristics. The in-flight simulator does subject the pilot to the 

motion and acceleration environment of the simulated vehicle, but it does not 
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~ntirely reproduce the emotional stress on the pilot in an actual entry mission.
 

But since he is actually in flight, the emotional stress level is approached.
 

The evaluation pilot is inherently faced with the realism of the issue, and is
 

constantly aware that this is no game he is playing - the gls he feels pushing
 

him down into the seat are also bending the wings of his warm, happy home.
 

In this report, the evaluation program is discussed first, with an ex

amination of the airplane parameters which are to be varied, the maneuvers 

to be performed, the frame of reference within which the evaluations are made, 

and the rating scale to be used. The method by which the airplane response 

parameters are specified is discussed. 

The program results are presented, first as the roll mode parameters 

are varied, next as the other lateral-directional characteristics are varied, 

and finally for an abbreviated examination of the effects on these evaluations 

of different longitudinal short period response characteristics. 

WADD TR 61-147 3 





SECTION II 

EVALUATION PROGRAM 

The principal objective of this research program was to carry out a 

systematic investigation in flight of a wide range of lateral-directional handling 

characteristics and determine the probable pilot ratings of the performance of 

the pilot-airplane combination in the accomplishment of the re-entry task. 

The simulator vehicle used for the handling qualities research reported here

in is the variable stability airplane, an airplane whose transfer functions be

tween pilot control inputs and airplane response outputs can be altered in flight, 

independent of the flight test condition of airspeed and altitude. 

A. EQ UIPMENT 

The variable stability airplane used for these evaluations is the three

axis T-33 which was designed and built by the Cornell Aeronautical Laboratory 

for the Flight Control Laboratory, Wright Air Development Division, U. S. Air 

Force, and is described in References I, 2, and 3. A paper presented to the 

lAS in 1955 by Breuhaus (Reference 4) describes the use of variable stability 

airplanes for flight research. For the purpose of this report, the following 

brief description should suffice. A standard T-33 was modified in such a man

ner that its transfer functions, or handling characteristics, about the pitch, 

roll, and yaw axes, can be changed in flight by simply repositioning a set of 

gain controls in the rear cockpit. These changes in the handling characteristics 

are made in such a manner that the evaluation pilot is unaware of the means by 

which the changes occur. This is important, and it is achieved. He feels as 

if the airplane itself has been changed - not something in it. 

Two pilots are aboard the T-33. The pilot in front is the evaluation pilot, 

while the rear pilot acts as safety pilot and system manager. The flight tests 

described herein were conducted at Edwards Air Force Base, California, in 

November and December of 1959. A base flight condition of 25,. 000 feet and 

M = .6 was used for the evaluations, and the duration of each flight was slightly 
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over two hours. As an example of the reliability of the equipment, fifty eval

uation flights were made in a calendar period of six weeks, including an air 

plane and engine periodic inspection in this period. 

B. EVALUATION PROCEDURE 

Of fundamental importance in any evaluation program is the mis sion 

or task which the pilot-vehicle combination is called upon to perform. Often, 

there is no one simple task which can be easily duplicated. The specific mis

sion of a vehicle re-entering the atmosphere is to descend and land safely 

without exceeding the limitations of the vehicle or pilot. This mis sion en

compas ses many control tasks, and an evaluation of the vehicle handling char

acteristics regarding their suitability for the mission can be approached by 

having the evaluation pilot perform selected tasks which are representative of 

some of the required tasks. Four tasks, or maneuvers, were used for this 

evaluation program: 

a)	 Straight flight, including small turns (heading change less 

than 30 0 
) and pitch corrections (O .::: 17 t < 3 g) about level flight. 

b)	 Turning flight. Shallow ( (/J = 30°) and steeply-banked ( (/) = 60°) 

turns involving heading changes of at least 90°, with particular 

attention to the control of nose position with bank angle while 

holding constant angle of attack. 

c)	 Rolling flight. Slow (normally used) and rapid {maximum safe} 

rolling maneuvers, including 180" and 360" rolls when handling 

characteristics permit. 

d)	 Straight flight and turning flight in the presence of simultaneous 

pitch, roll, and yaw disturbances. 

The first three maneuvers are all pilot-initiated, and each has its role In 

the evaluation of the requirem.ents for the entry mission. >:c The last maneuver 

Maneuver (c) enables the pil.ot to examine the response to sustained roll control* 
inputs as might be experienced in recoveries from excessively steep bank
 
angles or ~nadvertently-attainedunusual attitude.
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was included because it was felt that in an evaluation of short duration, it was 

possible for the evaluation pilot to miss a relevant characteristic simply be

cause the manner in which he (in particular) performed his control tasks did 

not cause the characteristic to become evident. Maneuver (d) caused the pilot 

to respond to external disturbances which were not of his own making. The 

disturbances were produced by white noise inputs fed through a low-pass fil 

ter that cornered at 7 cps, and thereafter, fed as commands to the three con

trol surface servos. 

The primary evaluation was conducted as visual flying. However, for 

each configuration, the pilot performed abbreviated maneq:vers (a), (b), and 

(c) in simulated instrument flight. The evaluation comments and ratings are 

given principally for visual flying, but assume that much pilot attention is 

given to his illstruments. 

The evaluation pilot performed the four maneuvers in order. He wire

recorded his comments after each maneuver. Following his comments on 

Maneuver (d) he 'briefly summed up his over-all impression of - and objec

tions to - the configuration. He then assigned a rating to the configuration as 

to its general suitability for the entry mission. A ten-point rating scale was 

used, similar to that described in Reference 6, except that no consideration 

is given in the ratings for a secondary mission. 

The rating scale is shown in Table 1. It will be noted that the rating 

consists of both a number and one or more adjectives. The evaluation pilot 

relied entirely upon the words - it was only by use of the words that he could 

assign a rating to the configuration. The numbers meant nothing until they 

were defined by words. In this report, however, it is more convenient to dis

cuss the ratings in terms of the numbers, a convenient shorthand. 

In order to arrive at a summary rating, the evaluation pilot first as

signed the configuration to one of three categories. It was either satisfactory, 

unsatisfactory but still acceptable, or unacceptable. Then an adjective which 
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corresponded to this selection was given as the rating. There was one final 

category corresponding to the Rating 10. This rating was applied to unfly

able configurations; i. e., those configurations in which the pilot lost con

trol during the evaluation maneuvers. 

C. TEST PROGRAM 

During the fifty-flight program, the following parameters were varied: 

1.	 Dutch roll mode undamped natural frequency, CUd 

2.	 Dutch roll mode damping ratio, ~d 

3.	 Magnitude of roll-to-sideslip motion in Dutch roll mode, I¢/f3/ 
4.	 Undamped natural frequency of numerator quadratic in 

roll-to-aileron transfer function, £V¢ 

5.	 Steady state roll rate per inch of aileron stick motion, k:ri 
'i-'$AS 

6.	 Roll mode time constant, 't';€ 

In addition, during the brief interactions evaluation, longitudinal short period 

undamped natural frequency, WS ?' and damping ratio, "::S'P ' were varied. The 

spiral mode root was made neutrally stable for these evaluations (YZ; ~ 0). 

Thus, the roll transfer function to aileron stick motion inputs for rudder-fixed 

is of the form (derivation and equations of motion shown in Appendix A): 

( 1) 
a,4S 

where	 the control system dynamics are neglected. 

In terms of so~called " unprimed" derivatives [primed derivatives 

are formed when the yawing and pitching moment equations are rewritten to 

eliminate explicitly the acceleration terms, (I%o/'II~).j> and (1'X."t/1"t) ;. re

spectively ] , the expres sion for is as follows:ev; 
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N~ )
(N~ +Y,eN,.) -r (LIJ + Y,e L,. 

SA (2) 

In terms of the Ilprimed" derivatives: 

(3) 

An approximation for 
2

CUd is: 

(4) 

Thus, an approximate expression for 
aJ¢ 

cvd 
is: 

w 2 

'd 

N~A (L~ + Y/5 t.,.) 
/ - L''fi (N;S + ~N;') 

(5) 

fl 

A further approximation is evident when the products YpL'r and ~ N~ are 

small compared to L~ and N~) respectively: 

L'13 (6)1 N't& 

With the six above listed parameters to be evaluated, a thorough exam

ination of all possible combinations of the parameters could not be accomplished 

within this flight program. Interest was centered, during these evaluations, on 

the parameters CUd ' '5 ' I¢/f3j , and the ratio CV¢/CI)d . The latter variable,d 
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W¢/UJd ' has been suggested by Ashkenas and Mc:Ruer in Reference 5 as a 

parameter which might tie together the sometimes contradictory results of 

lateral-directional handling qualities evaluations of Wd' >5d ' and} (2S/tS / . 
The numerator characteristic, W¢ , can be varied independently of the other 

three variables in the variable stability T-33 airplane through variations in 

the yawing moment due to aileron deflection, NS
A 

' and hence provides the 

capability to examine the effects on pilot ratings of Cl)¢!ClJd for widely separ

ated combinations of the other parameters. 

A survey was also made of the roll mode characteristics, "C'2 and 

1C~c- , principally at one base condition of Dutch roll characteristics. It 
C> AS 

should be noted that Klt. is defined herein for the rudder-fixed case, and 
~SAS 

is the steady state roll rate per aileron stick motion, including the roll rate 

produced by the steady state sideslip. 

The pilot's controls were a conventional center stick and rudder pedals. 

The aileron force versus position gradient was held constant at 2 Ib per inch 

of travel at the stick grip. The rudder pedal gradient was 250 Ib per inch of 

pedal travel, and the elevator gradient was 40 Ib per inch of elevator stick 

travel at the grip. The rudder deflection per rudder pedal deflection was 

varied so as to maintain constant steady sideslip per rudder pedal displacement. 

The longitudinal short period characteristics were held approximately 

constant at >;51> =0.5, Cl,)s'J) = 3 rad/sec, and FEs/nt: =81b/g for the bulk of 

evaluation'; reported here. These provided desirable 16iigitudinal characteris

tics so as to permit a maximum excursion of pilot ratings due to the variations I 
in lateral-directional parameters. A brief survey was made at the end of the 

program of the effects of different longitudinal characteristics. 
I 
I 

The roll mode evaluations of 1C';5 and i:'~ were conducted first; fol

lowed by the evaluations of combinationsA~f CUd ' ~d ' I¢/181 ' and Ct}¢/evd 

for constant Kg, and 'tR,. . A total of one hundred twenty-nine different 
~AS 
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configurations were examined during the program. These configurations are 

listed in Table II with the parameters that define the response characteristics 

evaluated. Except for the separation of the program into the three categories: 

roll mode, lateral-directional, and longitudinal interactions, the configurations 

were given the pilot in a random order. He was never informed of wha t par

ameters were being varied nor of their values until after the entire program 

was completed. He had to view each configuration separately without direct 

comparison to what had gone before. 

Because the evaluations were of an exploratory nature of a large range 

of several parameters, it was necessary that the evaluations be conducted by 

One pilot in order to stay within the funded program. Only three actual repeat 

points were evaluated during the program. These resulted in identical ratings 

in two cases, and the ratings differed by One number in the third case. In ad

dition, the data results indicate good repeatability of the pilot ratings in the 

general smoothpess of the rating variations with parameter values being eval

uated in a random order. The pilot attempted to force each configuration into 

one of the ten ratings. He was fairly succes sful at this (though often with men

tal reservations), but occasionally had to rate halfway between ratings. This 

indicated that he was unable to assign it to either the higher or lower category 

without feeling in error. 

It is worth emphasizing here the important contribution of tHe pilot com

ment data to the data results of this and any similar subjective evaluation pro

gram. It is a complex process by which the pilot arrives at a decision regard

ing the suitability of a given set of charact.eristics for a task, and he does not 

understand all of the process himself. Consequently, if he discusses the COn

figuration and his attendant control problems and difficulties, and if these are 

recorded for the analyst, they form a volume of data as important as the sum

mary rating. For it is here that the analyst may determine the "why" of the 

objection. This may, in turn, point the way to a better analytical model of 

the human pilot. 
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The pilot comment data in this program averaged ten minutes of re

corded observations for each configuration. Thus, in one hundred twenty 

nine configurations, something over twenty hours of pilot comment data was 

amassed. This data was typed, edited for gross transcription errors, di

gested by the analyst, and reviewed constantly in comparing configurations 

with and among each other. The curves presented in the Discussion of Re

sults in this report are a product. not just of the pilot ratings themselves. 

but of the comment data as well. It is unfortunate that this comment data 

cannot be reported. but it is obviously too voluminous to be reported verba

tim and the editing task to condense it is beyond the scope of this work. 

D. AIRPLANE RESPONSE DATA 

A neces sary part of this and any evaluation program is the specifica

tion of the dynamic flight characteristics of each configuration evaluated. A 

number of the configurations which were to be evaluated were such as to make 

analysis of the usual flight records of aileron- and rudder-fixed control re

sponse maneuvers impossible. This was because the configurations had such 

poor characteristics that the pilot was unable to let go of the controls long 

enough to achieve a steady state - if one existed. For this and other reasons, 

an equations-of-motion program was set up for a digital computer to extract 

the stability derivatives of the simulated vehicle from flight records made 

during the pilot's t'!valuation of each configuration. This technique w01.A.ld 

make possible the extraction of the vehicle characteristics while the pilot 

was manipulating the controls with both disturbing and stabilizing inputs as 

necessary. 

Considerable difficulty was encountered in making this program work 

due both to computer programming difficulties and to some airplane recording 

instrumentation problems. These difficulties were such as to render useless 

this computational program for feeding back information to the project as to 

the accuracy with which the desired configurations were being set up. As a 

consequence of this, the execution of the evaluation program depended on 
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hand analysis of response transients, in areas where such could be obtained, 

as the sole information feedback. This was slow and arduous, and the prin

cipal reason, for example, that parameters such as ~d were not the same 

for the evaluations at one value of I r:;z5/f3 J as for another. The variability of 

t;d at one /¢i/s I is also due to this. As the program progres sed and more 

measurements were obtained to compare with shot-for values, the computa

tional scheme for computing variable stability system gains in order to achieve 

the desired lateral-directional characteristics was greatly improved, but not 

nearly as rapidly as had been planned. 

After the evaluation program was completed and the project personnel 

returned to Buffalo, considerable additional analysis brought about accurate 

extraction of the larger stability derivatives using the equations -of -motion 

program, but the smaller, yet important, derivatives were not accurately ex

tra.cted. Hence, the project had to return to the analysis of the fixed control 

responses. The computational method and parameter values were refined with 

the measurements from the flig:lt test data until the computations accurately 

fitted the measured data points. The values shown in Table II and presented 

in the figures of this report were then computed for all configurations. 
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SECTION III
 

DISCUSSION OF RESULTS
 

A. ROLL MODE EVALUATIONS
 

The evaluations began with a brief look at the roll parameters k:¢<>: 
(;' AS 

and l:':e at a bas e condition of good lateral-directional characteristics. The 

results are summarized in Figures 1 and 2. The pre-selected range of values 

of IG¢ «" was sufficient to produce the desired variations in pilot ratings, 
C> AS 

but the range of variation of t:'R, was not. 

1. Effects of k <b s for Good Base Configuration 
~5 

Pilot rating is high for values of k:c;<:: = .13, .37, and 1.23 radper 
q liS 

sec linch ""ith a peak between. 13 and. 37. The pilot is tolerant of fairly wide 

roll control effectiveness because of the nature of the ta.sk - control of bank 

angle is more important than rapid maneuverability; therefore, the rather 

slow roll rates experienced with the low effectiveness are not harmful. When 

efiectivenes s gets very low, the pilot begins to lose the degree of roll preci

sion which he requires for the maneuvering requirements of the task and his 

ratings drop off rapidly. He also becomes concerned as to his ability to ade

quately control the bank angle in the presence of external disturbances. When 

the roll control is too effective ( JG¢ <:: large), the ability to produce and 
P liS 

control low roll rates is lost, and with it goes the precision of control of bank 

angle which he requires for the task. There is a tendency with the high effec

tiveness to experience roll oscillations, particularly when there are external 

disturbances to control. Any control system friction aggravates the situation 

with high values of k. ¢ <:' A substantial roll rate in one direction or the 
C> 115 

other can result when the stick is allowed to self-center, and it is difficult to 

arrive at the stick position for zero roll rate. The bank angle is constantly 

changing, and thus requires an undue amount of the pilot's attention. 
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2. Effects of t£ for a Good Base Configuration 

The roll mode time con.stant, '2:';e , was varied from O. 1 seconds to 1. 2 

seconds with only a small change in pilot ratings. The highest ratings were 

given for values of 'tR, =.37 and. 52 seconds. There is a deterioration in 

rating for higher and lower values of "i"7a' Here again, as the task does not 

put much premium on maneuverability (as contrasted with the requirements 

for air-to-air combat in fighters), a wide range of variation is acceptable. 

When "C'R becomes large, the ailerons are essentially acceleration-ordering 

because the pilot seldom waits long enough between aileron inputs for the roll 

rate to reach its steady value (approximately three times tg when the Dutch 

roll is undisturbed). The pilot generally prefers to order either roll rat~ or 

bank angle, so he tends to fly configurations with large 'i"~ using a series of 

aileron pulse inputs. These inputs produce steady roll rates initially, and 

steady state changes in bank angle if he waits long enough. This type of con

trol is generally adequate (though not desirable) in situations where there are 

few, if any, external disturbances, where the pilot can devote considerable 

attention to the task, and where the penalty for imprecise control is not 

catastrophic. 

When "t'~ is reduced to very low values (around O. 1 seconds and less) 

while maintaining a constant value of k: ¢ ~ ~s ' the steady roll rate becomes 

more and more nearly in phase with the aileron input. Hence, the roll accel

erations in achieving a particular roll rate are steadily increased as £:12 is 

lowered. The roll accelerations become objectionably high around ~;i2 = O. 1 

seconds, and to reduce these accelerations, the pilot begins to use slowe.r 

applications of aileron control. However, there are times when he reacts In

stinctively and suddenly, and it is these situations which bring on the poorer 

ratings. He reduces his roll channel gain as t::'2 is reduced, but in an e.mer

gency situation, he reverts to a higher gain and his control problem becomes 

difficult. A pilot-airplane closed-loop oscillation takes place in roll until he 

can reduce his gain once more. 
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Reference 6 presents results obtained from a moving-cockpit ground

based simulator for tests during which roll mode time constant and maximum 

rolling acceleration available to the pilot were varied. It was shown that a 

criterion for the satisfactoriness of lateral control could be formed from 

these two quantities. Although the nllmber of values of these quantities used 

in the flight investigation reported herein was limited, the results obtained 

agree reasonably well with those of Reference 6. However, a more extensive 

flight investigation would be required before a complete comparison could be 

made. It should be noted that good Dutch roll dynamics were present during 

the flight evaluations of the effects of Tj2 and lG¢s,qs The simulator tests 

of Reference 6 did not include Dutch roll dynamics - only a single degree-of

freedom roll mode was simulated. 

B. LATERAL-DIRECTIONAL EVALUATIONS 

Values of JC¢ ~IlS = .36 rad/ sec per in. and "'CR = . 37 sec were selected from 

the results of the roll mO,de evaluations, and were held approximately constant 

at these values for the lateral-directional evaluations. As is evident in Figures 

1 and 2, pilot ratings about the optimum values of k:¢alf'S and L:;tG were rela. 

tively insensitive to variations in these values. Thus, variations during the 

test program were not critical. Three values of CUd ' nominally 4, 2, and 1 

rad/sec, were used to represent three areas of re-entry flight conditions cor

responding to high, moderate, and low dynamic pressure conditions. A fourth 

Wd corresponding to very low dynamic pressure was set up and evaluated 

a t only one value of J ¢/,s I . 

The base conditions of CUd were evaluated at two valt:;.es of ~d . For 

each combination of Wd and '5d ' the results are presented in graphical form 

as pilot ratings versus CU¢/Wd for several values of !¢/,8/ . A discussion of 

these results follows. 

1. High CJd and Low ~d : 

The pilot ratings are summarized in Figure 3 for this condition. The da.ta 

is shown for an average CV = 4.3 rad/sec. 'tgd was not held as nearly c:onstantd 
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as was desired, so the actual value of ~d is shown adjacent to each point. 

Some analysis difficulty is introduced by the inability to hold ~d constant 

during the evaluations. ~d has a powerful effect on pilot opinion, partic

u1ar1y when ?;;d is low, and small changes can produce relatively large ef

fects on pilot opinion. However, if we look at the data plotted in Figure 3, 

some interesting results can be deduced after allowing for the effects of ~d' 

Evaluations were made for four ranges of roll-to-sideslip ratio, I (2')/..<S I =1.07 

1.20,2.42 - 3.19,3.93 - 4.53, and 7.06 - 7.40. For each range ofl ¢/t-3I, 
evaluations were made at four values of W¢/OJd corresponding to one value 

of adverse yaw due to aileron deflection (U)~/Cl)d < 1), one value of zero, and 

two values of favorable yaw due to aileron deflection «(i)¢/Wd > 1). 

Refer first to the data shown for I¢/!31 = 1.07 - 1.20. A definite pref

erence is shown for U)¢/aJd = 1 (N~/ = 0). The rating is enhanced by some

what higher 5d than for the other points at IrtJ/t8l = 1. 07 - 1.20, but even 

when allowance is made for this effect, there is a definite preference for 

W¢/6)d = 1. Both favorable and adverse yaw due to aileron deflection seem 

equally objectionable. 

As a contrast with the low I¢/131 situation above, the data in Figure 3 

for I¢/fjl =7.06 - 7.40 shows a distinctly different trend of pilot opinion with 

W¢/GJd ' one in which there is a decided preference for adverse yaw due to 

aileron deflection over favorable yaw. Furthermore, there appears a signifi

cant preference for adverse yaw over zero yaw. At first glance, this result 

seems contrary to any notion about what a pilot should like. It seems that a 

pilot should like zero yaw best - and he did for the low 1°/,6' I evaluations. But 

when I (/5/,<31 gets large, the pilot-airplane closed-loop situation changes. The 

Dutch roll oscillation is now predominant in the roll response whereas the roll 

motion was relatively small for 1(/>/181 = 1.07 - 1.20. Where the control of 

the Dutch roll mode was a rudder input task with low I¢/131 ' it is now an 

aileron input task. Because the frequency is high and large roll rates are in

volved (low ~d and high I¢/ts I), the pilot's gain is high. It has been shown 

theoretically by Ashkenas and McRuer in Reference 5 that the closed-loop 

WADD TR 61-147 18 



damping will be higher in the situation with adverse yaw due to aileron deflec

tion than with favorable yaw (or zero) for these airplane root locations. The 

open-loop Dutch roll damping is already lower than desirable, and the decreased 

closed-loop damping for Ci}¢/Ct)d > 1 is quite objectionable. In fact, the pilot 

~mented that f~W¢/Ct)d = 1. 2, there was a definite pilot-induced oscillation 

whenever the ailerons were used to inhibit the roll oscillation. COt.$ICr 
/0')..-

The curves in Figure 3 for I¢je I = 2.42 - 3.19 and 3.93 - 4.53 exhibit 

intermediate trends between the results for the low and high I ¢/".sl . When ad

justment is made for the low ~d at W¢/Wd = 1, the curve for !l2S/,.e I =3.93 

4.53 exhibits a similar trend to that for I~/'si = 7.06 - 7.40. That is, pilot 

preference is for some adverse yaw due to aileron deflection, and for the same 

reasons outlined above. Pilot-induced oscillations are reported for the highest 

value of CV¢/CJ)d (favorable yaw). In fact, this point was almost un£lyable 

it was reported dangerous - because >;d was nearly zero open-loop and the 

oscillation easily became divergent closed-loop. Y{hen the pilot tried to main

t~in a particular bank angle, __c:~ilot-induced oscillation resulted immediately. 

The random noise gain could not be increased to its reference value for Ma

neuver (d) because of the pilot's control problems. 

The apparent pilot opinion trend with I(2S/.s I = 2.42 - 3.19 is distorted 

somewhat at the end points by the variations in ~d At the extreme values of 

W¢/Ct.>d ,there appears to be a small preference for adverse yaw over favor

able, since the pilot rated the adverse yaw configuration better (a'six) than 

the favorable yaw configuration (a seven) even though the former had lower 

Dutch roll damping ( >t d =.05) than the latter ( ~ d =.07). The best ratings 

are given for CV¢/ (J)d =.99 and 1. 09. The pilot reported that the yaw due to 

aileron input was negligibly small for both, that the configurations were both 

acceptable and satisfactory for entry, but that they were responsive in roll to 

disturbances. 

It is desirable now to discus s the pilot comments regarding the 
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appearance of this base flight condition from the cockpit, including pertinent 

control techniques. A predominant characteristic is the very high directional 

stiffness. The airplane has a very strong tendency to stay pointed the way it 

is going. This stiffness is so strong that there is little need for coordination 

for slow inputs. The sideslip which results from the lack of coordination is 

small; and further, when the sideslip disturbance - aileron input with yaw 

due to aileron - is reduced, the airplane immediately initiates a return toward 

zero sideslip. With low I¢,.'l.31 and reasonably high ~d ' the pilot tends to fly 

two-control, i. e., does not use the rudder to coordinate the aileron inputs. 

When the roll due to sideslip is high however, there is a need for coordination. 

not because the side acceleration is objectionable, but because the roll rate 

performance is so strongly influenced by sideslip. The tendency then is for 

the pilot to use the rudder in rolling maneuvers in a manner to make the roll 

rate "right" for his aileron input. 

It has already been shown that the closed-loop pilot-airplane dynamics 

are made worse by favorable yaw due to aileron deflection, and hence, objec

tionable to the pilot. There is a further objection to the favorable yaw which 

can be seen by examining the control task in a rolling maneuver with favor

able yaw and high I¢/,d I. To initiate a left roll calls for left stick and right 

rudder to coordinate the favorable yaw. To stop the roll requires centering 

the aileron and releasing the right rudder. This cross-coordination is dif

ficult for normally-trained pilots and yet it is important to the pilot to coor

dinate properly so that his roll performance is predictable from his aileron 

inputs. When he reacts suddenly - as he will occasionally - he mis -coordinates 

and his control performance is poor. 

2. High CUd and Moderate ~d : 

The pilot opinion ratings are plotted in Figure 4 for the high Dutch roll 

undamped natural frequency (approximately 4.3 rad/sec) as a function of 

Wrp/rud for several values of I 91/,81 . 
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It is interesting to note the decided preference for CU¢/lVd = 1 and 

the considerable objection to both adverse and favorable yawing moment due 

to aileron deflection for the lowest I ¢/,.81 . Examination of the pilot comment 

data shows two primary reasons. First, the Dutch roll damping was higher 

( 'lffd :: . 38) for the CJ.)¢/CUd = 1 point than for the other three configurations 

( ;d ';;! .27). Although this isn't a major difference in damping, it is impor

tant at this high value of c.:>d' The pilot had complained strongly about the 

"looseness" or susceptibility to disturbance of this value of Wd for the con

figurations where ~d was low (0. 1). This objection is offered here (though 

not as strongly) for the three configurations where ~d ~ 0.2.7, causing, ac

cording to the pilot comments, a decrease in rating of at least one point, but 

not more than two points, due to the responsiveness to the random disturbances 

of Maneuver (d). These comments are absent for the CtJ¢/CAJd = 1 point where 

'5d was equal to .38. For this reason, the pilot opinion curve has been drawn 

one-half rating below the {j)¢/CUd = 1 point and corresponds to the probable 

opinion variation for ~d ~ .27. 

The other reason for the preference for = 1 at the lowest value 

ofl ¢/,gl is the lack of rolling in the Dutch roll motion in this configuration and 

the attendant discomfort of side acceleration without rolling. When W¢/U)d = 1, 

there is a minimum of sideslip disturbance. When there are yawing moments 

due to aileron inputs «(,)rj!tVd greater or less than unity), the resulting side 

accelerations with so little roll cause pilot discomfort and insecure feelings 

about his co~p_~:~~n:-'~'!~~:'L~~_~?~:onfiguration. 

Observe the pilot rating trends for 1¢/,.81 = 2.34 - 2.49. First of all, 

these configurations were rated as high or higher than any of those at the other 

values of I¢/tS I so this seems to be a desirable level ofl ¢/131 for this base 

condition. The opinion curve is fairly flat, with all ratings but the highest 

aJ¢/(J)d being ra.ted acceptable and satisfactory (Rating 3 or better). There 

is a slight preference for CV¢/CVd = 1. It is interesting to note the pilot l s 

comments regarding the two configurations for W¢/Ct)d > 1, particularly that 

for W¢!CtJd = 1.22. The pilot notices and comments that there is fa.vorable 

~ C,t)~~ tlCl-
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yawing moment due to aileron deflection, but says that it is fairly smalL Wha 

he does say repeatedly, however, is that he experiences roll oscillations In 

simulated IFR flight (flight by reference to his cockpit display instruments only). 

but they disappear when he returns to visual contact flight. He notes that his 

difficulty begins when he tries to concentrate on, and fly precisely, his bank 

angle presentation on the artificial horizon instrument. lie can stop the oscil

lation by returning to contact flight, and also by forcing down his responsive

ness - or gain - to bank angle errors. These characteristics are noticeable 

and somewhat annoying, but they are not a strong objection because the pilot 

can learn to live with them and adjust his own characteristics to accomplish this. 

Next observe the curve in Figure 4 for I ¢ltS I = 3.42 - 3.61. The ad

verse and zero yaw points are rated the same as for the I¢/;31 = 2.34 - 2.49, 

but the ratings drop off quite sharply for the favorable yaw configurations. 

The pilot objections to GJr/J1 CUd > 1 are strong and directed toward the roll 

oscillations. The comments are that the roll oscillations are present whenever 

he tries to track bank angle. The oscillations are still controllable in most 

maneuvers where the pilot initiates the disturbance. However, the external 

disturbances of Maneuver (d) cause him a great deal of difficulty in just flying 

straight and level because of the roll oscillations which take place whenever he 

is in the loop. He is able to fly it in the presence of the standard amount of 

noise input, but remarks that he wouldn't be able to take a whole lot more. 

The pilot rating curve of Figure 4 for I ¢/131 = 5.12 - 5.31 shows d 

similar trend except that the drop-off of rating with the extreme value of 

favorable yaw is the most severe of all. The pilot l s comments a re simi la r 

but stronger regarding the roll oscillation problem for the largest CJJ¢/Wd . 

The most notable comments occur during Maneuver (d), on the basis of which 

he downrates the configuration from a pos sible Rating 4 to a Rating 8. Smee 

the maneuvers were done in order (a) through (d);. the pilot has flown the 

configuration long enough at the end of Maneuver (c) to form a reasonable 

impression of it and give a t.entative rating. For most configurations which 

the pilot evaluated, Maneuver (d) did very little to affect the impression the 
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pilot had of the configuration. But for the high GJd ' high I¢k I ' high 

W¢/Wd configurations, the pilot changed his impression and rating 

gros sly after flying Maneuver (d). The reasons for this are believed to be 

twofold: the frequency content of the random input and the closed-loop nature 

of the task. The most important one is the latter in that difficulties with 

these configurations arise when the pilot-airplane combination is closed-loop, 

principally in bank angle. With no external disturbances, the pilot can handle 

the configuration moderately well by keeping his gain down, flying his bank 

angle loosely enough to stay out of difficulty, and never using the controls so 

5\lddenly as to introduce high (relative to the Dutch roll natural frequency) 

frequency inputs. 

The random noise input does have relatively high frequency content 

(i'lat spectrum to 7 cps), and the airplane has the dynamics with which it can 

pas s on to the pilot fairly fast airplane responses which he is then supposed 

to control. It is difficult for him to keep his gain down and still do an accept

able job of keeping the airplane under control. Generally, then, his gain is 

higher in this maneuver than in the others. If his troubles are closed-loop 

stability of the pilot-airplane combination as they are here, it is Maneuver 

(d) which will demonstrate his control problems. 

An excellent theoretical groundwork was laid out by Ashkenas and 

McRuer of Systems Technology, Inc., which predicted these control prob

lems with favorable yawing moment due to aileron deflection (CJ.J¢/CtJd > 1), 

In Re:erence 7, the controller was considered as a bank angle autopilot in a 

tracking task, and the locus of the roots of the characteristic equation of the 

pilot -airplane combination was plotted as a function of the pilot gain. It was 

shown that, for aileron-only control inputs, the locus of the closed-loop 

·'D1..;.t::h roll" oscillatory roots would progress toward regions of lesser damp

:::g :0r W¢/CtJd > 1 (favorable yaw due to ailerons), and toward regions of 

great"", damping for U]¢/UJd < 1 as the controller's gain (aileron input per 

·::.~:-_k a:-tgle error) was increased. This situation is analyzed in greater detail 

::-. Hef"":-er.ce :; with realistic pilot models. 
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This trend is quite evident in certain of the pilot evaluations reported 

herein. The degradation of pilot rating with (J)¢/aJd > 1 is strongest with the 

high frequency, high roll-to-sideslip configurations which had low to moderate 

Dutch roll damping. The effect of damping is self-evident. If the closed-loop 

damping is reduced from the open-loop damping with CV¢/CUd > 1, then the more 

(within limits) damping the configuration has to start with, the better the closed

loop situation is damping-wise. 

The role ofl as/IS I in this control problem is to transfer the task of mini

mizing the Dutch roll oscillations from the rudder with lowI¢/,61 to the aileron 

with large !¢/,I.S'I . Ifl ¢/,<;I is very low, the ailerons will not be much used at 

the Dutch roll frequency, and the assumption of roll-only control is relatively 

poor. One would expect less opinion loss with increasing CV¢/CUd (> 1), and 

this is the case. But with large I¢/f31 ' control of the Dutch roll oscillation 

becomes an aileron control task, and the yaw-producing characteristics of the 

ailerons become all-important, particularly regarding the phase of these mo

ments. The phase is such that the yawing moment produced by aileron control 

applied in opposition to bank angle changes is such as to enforce the Dutch roll 

oscillation when ~¢/(,)d > 1, and to reduce it when W¢!CtJd < 1. 

3. Moderate Wd and Low ~d : 

At an average Dutch roll mode of UJd ::: 2.3 rad/sec and t;d =.12, a 

series of evaluations was made fori ¢/131 ::: .65 - .66, 1.00,2.92 - 3.54, 5.46 

6.97, and 8.05 - 9.34. The pilot rating results are shown in Figure 5 versus 

W¢/a.>d . 

The trend of the ratings with Wf/;/CUd is quite interestmg _ The shape 

of the curves vary from an almost straight line fori ¢/,el = 8.05 - 9.34 to a 

very sharply peaking curve for I ¢/IS I :::.65 - .66. 

Examine first the ratings for I¢/,sl ::: .6S - .66. Here, a strong pref

erence is shown for W¢/4Jd ~ 1 with extremely little tolerance of va riation5 

of Gi)¢/Wd in either direction. Only a small range of WrtJ/UJd abou.t 1.0 is 
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satisfactory for the task. When the pilot comments are examined, it is found 

that the principal objection is the large yawing moment due to aileron deflection. 

An approximate expression for UJ¢/CUd is: 

(6) 

Since L~/N~ is a major contributor to I¢/tsl ' it can be readily seen 

that as I¢/tS I is reduced, larger and larger values of N'SA are required for 

given values of c.D¢/CUd At the low values of I¢/,e I ' the pilot is troubled 

primarily by the large sideslip angles produced due to these large value s of 

N 'all by use of his ailerons and hence he is more intolerant of the variations 

of W¢/c,)d 

As I¢/,el is increased, the disturbance inputs to the Dutch roll are de

creased for a given CJ)¢/UJd ' and the pilot ratings decrease less rapidly for 

variations of CU¢/a}d about 1. O. The curve for I¢/"e I = 2.92 - 3.54 is thus 

broader. It also has a higher peak rating, indicating a preference for some 

roll due to sideslip. Note that for CJ.}¢/CVd ~ I, a rating of 1. 5 is given for 

the somewhat low ~d = .12. The pilot commented that the Dutch roll was os

cillatory if disturbed, but that for maneuvering requirements of the task in 

smooth air, the Dutch roll was seldom disturbed. In Maneuver (d), the Dutch 

roll mode was disturbed but easily handled. There was sufficient roll motion 

that the ailerons provided adequate control of the roll and sideslip oscillations, 

and with N'& near zero, the aileron inputs did not further disturb the airplane.
A 

The pilot remarked that this set of Dutch roll characteristics, particularly the 

value of directional stiffness, was very good and well matched to the longitud

inal response. 

When I¢/,81 was further increased to 5.46 - 6.97, the rate of decrease 

of pilot rating with adverse yaw became even smaller, partly because of the 

reduced value of N~A (since L~/N'is was larger). In addition, the increased 
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closed-loop damping of the Dutch roll mode with CU¢/{i)d < 1 partly offset the 

sideslip-disturbing effect of N~ The pilot rating curve has not completely
A 

lost its symmetry, and the ratings decrease sharply for CV¢/CUd > 1. The 

pilot comments on oscillatory tendencies when trying to maneuver in roll, and 

in trying to minimize the sideslip oscillations with ailerons. He also comments 

that the roll due to sideslip has become objectionable, although he can still 

perform all of the required maneuvers. 

For I¢/t61 =8. OS - 9.34, the variation of pilot rating with {J)¢/CUd 
becomes almost a straight line for the range of . 83 «W¢/UJd)<::. 1. 11 with the 

highest rating given to the value of . 83. For CJ)¢/(i.)d about 1.0, the pilot 

objected to the extreme roll rates produced by a small amount of sideslip, 

caused either by inadvertent rudder inputs, by side gust, or by the random 

noise input. When favorable yaw due to aileron deflection was added to the 

configuration, he had difficulties with roll oscillations which caused his opin

ion to decrease. The introduction of adverse yaw due to ailerons did not elim

inate the objection to the high I¢/131 ' but it did aid his control of the roll os

cillations and hence, his rating was higher. It is indicated in his comments 

that a further decrease in W¢/CI)d by additional Niall would not continue to 

increase his ratings because the size of the sideslip disturbance would become 

objectionable, and hence it is expected that his rating would soon begin to de

crease as cU¢/CVd was further reduced. 

4. Moderate (Vd and Moderate ~ d 

For Wd = 2.3 rad/sec, a series of evaluations was conducted at a 

nominal value of ~d = 0.4, for I¢/,e I = .57 - .67, .1.37 - 1.80, 2.49 -2.99, 

3.93 - 5.53 and 6.76 - 7.46, summarized in Figure 6. Perhaps the most 

significant thing about this figure is that all configurations except two were 

rated Satisfactory (Rating 3 or better). This would indicate what has been 

established many times before - that a little Dutch roll damping goes a long 

way toward minimizing many lateral-directional ills. 

The rating curves are flat for the two highest I¢!t.31 in fact, there 
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is so little difference between the two that one rating curve is drawn for both. 

One evaluation fell significantly below the curve, that for UJ¢ /UJd = 1.04 and 

I (/)/(31 = 6" 76 - 7. 46. A review of the pilot comments indicated that some 

system difficulty was probably responsible for the lower rating, causing Dutch 

roll damping to be initially 10WE'r than intended, but changing during the evalu

ation to the recorded value. 

ofl ¢/;e\The rating curves = 2.49 - 2.99 show some cu.rvatu.re, bending 

downward with both favorable and adverse yaw. The ratings remain 2 or above 

for. 85 "'- (UJ¢/CUd) <: 1. 15 with a peak rating of 1 at about CV¢/(A)d = 1. 

The ratings for I 9># I = .57 - .67 exhibit the same sharp break dis

cussed parlier with increasing and decreasing CV¢/a.y from a value of unity. 

This is due to the large values of N~ which are required to vary CJJ¢/Ct}d when 

I% I is very small, with the attend:nt large sideslip disturbance whenever the 

ailerons are used. The favorable yaw is very difficult to coordinate with rudder, 

and hence, the very sharp decrease of rating with W¢/eVd < 1. 

Two additional evalua.tions for I¢$I = 1.37 - 1.80 are spotted on Figure 

6. For one" G}¢/wd =.98; for the other, {J)¢/(I)d = 1.09. These indicate 

a rating curve intermediate between that for I¢/,d I =.57 - .67 and 2.49 - 2.99 

as one would expE'ct" 

It appears that for this base condition of moderate frequency and damping 

and for ci)¢/Wd = 1, the pilot is tolerant of a wide range of I¢/,al, preferring 

the low values to the higher ones. If some varia~jon of UJ¢/CtJd is expected to 

occur In the region of thesE' base characteristics, a value ofl ¢/~I = 2" 49 - 2.99 

is prefera ble. 

The highest-rated configurations of this base condition repeatedly brought 

forth ,:1 pilot comment that he felt he was almost Ilwearing the airplane". By this 

he meant that the handling characteristics were very well matched both to him

self and the task; that control was very precise during all m;.t.neuvers, particularly 
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in holding a given "g" or angle of attack and varying nose position or flight 

path by varying bank angle. He remarked that these were near-optimum 

lateral-directional characteristics for the task, and that he felt these were the 

desirable characteristics to aim toward for the re-entry mission where possible. 

5. Low cUd and Moderately Low ~d : 

The evaluation results shown in Figure 7 are for (J)d = 1. 1 rad/ sec 

and ~d = .2, and show the pilot ratings for/¢/,.e/ = 0.71, 1.17 - 1.40, 1.75

2.55, and 2.90 - 4.56. Many of these evaluations were done early in the pro

gram, and so there is some variability in the parameters, particularly /0$ I J 

but the trends can still be seen. 

Generally, the trends appear similar to those with UJd = 2.3 rad/sec, 

except somewhat lower in ratings. The I ¢/,e I = 1. 17 - 1.40 configuration was 

rated "Good" or Rating 2, for. 95 < (cv¢/Cc)d) <: 1 and the pilot commented they 

were satisfactory for the task although he preferred more directional stiffness. 

The decrease in rating was sharp for both adverse and favorable aileron yaw 

beyond these limits of CtJ¢/CVd' 

For I¢/t:3/ = 1. 75 - 2.55, the highest ratings were 3, dropping off 

slightly less rapidly with adverse yaw than with favorable. 

Due to an error in setting the variable stability gains, no eval

uations were made with 0¢/CtJd > 1 for 1$/,13 / = 2.90 - 4.56. One evalua tian 

was made with CU¢/(c)d = .61, the lowest value evaluated during the entire 

program. Although the pilot objected to the very strong adverse yaw and con

sidered it unsatisfactory, it was still acceptable for the mis sion. 

The Dutch roll damping was higher than intended for these evaluations, 

and this undoubtedly contributed to the acceptability of the configurations. 
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6. Low UJd and High ~d : 

The low frequency, high damping results are shown in Figure 8. 

Again, it is interesting to note the effect of ~d in that all configurations ex

amined were rated Satisfactory (Rating 3 or better). The pilot noted that these 

were not the kind of characteristics he would want, for example, in an air-to

air interceptor, but that they are satisfactory characteristics for the mission 

as defined. He remarked often that the airplane was lacking in directional stiff

ness, but that he had adequate control to keep it pointed the way it was going. 

A significant thing to note is the tolerance to both adv"erse and favorable 

yaw which is shown. This, at first, seems contradictory to the results of the 

moderate a!1d high frequency configurations discussed earlier where the rating 

fell off sharply at low I¢!,e I with {A}¢/C4:J > 1. The explanation lies in the fact 

that the roll characteristics, 7:'.0 and K,;.. , have been kept constant while 
IlO ,....1; AS 

the Dutch roll frequency has been lowered drastically. When the pilot uses 

his ailerons for a roll task, he can still roll as rapidly as ever, and hence, his 

aileron inputs are of short duration. The yawing moment due to aileron de

flection is applied, however, to a relatively inert system (due to the low direc

tional stiffnes s and high damping). The pilot achieves his desired roll angle 

and the aileron input is removed before there has been any objectionable amp

litude of sideslip response. With the large damping, the growth of sideslip 

is slow and when the control is released, the rate of increase of sideslip stops 

and there is little overshoot. The pilot comments that when he maneuvers, 

the sideslip does change, but very slowly and it is easily controlled if neces

sary. He remarks that when the controls are released, the Sideslip seems to 

"squeeze back to zero". 

There is a definite preference in the pilot comments for the configura

tions with CU¢/{J)d near unity, but the pilot states that the larger values of 

adverse and favorable yaw do not limit hIS ability to pt'rform the required ma

neuvers. He has one reservation, however, regarding recovery from unusual 

attitudes which may require prolonged aileron control applir:ation. This would 
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be a difficult task with the larger values of adverse and favorable yaw. If 

this is an important consideration of the mission, then those configurations 

should be downrated from the values shown in Figure 8. 

This has an important bearing on the likely circumstance that when the 

Dutch roll characteristics are this ponderous, it is probable that the roll mode 

would be similarly affected. This would require longer periods of aileron con

trol application for maneuvering, causing larger sideslip disturbances, and 

generally making the large adverse and favorable yaw configurations consider

ably less acceptable. 

7. Near-Zero CLJd: 

Eight configurations were set up and evaluated in which it was attempted 

to achieve small, but positive, directional stiffness and low and moderate direc

tional damping, all with small I¢/;sl . The calculated characteristics for these 

(Configurations 11 through 18 in Table II) show all to h&.ve little or no tendency 

toward weathercock stability. Configurations No. 12, 14, and 16 are slightly 

unstable and the rest are stable. 

The pilot rating data are shown in Figure 9 for both values of damping. 

As would be expected, the higher damping configurations are rated measur

ably better. It should be noted that the abscis sa of Figure 9 is N ~ AS ' not 

Q¢/CVd as on the preceding plots, because of the zero and negative values 

of wJ The pilot comment data indicates that zero directional stability 

configurations can be flown, even with zero damping, if the yawing moments 

due to aileron inputs are not excessive; but they are generally not suitable 

for the entry task. The pilot must direct too much attention to merely keeping 

the vehicle pointed the way it is going to the exclusion of other necessary pi

loting tasks. The addition of directional damping is definitely helpful, making 

the vehicle less susceptible to disturbances and slowing the yaw rate caused by 

a given disturbance. 

Another reason these configurations rate poorly is that in attempting to 
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achieve a small / ¢/tsl , the simulation actually ended up with a positive L~, 
or negative effective dihedral. No attempt is made to connect the points m 

Figure 9 because of the variation of the parameters between configurations. 

A completely unflyable configuration (No. 11) was evaluated and rated 

a 10. Because of a miscalculation in variable stability system gain setting, it 

had a tremendous value of adverse N$ which in combination with the low di
llS 

rectional stiffness made an unflyable combination - the evaluation pilot would 

lose control in sideslip whenever the ailerons were used. 

C. LONGITUDINAL INTERACTIONS 

Considerable discussion took place during the formative stages of this 

evaluation program regarding the level of longitudinal handling characteristics 

which should be maintained during the lateral-directional evaluations. There 

were generally two schools of thought: (1) that the longitudinal characteristics 

should be representative of the class of vehicle in order that the evaluation re

sults would be more directly applicable to a particular vehicle, and (2) that the 

longitudinal characteristics should be near-optimum to isolate the lateral

directional problems from any longitudinal factors which might be an influence, 

and also to permit a maximum excursion of pilot rating as the lateral-directional 

characteristics are varied. 

The latter sentiment prevailed, and hence a small program was under

taken to assess the possible effects on the lateral-directional evaluations of 

differing longitudinal handling qualities. It was intended that a set of lateral

directional configurations (No. 19, 20, 22, la, 44, 52, and 64) be rf'peatf'd 

with a slow- and a fast- responding longitudinal mode. However, during this 

phase of the program, the servo which supplies dynamic pressure information 

to the angle of attack computer failed, causing a fourfold increase in the sys

tem angle-oi-attack gain. This caused several supposedly low frequency longi

tudinal short period configurations to be violently divergent. The servo fail

ure was not discovered until after the program was completed, and all of the 

"low frequencyll points were in the unstable region, as can be seen in Figure 10. 
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In Figure 10, the longitudinal short period characteristics are shown 

graphically. The symbols identify each set of lateral-directional characteris

tics for which evaluations were made at five different longitudinal characteristics. 

(The three divergent configurations would have been a single configuration ex

cept for the malfunction noted above.) The number adjacent to each symbol is 

the evaluation pilot's rating of that combination of lateral and longitudinal char

acteristics. For example, Configuration No. 44, which was rated a 2 at the 

nominal short period characteristics, was rated a 4 at the high short period 

frequency (as Configuration~o. 127) and a 10 at the divergent, negatively 

damped point (.as Configuration No. 124). 

It should be pointed out that the values shown for the longitudinal short 

period characteristics are computed from measurements made of the gain change 

caused by the servo failure. They are approximately correct based on flight 

record measurements made at the high short period frequency. It is interesting 

to note that even the most unstable longitudinal configuration could be flown 

with the better lateral-directional characteristics. (The 9.5 rating indicates 

that it could be flown for short intervals. ) 
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SECTION IV
 

CONCLUSIONS
 

The flight evaluation results reported here are a beginning in the exten

sion of current knowledge of pilot-airplane handling characteristics to include 

the mission of hyper-velocity, high altitude vehicles which must re-enter the 

atmosphere under pilot control. These evaluatIons have surveyed the area of 

lateral handling qualities in the light of the new task, and provide the designer 

of these vehicles with results from which at least preliminary eRtimations 

can be made of the acceptability of his vehicle in its various flight regimes. 

The pilot comments and ratings have confirmed the importance of the 

numerator of the roll to aileron input transfer function. Two separate effects 

of the numerator term (designated CV¢) have been obtained in the investigation. 

When the Dutch roll damping is low, and particularly when the ratio I¢/;81 is 

large (and hence the pilot tends to stabilize the airplane by use of the ailerons), 

values of the ratio CU¢/U)d greater than unity are accompanied by a tendency 

toward closed-loop instability by the pilot-airplane combination. This provides 

experimental verification of the theoretical analysis contained in Reference 5.*" 

When the Dutch roll damping is reasonably high, and particularly when the 

ratio I ~ I is small, values of the ratio CVas/U)d which differ appreciably from 

unity result in the excitation of excessive amounts of sideslip angle when the 

ailerons are used. It is this excitation of sideslip (rather than cl.osed-loop dy

namic instability) which becomes objectionable in this case. 

With roll control parameters (sensitivity of steady state rolling velocity 

corresponding to pilot input, and roll mode time constant) fixed at values which 

were found to be desirable, pilot ratings were affected independently by varia

tions of Dutch roll damping ( ~d ), yawing moments due to aile. ron (CV¢/cUd) , 

roll-la-sideslip ratio (I ¢/,.sl ), and, to a lesser degree, Dutch roll frequency 

( CUd ). The effects of the first three quantities were clearly significant. The 

effect of Dutch roll frequency was rather small and not consistent, except that 

degradation of the pilot's rating always occurred at the highest frequency when 
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the roll-to-sideslip ratio was relatively high. 

It is believed that the data obtained during the program is sufficient to 

demonstrate that at least five, and possibly six, parameters are important 

in specifying a sufficiently broad criterion for satisfactory lateral-directional 

handling qualities. However, it is recognized that the amount of data avail 

able at this time is insufficient to permit quantitative formulation of a reliable 

statement of this criterion. Additional data will be required to permit predic

tion of the satisfactoriness of future hyper-velocity vehicles which may pos

sess different combinations of values of the lateral-directional parameters 

that have been investigated to date. 
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TABLE I
 

RA TING SCALE
 

Numerical Category Adjective Description
 
Rating Within Category
 

1 

2 

3 

Acceptable and 

Satisfactory 

4 

5 

6 

Acceptable but 

Unsatisfactory 

7 

8 

9 

Unacceptable 

10 Unflyable 

Excellent
 

Good
 

Fair
 

Fair
 

Poor
 

Bad
 

Bad 

Very Bad 

Dangerous 
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~.-to. 
TABLE IT 

a. COMPUTED LATERAL-D I RECT IONAl CHARACTER ISH CS 
~ 

K,' N p> COHF IG.I PILOT Wd, ltd 'tfAS nW¢J f.IJ¢J.1 12t~W4>1 W¢J ~ I Yd'I/P I N~ Np /tI,. 
2

"'flAS Nd'/ip I L,8 I Lr L"ASWd212t'dW"'1 * 1*1/111 "R I 's 2 lp. I I Ld'RP II~ IIX 
X -2s--; _ 10 X 10 )( 102tj RATING sec-' sec-.2 sec- I cyet,-' sec- l ,,8 sec sec (s~c.inr'U sec-I sec) secl ~ s~c 1 (s,c.;"y' sec sec-' sec-' 5,,-1 (ucJ-in.)"' sec - 2 sec -I sec-I sec-2 (sI,J·inr' ~ ~ sec-.1

tj 
-.~~9 .0180 .0102I 5 TO 6 2.15 .281 q.61 1.21 2.65 .8n 1.8q .q62 28.~ I .Oqq 12.09 .306 ~.38 1.28 .972 -.162 -.82~ ~.39 .qOO -.723 .580 -.101 .685 -11.6 .39q -2.12 .099 

11
2 2 112.20 .326 IJ.8q I.q3 3.17 1.03 1.22 .3IJ~ 92.7 .1272.11 .351 q.qq 1.~8 .959 -.171 -.680 q.61 .679 -.6q8 -.997 -1.16 .706 -9.66 .73~ -2.86 .qOI -.657 .03H .015t-3 
3 I TO 2 \2.38 .309 5.67 1.~7 2.95 1.06 1.80 .320 28.3 .372 2.32 .333 5.39 1.5q .975 -.171 -.869 5.38 .~90 -.887 .711 -1.06 .8QI -16.9 .573 -3.09 1.22 -.653.0263.013 

~ 
~ 3 !2.50 .323 6.23 1.61 3.06 1.16 1.77 1.26q 28.2 1.23 ,2.IJ3 .3q6 5.92 1.68 .972 -.175 -.888 5.91 .538 -.97IJ .781 -3.82 .923 -20.5 .697 -3.76 ~.91 -.795 .0325 .0 I ~ 

0' 5 7 T1612.19 .325 ~.81 l.q2 3.06 1.03 1.22 j.3IJ9 92.7 2.72 2.10 .3q9 q.q2 l.q8 .959 -.167 -.667 q.59 .675 -.6q5 -.991 -2IJ.8 .702 -9.52 .72q -2.82 8.50 -.6Q7 .0366 .01~8 ..... 7 3 2.50 .399 6.23 1.99 3.96 I.IJ~ 0.92 .097 q8.0 0.355 2.38 .~19 5.6~ 1.99 .952 -.18q -.650 6.01 .695 -1.12 q.97 -8.70 .671 -26.8 .80510.3 q.03 -.626 .0377 .0150 
I 

8 2 2.33 .139 5.q3 .6q81.27 .IJ9q 1.00 .377 ~9.1 r .373 2.29 .1~8 5.2q .678 .983 -.172 -.782 5.1~ -.571 -1.08 l.qO -1.03 .660 -8.60 .729 -2.65 1.03 -. IJ3 9 • 0187 • 0 I 05..... 
9 2 12.7q .3~7 7.50 1.90 3.38 1.37 1.33 .522 33.8 t .3q32.72 .366 7.38 1.99 .993 -.189 -.818 7.21 .Q21 -1.39 .151 •• 53Q .836 -12.2 1.23 -1.87 .668 -.701 .0307 .0137~ 

-J 10 3 ~_~.!L. 5.25 1.~7 3.06 1.06 2.19 1.21 I~.O .233 2.2~ .3~~ 5.00 1.5Q .978 -.170 -.720 ~.97 .366 -1.05 -.6IJ9 ... 288 .60IJ -9.72 3.23 -.677 .203 -. ~ 00 .01 90 .01 06 

II 10 1.606 .369 .367 ."7 3.61 .323 .~56 .311 -IJ~.I 1.12 .792 .Q72 .627 .7Q7 1.31 -.119 -.096 .329 -.Qq6 -.3~3 -1.38 -87.Q .090 .708 .805 -3.23 2.13 -.067 .02~2 .012~ 

- •063 •03q~ • 0 I~ 312 9 1-- -- -.Ol~ -.002 -- -.001 .Ogq .223 2.17 .051 1.161 1.3IJ .026 .q3' -- -.120 -.066 -.QIl3 -.08IJ -.IJI3 -1.8IJ -2.90 .070 1.37 I.I~ -IJ.51 1.86 

13 9 .587 .~3~ .3~5 .510 ~.32 .368 .Q83 .369 -38.6 .21~ .535 .522 .286 .558 .911 -.116 -.Ogq .292 -.068 -.Q29 -1.11 7.90 .081 .571 .733 -2.73 .698 - • 055 •0 I96 . 0 I08 

I~ 9 1-- -- -.0285 -.1~6 -- -.105 .596 .396 I.IJIJ .130 -- -- -.285 .IJ27 -- -.119 -.072 -.119 -.103 -.IJ9f -3.30 6.16 .076 2.12 .720 -2.58 .553 -.067 .03IJI .01IJ3 

15 7 .925 .607 .855 1.12 7.00 .809 .285 .315 -62.8 .~09 .9QI .512 .886 .96~ 1.02 -.12~ -.096 .791 .519 -.~57 -.965 -20.5 .088 .325 .850 -3.19 1.26 -.06Q .0273 .0132 
16 7 j -- -- -.018Q -.118 -- -.085 .36Q .358 1.~6 .022 __ __ -.0358 .520 -- -.128 -.077 -.118 -.107 -.512 -3.Q3 -.969 .079 1.57 1.05 -2.8~ .812 - •on •0381 •0 I51 

17 6 i .785 .68~ .616 1.07 8.~0 .773 .576 .36~ -32.0 .233 .751 .709 .56~ 1.02 .957 -.131 -.075 .5~3 .388 -.Q93 -3.06 3.79 .078 .923 1.01 -2.79 .698 -.073 .0370 .01~9 

18 8 ; .87~ .581 .76q 1.02 6.Q3 .736 .298 .38Q -62.7 .205 .8Q6 .673 .715 I.I~ .968 -.120 -.093 .708 .Q65 -.Q09 -.86Q 12.1 .079 .266 .697 -2.62 .567 -.052 ~0188 .0105 

19 5 j,.IO .273 1.21 .601 2.55 .Q3Q .708 .391 -83.Q .335 1.02 .257 1.05 .525 .927 -.135 -.1~8 1.07 -.027 -.~8~ -2.95 -~.57 .155 -1.82 1.~8 -2.57 .99lJ -.1~3 .0369 .01~8 

20 2 !,.12 .209 1.25 .Q66 1.9~ .336 1.28 .3~9 168.0 .283 11.06 .226 1.13 .~82 .9Q6 -.125 -.189 1.12 .003 -.361 -.71~ -.585 .165 -~.38 1.05 -2.86 .895 -.II~ .02~ .0112 

21 2 ;,.13 .255 1.28 .577 2.3~ .~17 1.17 .376 302.~ .258 11.11 .282 1.23 .62Q .982 -.I~I -.15IJ 1.10 -.027 -.Q89 -2.98 1.16 .157 -3.76 1.~8 -2.66 .717 -.IQ8 .0386 .0152 

22 5 11.05 .260 1.10 .5~5 2.Q3 .393 1.21 .~13 280.1 .2601/.13 .280 1.27 .631 \.08 -.130 -.1~2 I.O~ -.026 -.~6~ 5.37 2.6~ .1~9 -3.32 1.30 -2.~2 .5Q2 -.130 .0373 .01~9 

23 2 11.09 .571 1.18 1.2~ 6.27 .895 .800 .369 -IQ~.3 J .322,1.01 .589 1.02 1.19 .927 -.12~ -.187 1.07 .701 -.~17 -.701 -3.52 .160 -2.86 1.50 -2.72 1.01 -. 108 .0195 .0108 
2~ 2 il.08 .570 1.18 1.2~ 6.27 .895 .802 .371 -1~~.3 .2881.0~ .586 1.08 1.22 .963 -.12Q -.187 1.07 .698 -.~15 -.699 -1.27 .160 -2.8~ 1.~9 -2.70 .8Q7 -.108 .Olgq .0107 

25 I 11.11 .58~ 1.23 1.29 6.Q3 .931 I.<N .395 295.9 .265 1.10 .613 1.21 1.35 .991 -.131 -.IIJIJ 1.08 .712 -.~79 -2.92 1.30 .15IJ -3.57 I.IJO -2.53 .681 -.I~O .0358 .01IJ6 
~ 

26 2 11.10 .611 1.22 1.35 7.00 .975 .6QI .386 -126.8 .2Q3 1.13 .628 1.27 I.QI 1.03 -.137 -.150 1.08 .722 -.~86 -2.97 2.9Q .156 -2.33 1.~8 -2.61 .603 -.'IJ5 .0375 .0150-J 
27a 3 11.IQ .2~9 1.29 .565 2.3~ .~08 I.~O .393 -2738.0 .30IJ 11.01 .265 1.02 .535 .886 -.132 -.1~5 1.08 -.026 -.IJ8~ -2.93 -2.81 .15~ -~.25 1.92 -2.55 .978 -.IQI .0360 .01~6 

V' 27b ~ 1,.15 .235 1.33 .5~3 2.2Q .392 1.75 .388 102.1 .288 ,1.00 .270 1.00 .5~1 .(\70 -.133 -.1~6 1.10 -.026 -.Q85 -2.93 -2.63 .15Q -5.61 1.90 -2.57 .983 -. 1~2 .0363 •01~7 

28 3 11.08 .216 1.16 .~66 2.0IJ .336 2.55 .358 ~7.1 .297 cl.06 .22~ 1.12 .~75 .981 -.12~ -.187 1.13 .003 -.357 5.62 -.572 .161 -8.37 1.~9 -2.81 .859 -.109 .0151 .0091 

29 ~ 1.08 .263 1.16 .567 2.~Q .~09 1.81 .366 90.00 .276 '1.11 .280 1.23 .620 1.03 -.IQO -.153 1.11 -.027 -.~91 5.65 .573 .156 -5.81 1.97 -2.7Q .713 -.IQ7 .0396 .0155 

"'30a 3 I.IIJ .193 1.31 .q~2 1.78 .319 2.10 .361 79.~ .228 1.18 .225 I.~O .532 1.0~ -.12Q -.187 1.12 .003 -.357 -.682 1.90 .151 -7.16 1.51 -2.76 .589 -.109.0195.0108 

30b 3 111.17 .2QO 1.36 .560 2.2~ .~OQ 1.75 .372 102.2 .229 :1.16 .28~ 1.35 .661 .992 -.I~I -.15~ 1.11 -.027 -.Q93 -2.98 1.71 .157 -5.85 1.98 -2.68 .615 -.1~8 .0387 .0152 

31 I 111./2 .532 1.25 1.19 5.66 .859 1.91 .37IJ 121.9 .396 1.16 .555 1.35 1.29 1.04 -.12~ -.186 1.10 .690 -.~17 -.671 2.89 .158 -6.68 2.06 -2.67 .985 -.106 .0190 .0105 

32 2 ,1.19 .5~7 I.~O 1.30 5.95 .939 I.lq .396 -18~.8 .299 1.17 .577 1.36 1.3~ .983 -.133 -.Iq~ 1.23 .702 -.~79 -2.85 1.30 .15~ -~.12 1.91 -2.53 .778 -.I~O .0358 .01~6 

33 2 {'1.13 .589 1.27 1.33 6.61 .960 1.12 .386 -~29.8 .277 I.IQ .617 1.30 I.QI 1.01 -.136 -.1~9 1.09 .720 -.~89 -2.95 2.30 .155 -~.IO 1.97 -2.60 .699 -. I~~ .0372 .0 1lJ. 9 

3~ 2 1.12 .580 1.25 1.30 6.~~ .939 1.20 .397 2675.0 .235 1.13 .611 1.27 1.38 1.01 -.131 -.1~3 1.08 .712 -.~82 -2.92 I.H .153 -~.21 1.90 -2.52 .582 -.I~O .0352 .01115 

35 5TOQ 1.28 .151 1.65 .3881.37 .280 ~.56 .337 22.69 .13~ .786.265 .618.IJI7 .61IJ -.125 -.1881.26 .003 -.373 -.6~1 -3.78 .165 -18.88 2.3~ -2.93 1.06 -. I I3 . 0 I5~ . 0093 

36 3 TO 2 1.28 .151 1.65 .389 1.37 .281 ~.56 .336 22.68 .220 1.10 .223 1.21 .q90 .860 -.125 -.189 1.26 .003 -.373 -.5IJ2 -.~~3 .165 -18.9~ 2.35 -2.9q .895 -. II~ .0162 .0096 

37 3 1.23 .216 1.51 .5302.01J .3832.90 .376 66.79 .2291.1IJ .281 I.~O .6Q2 .927 -.137 -.150 I.IQ -.027 -.500 ·-2.9Q .653 .156 -/0.13 3.IJ5 -2.65 .70IJ -.IIJ5 .0398 .0155 

38 3 /.22 .211 1.~8 .51~ 1.9Q .371 2.91 .390 66.15 .2101.11 .281 1.38 .660 .959 -.130 -.1~3 1.12 -.026 -.~92 -2.89 1.11 .153 -9 .. 75 3.32 -2.55 .580 -.139 .0363 .01~7 

39 3 1.19 .51l6 I.IJI 1.30 5.89 .9382.25 .375 103.7 .273 1.01 .5Q~ 1.01 1.30 .8Q9 -.139 -.152 1.13 .72Q -.Q99 -2.95 -2.06 .156 -8.71 3.2IJ -2.66 1.01 -.11~6 .0380 .0150 

QO 3 1.17 .530 1.37 1.2Q 5.66 .8952.38 .QOO 87.93 .252 1.07 .61~ I.I~ 1.31 .915 -.130 -.IQ2 1.10 .703 -.~85 -2.86 -.195 .151 -8.33 3.01 -2.IJ7 .753 -.135 .031l5 .01IJ5 

Ql 2 1.19 .5~1 I.QI 1.28 5.79 .92Q 2.33 .378 87.88 .2~2 D3- ----:6T2 1.28 1.38 .950 -.137 -.150 1.13 .721 -.Q97 -2.9IJ .652 .155 -8.87 3.20 -2.63 .701 -.IQ~ .037IJ .0150 

~2 2 1.23 .Qn 1.51 1.11 Q.8~ .81J5 11.07 .3q5 25.Q7 .26IJ 1.39 .505 1.93 /.QO 1.13 -.125 -.188 1.22 .712 -.IJqO -.6~Q 2.31 .163 -16.51 3.27 -2.86 .602 -.111.020 .011 

IJ3 5 2.31 .111 5.3~ .1)131.00 .370 .6lJ.8 .353 -352.3 .315 2.1~ .109 ~.56 .q65 .926 -.173 -.737 5.23 .092 -.251l 1.39 -13.86 .6Q2 -5.~3 .1l20 -2.83 1.05 -.11110.0202.0110 

~Q 2 2.30 .103 5.30 .1l76 .91 .3qll .656 .389 270.5 .2972.28 .110 5.18 .503 .991 -.171 -.587 5.16 -.OlJl -.37~ -.8Qfj -.668 .62IJ -5.36 .203 -2.55 .782 -.572 .0360 .01q7 

~5 6 2.26 .102 5.09 .Q59 .91 .331 .650 .~27 270.6 .2962.37 .107 5.6~ .510 1.05 -.167 -.571l Q.96 -.039 -.359 -.812 8.17 .599 -IJ.87 .185 -2.32 .623 -.521.0328 .Olltl 

Q6 8 2.32 .105 5.39 .Q87 1.00 .352 .658 .376 270.5 .290 2.60 .110 6.76 .570 1.12 -.179 -.615 5.23 -.01l2 -.3,9 .857 16.6Q .633 -5.5~ .210 -2.61l .607 -.592 .0378 .0150 

~7 2 2.3Q .369 1).~8 1.72 3.61 1.2Q .621 .31llJ. -80.78 .31Q 2.15 .3Q6 Q.62 1.119 .919 -.172. -.71l0 5.20 .520 I.OQ 1.36 -15.30 .652 -5.12 1.7Q -2.91 1.08 -.1l53 .0207 .0113 

lJ.1J I 2.32 .376 5.39 1.75 3.67 1.26 .670 .375 -127.50 .291 2.30 .38Q 5.27 1.76 .991 -.179 -.609 5.17 .782 -.811 -.895 -.678 .62~ -5.50 1.28 -2.61) .813 -.586 .0382 .0151 

lJ.9 3 2.25 .339 5.06 1.53 3.28 1.10 .573 .3H -6Q.8! .31152.36 .360 5.55 1.70 1.05 -.170 -./37 11.91l .377 -.980 7.QlJ. 9.13 .623 -3.97 1.59 -2.68 .8112 -.QI5 .0188 .0105 

50 8 2.28 .31l2 5.36 1.60 3.28 1.16 .571 .31)8 -6Q.85 .309 2.56 .Q03 6.51) 2.06 1.12 -.171 -.7~2 1).06 .386 1.00 7.62 2a.90 .639 -11.13 1.66 -2.79 .680 -.Q33 .0196 .0109 
i----.--

51 Q 2.30 .132 5.28 .608 1.18 .~39 2.93 .3Q9 Q6.89 .2832.00 .131 3.99 .1)2~ .870 -.110 -.581) 1).30 .011 -.377 7.87 -5.90 .6211 -25.11 .63lJ. -2.9Q 1.07 -.571.0359 .01lJ.7 

52 1.5 2.28 .116 5.19 .5311.09 .3833.5lJ. .373 6Q.19 .36Q 2.21l .096 5.00 .1128 .983 -.170 -.737 5.18 .075 -.18Q 7.57 -.770 .623 -28.33 .212 -2.80 1.01 -.1l15 .0188 .0105 

53 1.5 2.30 .117 5.29 .5391.09 .3893.51l .360 611.16 .3352.38 .092 5.61) .~38 1.0Q -.171 -.893 5.29 .077 -.188 7.73 .9711 .766 -29.4 .219 2.90 .872 -.1)18.0195.0108 

54 II 2.26 .116 1).12 .52~ 1.09 .378. 3.1)3 .38~ 64.29 .318 2.58 .084 6.68 .1l35 I.I~ -.169 -.731l 5.10 .0711 -.181 7.ll ll 3.58 .613 -27.53 .206 -2.72 .634 -.1104 .0183 .0103 ~ 
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-.580 .793-.168 5.19 7.80 -6.1J11.81 1J.08 2.00 -.899 .622 -21.61J 1J.02.1J09 5.19 -2.91 1.07 .O3~6 .011J555 2.28 1.35 2.1J9 .351 -199.6 .288 .1J05 IJ.OI 1.62 -.5611.5 .877 

.1J73.311 1J -.168 -.879 1J.97 7.293.39 -.921 -.71J3 .1252.22 -23.1J8 1J.61J .010156 2.2~ 5.03 1.59 1.15 2.99 .392 -170.3 .368 1J.9IJ 1.53 -2.63 .0177I .355 .955 -.~71.991 

5.11 .3753.20 -.169 -.738 -.91J7 .010lJ2.98 7.50 1.22 .6212.27 5.16 1.10 -170.2 -21J .6 IJ .86 -2.75 -.IJ 1257 I 1.52 .373 .31J0 2.38 .832 .0186.331J .329 5.65 1.56 1.05 

-.171 -.71J3 5.29 .388 7.761.56 3.28 2.97 -.980 1J.19 .61J I -26.12 .010958 2.31 5.32 1.13 .351 -169.7 .321 2.67 5.16 -2.92 .01972 .339 .31J8 7.10 /.85 1.16 .681J -.1J35 

-.173 -.763 5.81J .089 -.205 -3.99 -57.72 .0117.656 1.27 .1J71J .281l 8.39 .692 .32659 2.39 .137 5.71 5.96 .311 35.06 2.02 .113 1J.07 .1J57 -3.1J1J 1.28 -.1J96 .0221IJ .81J5 

5.01-.167 -.570 .OIJ3 -.391 -IJ5.q3 .01q77.73 -.92560 .151J IJ.91 .683 1.37 .1J93 5.IJ6 .9IJ3 -3.06 1.01 .03623 2.22 .31J3 20.83 .329 2.16 .137 1J.66 .592 .973 .605 -.555 

-.156 IJ.25 -.222.169Q.36 - .89~ 7.25 .127 .nIJ -50.70 .31161 2.05 .173 IJ.22 .709 1.56 .512 6.97 .350 2.09 -3.06 .888 -.528 .0198 .01093 23 .O~· .32 i .131 .S7IJ 1.02 

-.170 5.IJ I .016 -.1851.10 -.738 7.70 1.5062 5.1J0 1.18 .Q37 .626 -~9.18 .276 .01902.32 .131 .607 .IJ38 5.87 .368 36.50 2.56 -2.92 .656 -.IJ 18 .01065 .291J .085 6.56 

-.731 -.997.860 -.169 5.26 .50lJ 7.66 -3.86 -IJ3.86 8.082.28 .377 5.20 1.72 3.72 1.2~ IJ .93 218.5 1.96 .623 -2.93 1.10 -.IJ 18 .0192 .010663 2 .359 .292 .35IJ 3.85 1.39 

-.88Q -.998 .7QO-.15IJ IJ.OO .570.Q37 /.73 .990 6.89 -.758IJ.IJ5 5.53 -IJO.98 1.63 -2.80 -.IJ87 .0183 .010lJ6~ 2 1.98 3.91 1.25 .376 19.02 1.96 3.83 .988.363 .IJ25 1.66 

-1.27Q.67 -.170 -.7091.0~ 5.37 .515 7.82 .3~11J'.32 .613 -IJ5.17 8.IJI -3.0lJ -.QI82.30 .IJ28 1.97 /.IJ2 .3IJ7 2.1J0 .888 .0199 .010965 5.28 23.85 .336 .IJ13 5.76 1.981.5 

I.I~ -.168 -.885 5.16 .~95 1.91 -~2 .20.360 1.17 7.52 7.69 -2.8~2 2.25 5.0~ 1.62 3.50 IJ.95 .366 168.~ .308 2.57 .363 1.87 -.978 •7~5 -.~93 .0185 .010566 6.61 .6~3 

.828 -.183 -.623 5.93 .001.52IJ 8.28 -2.9IJ -80.82IJ .153 .726 1.37 8.33 .321 -.387 .635 1.5667 2.38 5.65 15.16 .2IJ8 1.97 .135 .530 -3.36 1.12 -.598 .0385 .01523.88 

.958 -.170 ~.77 -.006 7.971.37 .1J99 -.368 -.900 .610 I.IJI68 2.37 .1'16 5.60 .691 8.05 .36J 16.0 - .578 -72.12 -3.02 .9~8 .03375 .315 2.27 .IIIJ 5.15 .519 -.539 .01ll3 

1.662.17 ~.69 .553 9.19 II.~69 5 .177 .766 .331 1.03 -.580 .0682.2IJ -.167 ~.91 7.70.30~ 5.01 -17.1.1~3 .6~1 .039 .608-.~06 .8611.55 -3.26 :0368 .01IJ8- .562 

70 2.1l1 .160 5.79 .771 1.~6 .557 9.35 22.~7 1.11 -.171 -.901J6 .322 .090.292 2.67 5.98 8.32.088 7.13 .IJ71 .907 .80~ -90.79-.203 .551 -3.IJ6 .736 -.5~ .0212 .011IJ 

71 2.5 ...20 IJ.20 1).775.1J5 1.96 1.1l2 6.87 .8..6 36.86 -.181 -.619.325 .261 1.98 .1l17 3.91 .798 8.19 -3.202.3" 1.65 -69.07.63IJ 9.93 1.12-.95~ -3.29 -.595 .0151.0382 

.~1672 1.5 2.32 1.39 6.76 .3385.39 1.93 IJ.20 IJ2.~9 .331 .396 1.81 -.172 5.672.29 5.22 -.690 .786 .73Q8.06-.9IJO -65.35 9.57 -3.16 -.672 .01IJ71.01 .0360.987 -.925 

373 2.30 .398 5.27 1.82 3.92 1.31 .3~17.lt6 .318 2.36 .368 I. 73 -.168 -.895 5.50 .01!)85.55 .523 -1.06 7.88 .773 -72.88 12.92 -3.17 -.526 .0109"5.15 .8851.03 -.159 

7IJ 2 .~21 1.97 IJ.205.IJa 1.~2 6.77 .318 ~2.39 .396 -.185 -.7IJ6.289 2.68 7.91 2.12 5.80 .80IJ2.3" -.960 .750 -69.18 10.13 -3.3~ .690 -.712 .0392 .01531.15 8.2" 1.19 

775 ~.55 .029 20.7 .27 .3Q9.268 .193 1.16 .337 109.2 -.332 -1.763.85 .023 1~.8 .180 , .8~6 20.81l -.IJIl2 15.88 1.80 -30.06 -.132 -3.09 -1.69 .0383 .0151-.26~ 1."6-30.25 

76 2 ~.26 18.2 .91.098 .838 .605 1.20 73.15.331 IJ.25 18.1 7.ltl -.312 -2.51 18.13 -.2IJ5 1~.53 -3.IQ.353 .087 .998 2.52 1.07-27.92 .255 -2.39 .0393 .0153-.676 -.9IJ6 

77 7 ~.32 .010 18.7 -.OOq.090 .08 ...32 131.0 -1.61.065 1.07 .353 1.09 18.7IJ -.39722.0 -.229 .013:;1~.27 1.62 -23.56 -2.~2 .691 -1.33 .0293-.30"".69 -.0"0 -.08~ 9.81 

78 7 ~.37 .079 19.1 .691 .72 .IJ99 1.08 .IJ18 -.305.353 5.39 .061 29.0 .656 -1.62 19.02 -.2591.23 IIJ.~9 1.6IJ -2IJ.33 -2.50 -1.37.151 .5~9 .0301 .013782."1 23.0-.551 
'79 5 IJ.33 .282 18.7 2.IJ~ 2.65 1.76 1.08 .335 -67.18 3.62 .210 13.1 1.52 .836 -.308 -1.76 18.31l -.109 Iq.60 1.80 -3.07 -1.69 .0383 .01513.79 1.~6.3"0 -2".37-2.21 -3~.1l" 

80 ~.37 .377 16.81 2.591.5 3.59 3.72 .3301.05 -110.6 .353 ~.37 .369 19.1 3.22 -2.51 18.~3 -.110-. 31~ -2IJ.71 IJ.66 -3.112.52 1.07 -2.39 .0391 .01531.00 1".68 -1.26-3.07 

81 ~ ~.32 .262 18.6 2.26 1.63 1.08 -67.18 .361 IJ.76 .293 3.7q-.302 -1.73 18.23 -.26622.6 2.79 1.10 1~.52 1.79 -2~.01 -1.672."~ -3.02 .870 .015013.31• 3..0 .037"-2.19 

82 .2775 18.3 2.37 2.55 -1.6IJ 17.891.71 1.06 .357 -67.08 .362 1.25 -.287 -.107".27 .359 28.5 3.8~ J1L2~ I. 76 -22.88 3.56 -2.88 .638 -1.59 .0355 .01IJ55.3" -2.15 28.0 

83 6 ~.26 .0~6 18.2 .~I 2.89 -.291 -1.6IJ.390 .281 .369 51.2 .353 3.63 13.2 .852 18.IJ -.293.02~ 1.75 IIJ.~ I. 73 -63.9 -.532 -2.99 1.32 -1.53 .03..2 -11.0 .01IJ3-.133 

8.. 3 ~.09 16.7.106 .626 -2.28.867 1.00 3.15 31.3 .H6 ~.05 .076 .615 -.27IJ 16.9 -.009.352 13.8 2.~5 -3.13-.859 -.365 -2.23 .0355 .01IJ5.990 -.3~7 -65.3 1.0016." 

85 IJ.13 .1193 17.0 .978 .706 -.292 -2.IJ3 17.2 -.0101.09 3.19 .335 27.3 .31l9 ~.IJ9 .079 20.1 .708 JlLO 3 .6~ 2.~9 -3.28-.~39 -.303 .878 .01501.09 -68." .0380-2.3" 

86 7 .068~.311 18.9 .587 . ~21J .332 .327 .023 -2.97 19.2.63 3.02 51.1 5.21 27.2 .239 -.IIJ7 7.7715.1 -70.8 -3.311.20 -.31" -.138 3.03 -.589 .681 -2.85 .038IJ .0151 

3 ~.09 .285 16.7 2.3381 2.65 1.6S 2.IJ2 .3IJO .236 11.7 1.62 -.279 -2.71 -.076238.6 .839 13.1 -12.2 2.73 -~8.2-2.02 5.73 -2.56 1.15 -2.2~ .0295 .013616."· .. 23 3."3 

1.588 3.90 15.2.396 3.09 3.96 2.23 .IJ51 19.3 .3IJ9 3.88 .382 15.0 2.96 -.26~ -2.22 11l.8 .013 2.20.995 12.2 - .825 -'t~. 7 6.05 -1.7S .0276-2.~2 .786 .01322.3" -2. 7~ 

89 ~.I~2 .~20 17.1 1.10 ~.302.51 .335 19.3 .355 ~.55 .~18 20.7 3.80 -.288 16.8 .015 13.8 2.IJ9-3.11 -59.5 8.0~ -3.22 .8/6 -2.33 .0378 .01503."8 ".20 2."5 -2."2 

90 IJ ~.29 .286 18.~ 2.~5 2.76 1.77 2.IJ9 -2.72 -.1185.23 27.3 -.289 18.3 9.10 2.90 -57.7 .01~53.30 1.22 -2.17 6.79 -3.0~ .635 -2.62 .035597".7 I".~.35" · 336 · 315 

91 IJ 3.88 .083 15.1 ... 62 ... OIJ -6.60.72 -.270 -2.65 15.0 -.0~93.93 .509 28.9 .3~0 3.2IJ .062 10.5 -.135 12.0 2.50 -66.9 -.69IJ -2.28 .962 -1.87 .0125.835 . 02~36."3 

7 .O~292 20.9 21.6.383 .37 .277 .326 .3 ..2 -.003 .993 -.338 -1.78 -.IJ56 16.3 -105.6't.03 ~.55 -.OSIJ - .9tt2 1.81 -I. III -3.50 -1.71 .0383 .015320.7 1.06".58 -.02"36." 

6 2 .I~18.0.095 17.6 .793 .81 .337 -.293 -2.88 -.059 IIJ.IJ.572 .3IJO .O~I 20.5 .371 1.08 -.163 3.00 -99.5 -1.03 .865 -2.78 .0397 .0151J~.53 ~.53 -3.39".19 28."I' 93 
~ 9IJ 5. I~~.55 .0't0 -1.68 .01 ..79 20.7 .362 .37 .261 -.131 1.19 -.318 21.3 16.0 1.78 -101.0 -1.09 .655 -1.63 .03623.96 36.5 .316 -.012 29.1 -3.355.1l0 -.083-."IJ8· 3~2 

-9.3795 3 IJ.28 .308 18.3 -.303 -2.9~ JlL6 3.02 -88.0 ~.87 1.~52.63 2.97 1.90 3.61 63.0 3.6IJ 18.1J -3.38 -2.83 .0380 .0151.328 .253 12.2 .850 2.26-.08"1.8"· 3~5 

-.9381.596 1t.18 ...20 17.5 ~.18 .331 I I .5 -2.~3 -.010 3.13 IIJ.I 2.50 -87.1 10.7 -3.37 1.05 -2.3~ .0381 .01513.51 2.53 1t.18 17.5 -.293 17 .~.397 3.32 1.003."2 · 3~7 

91 5 ~.05 ..:2.91.317 16.1t 2.~ I -75.2 .7603.07 1.85 3.57 .383 1.09 -.272 -2.73 16.3 -.009 13.3 2.8~ 8.55 -2.lt5 .032IJ .01~02.56 37.2 It. itO 19.3 2.67· 30IJ 2.IIJ· 3~" 

6 ~.59 5.9198 21.0 1.20 -.3ltl -93.0 -3.~8 -1.73 .0154.251 1.66 .317 -llt5.3 .317 .271 -1.82 -.1J33 16.2 1.82 10.1 .695 .03952.30 2. 3~ 3.1J5 30.1 2.97 21.35.1J9 2.21 

99 5 ~.I~ .831 -5.29-.275 -155.6 -.911 -2.23.183 17.2 1.10 7.06 .975 -2.29 17.6 -3.59 1.39 .0356 .01lt51.66 7.79 .331 3.1t1t .11J2 11.9 -.009 IIJ.I 2.lt51.52 · 3~5 -.67IJ 

.981 -.9IJ2100 7 ~.17 -.965 1.06 .0387 .0152-.297 -2.~7 1~.1t 2.51 -16~.8 -3.80 -2.371.13 7.22 .323 .121 18.0 -.010.188 17.1t 1.75 7.79 .329 1J.09 16.7 .9861.57 -.690 

101 1.07 1.01-. ()ij7 .03739 1t.19 -161.2 -1.1J2 .867 -2.79.758 7.23 .329 -.292 -2.89 18.3 IIJ.6 3.00 -3.71 .01lt91.09 19.2 .330 ~.50 20.2 .39317.5 .O~IJ.125 1.05 -. 16~ 

~ 3.06102 10 1t.15 -2. 5~ -.010 -166.0 -1.30 .689 -2.IJ2 .0391 .0153.910 7.ltO 12.6 -.300 I1t.5 2.56 -3.831.37 .318 5.0~ .058 25.~ .582 18.017.2 .3211.152 -.3501.26 1.2~ 

103 .01535 It. I~ 17.5 -6.03 1.118 -2.38 .03915.3 i -.296 -2.~9 .015 I~.2 2.51 ·1113.2 16.5 -3.71.319 6.00 .3lt3 3.53 12.11 2. 8~It. 115 2.6517.1 -3.20.11113 .8533.67 · 1t03 

-.859IOIJ .01373 3.99 -.267 12.9 2.29 II~. 7 -2.97 -1.91 .03022. lilt 5.13 .3lt2 3.91t 15.5 3.06 -2.25 15.9 .01 It 13.2 .855.IJII 5.97 .38811.20 .988 -2.9115.9 3.38· 1t23 

3 lit .2 .0151105 11.13 -.290 -3.65 .881 -2.3~.7011 .lt71 6.06 IIt. I 2.50 140.9 16.2 .03822.611 5.30 .325 6. It It ~1.5 -2.1J1t 17 .~ .015It. 115 5.99 -3.1817.0 I. 563.65· 1t1J2 

,,011163.112 -2.21 .0359106a S 4.10 -135.0 -3.50 .6119.1121 -.27't 2.1J I 15.611.23 .015 13.92.59 5.26 .31J2 .331t 5.02 25.2 1.22 -2.26 17.1 -3.135.9816.8 1t.1I5.1138 3.59 

.653 .0362 .01lt7tI',06b 8 3.27 -2.21IJ.IO -3.522.111 -135.8 15.7.lt20 1t.20 -.276 .015 13.92.60 .3..0 .330 5.00 25.0 1.22 17.15.26 5.98 -2.27 -3.1311.11516.8 3.60· 1t39 
. 0152 .0390.080 -.583-1.072.36 1.5610 .616 2.13107 2.29 .815.5110 1t.67 .9113 6.5~.063 2.16 2.33 -.182 -.610 5.11 -.9021.36 .9lt3 .87't -11.61t.085.26.IJII 1.89 
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--.L. -----L- IeWt/2 NpWIJ,zWd l~dwJ. c~ N'Ts 2~~(.f)f Y,8PILOT 'R ~RP~(fAS w¢ N"ASNr#-8 LpT~ L~ Ld'ASNrlRP Lf" Ld'RP'JJ~tCONF IG. £)&1'K 102L: , x '0 2RATING X fO)~¢ ~sec-:Jsec- f 2sec·1d sec-/cyclt!-' sec sec-Isec S~C·2 sec-I(s~c·in.r sec- f sec-Isecsec·' sec~i".r' sec-2CUd sec· Isec· f sec-2 (Stc-!.j".r'(sec.j".r' T;:sec·' sec- 2 Il 
108 6 2.29 .366 5.23 1.67 3.62 1.21 1.05 1.61 -2/.1 .071l 2.1l0 -.171.382 5.75 1.83 -.71l51.05 .~~55.06 .502 -1.00 5.1l1l .Oq2.61l1 -1l.68 1.50 -.588 -.~3~ .0196 .0109 
109 9 2.30 .IlI,1l 5.28 1.90 1l.08 1.37 1l.98 .920 -169.7 .086 2.53 .~07 6.~1 2.06 -.171 -.573 5.23 .800 -.9121.10 6.53 .273 .605 -27.9 -I. 181l.99 -.557.076 .0361l .011l7 
110 6 2.29 .31l3 5.2~ 1.57 3.28 1.13 .662 • 35~ -90.8 .339 2.56 .381 6.55 1.95 -.171 -.7!J6 5.101.12 .389 -1.01 7.68 17.9 .61l5 -5.29 1.65 -2.83 .761 -.~1l0 .0198 .0109 
III 3 2.29 .!J12 5.• 23 1.88 !J.DS 1.36 1.37 .339 -56.7 .288 2.50 .~2~ 6.27 2.12 -.177 -.592 5.16 .808 -.906 7.86 .6111.09 5.!J6 -11.9 -2.973.08 .705 -.570 .0376 .0150 
112 2 2.31 .1l07 5.35 1.88 3.GQ~.O8 1.3~ .31l7 -191.1J .282 2.53 .396 6.39 2.00 -.170 -.5631.10 5.1l1l .781l -.913 7.93 1.!J6 .602 -35.8 6.29 -2.99 .679 -.550 .0357 .01~5 

IJ~ 9 2.2~ .~Ol 5.00 I. 79 3.95 1.29 .587 .380 -121.5 .q192.06 2.~8 .77q6.17 2.08 q.90-. 166 -.5571.11 -.856 07.77.50 .585 -1l.58 1.22 -2.6~ .01q2~.36 -.511l .0335 
I III 9 2.30 .373 5.29 1.72 3.62 1.21l 1.88 .351 -112.0 2.18 2.58 .381l 6.63 1.98 1.12 -. 171 -.71l6 5.21 .506 1.03 7. 7~ 36.5 .61l5 -16.3 3.72 -2.89 !J.95 -.1J1l0 .0199 .0110 
115 6 2.29 .~20 5.25 1.93 ~.20 1.39 1J.32 103.0 6.qO.333 1.97 2.53 .1J05 -.1772.05 1.11 -.593 .808 -.9315.37 -1j.0.!J7.97 10~2 .612 6.!J6 -3.12 ~.81l -.571 .0377 .0150 
116 10 1.12 .21!J 1.25 .1l79 1.91l .31l6 .953 .31l6 -101.3 .266 .9~8 .209 .81l6.899 .397 -.126 -.188 I.I~ .001 -.363 -.711 -9.20 .165 -3.25 1.09 -2.89 1.08 .0206-. I 15 .0112 

-1.509117 8 1.13 .2~8 1.28 .563 2.33 .~06 1.08 .393 1.07.27~ .266 I.I~ .9~7 -.133.569 -.162 1.1/ -.029 -.1l79 -2.91 -.761l .173 -3.29 1.1l2 -2.51l .783 -.158 .0360 .01~7 

r05 

118 9 1.09 .261 1.18 -1.1j.2.568 2.~1l .~IO .3761.09 1.16.257 .282 .651l1.35 -.1361.06 -.166 I. 12 -.1l83 .17Q-.029 5.61 I.Q!J2.75 -3.35 -2.66 -.161.597 .0370 .01~9 

f05 

I.IQ119 8 .268 1.30 .610 2.65 .!J1l0 .816 .369 -122.7 1.0Q.325 .259 .51l1 .912 -.11161.09 -.179 1.111 -.030 -.!J93 -3.00 -!J.66 -2.Q7.177 1.55 -2.72 .OQOO1.05 -.170 .0155 
120 5 1.8Q1.13 .203 1.28 ~ !J59 .331 1.35 .352 PH.O .Q78.282 1.08 .956.222 I. 16 -.125 -.187 I.I~ .001 -.358 -.695 -Q.66-.582 .163 1.03 -2.8~ -.112.886 .0202 .0110 
121 5 1.171.08 .260 .561 2.1414 .!J05 1.-09 .382 -11.2.0 .257 1.16 1.07.280 1.37 .6~8 -./33 -. 162 1.11 -.029 -.!J79 5.57 2.73 .173 -3.29 1.142 -2.62 .587 -.158 .0360 .01147 

f05 

122 9 2.57 .1107 6.58 2.08 14.08 1.50 2.714 .12Q.909 -22.7 2.63 6.91.!J08 2.1!J -./81 -.788 6.!J3 .630 I. 28 7.001.02 .168 Q.52.803 -18.1 -1.13 .129 -.672 .0303 .0137 
123 !\ 2.32 .369 5.38 1.71 3.61 1.23 2.141 1.32 -23.8 .118 2.36 .373 5.59 I. 76 -.172 -.7118 5.21 .510 1.03 5.671.02 .136 .651 -12.0 -.ij~73.00 .086-. 7~7 .0201 .0110 
1214 10 2.20 .073 !J.85 .322 .63 .232 .635 .!J21 .36Q1421.3 2.15 .076 1J.60 .327 .977 -.168 -.726 11.75 -.061 -.225 -3.511.28 .586 -11.57 .107 -2.37 .908 -.373 .0/68 .0098 
125 9.5 2.20 1l.8q .Q5.052 .229 .q!J7.165 2.70 .OQ350.6 .319 2.09 !J.38 .179 .950 -.165 -.5~7 !J.80 -.309 -.336 7.07 -1.99 .5~0 -19.3 .505 -2.30 .789 -. q32 .0280 .0133 
126 8.5 2.140 .151 5.78 .721l 1.37 .523 8.20 .316 /5.9 .875.258 2.10 .127 ~.1l1 .53!J -.187 -.615 6.06 -.006 -.387 8.38 -2.27 .618 -81.5 -3.1411.59 1.07 -.587 .0382 .0151 

127 14 2.311 .061 5.1l7 .286 .514 .206 .611 .372 .987326.5 .385 2.31 .067 .3095.35 -.183 -.605 5.32 -.251 -.380 -.826 -.878 .219.615 -5.33 -2.67 -.580 .0385 .01521.06 
.Qq.2Q7128 3 2.32 .3qQ.053 5.37 .178 2.78 50.2 .987.3143 2.29 .OIJ3 5.23 .198 -.1714 -.576 5.3"9 -. 31~8 -.378 •ij537.9!J -.928 .607 -25 .. 0 -2.98 .0366 .011l81.02 -.559 

129 6 2.lJO .160 5.77 .769 1.!J7 .555 .9639.31l .326 Q.5922.5 .3!J0 2.31 -./71.099 5.33 -.752 5.9~ -.090 -.202 .666 .5Q58.28 -.820 -3.!J3 1.13 -.IJ65 .0113-89.9 .0209 

b. COMPUTED LONG I TUO INAL SHORT PER 100 CHARACTER I STI CS 

COHFIG. 
W sP 

sec' 
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.2 
(eJsp 

Sec -2 
2~spWsp 

sec·
' 

'8 
sec 

K'· 
Bo£s 

(sec-inT' 

Mol 

sec- 2 

Mat 
Sec-' 

Mfl 
sec·' 

M 
flES 

sec-2 

Let. 

sec-! 

1-115 3 .I~ 0.50 9.86 3.1!J 0.83 -1.08 -6.79 -0.708 -0.71!J -21.8 1.2!J 

1/6,117 - - -13.3 -2.91 0.87 -.199 +13.7 +!J.73 -0.62!J -11.03 1.10 

118 - - -9.70 0.145 0.811 -.199 +6.91 -1.39 +2.IQ ·14.03 I. I~ 

119-121 6.68 0.29 q!J.6 3.89 0.85 ·.212 .11·11.3 -2.07 -0.6214 -143.7 1.1l3 

122 - - -9.70 0.145 0.814 -.199 +6.91 -1.39 +2.11l -14 .03 1.114 

123 6.68 0.29 1414.6 3.89 0.85 -.212 ·44.3 -2.07 -0.624 -43.7 1.143 

124,125 - - -20.5 -0.94 0.83 -.177 +16.lJ -1.39 +3.53 -3.514 1.09 

126 - - -9.70 0.~5 0.814 -.199 +6.91 -1.39 +2.114 ·4.03 1.114 

127-129 6.68 0.29 414.6 3.a9 0.85 -.212 -!J!J .3 -2.07 -0.624 -143.7 1.143 





APPENDIX A
 

EQUATIONS OF MOTION AND ROLL TRANSFER FUNCTION
 

EQUA TIONS OF MOTION 

The assumed lateral equations of motion in the fuselage reference axes 

are: 

V (7where _ ,':'Iy 
r~ - mV a(j' etc. 

I aN _ I oN 
N~ = I,. 9(3 N.,. - I." 8r ' etc. 

L 'C3L L =_'_ C)L 
fd =IX 0(3 , r I~;)r' etc. 

If Equation (A-3) is multiplied by I'Y-1/I 1 and the resulting equation 

added to Equation (A-2), a new yawing moment equation is obtained: 

* Ol.o varied from. 0104 to .0034 rad at the flight test condition. 
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IK.=where 

This can be rewritten as: 

N' A N'/3' N' . N' c::; N' $. (A-5)fl.}'fa I"" +- iJ + .,."" - r + .p -P = -} Yall :) oilS - S1lP R.P 

where 

Similarly, Equation (A-2) is multiplied by Ilt.lI/I-1- and the resulting equation 

added to Equation (A-3). This produces a new rolling moment equation: 

L'·' , , 'c: , (A-6)L'A;S + • ;S + L r + L1) .p -..0 =-L ~ 0IJS - L $ ~1ZP,- ~ .,. -,- r /IS 'KP 

ROLL TRANSFER FUNC TION 

For ~12P = 0 (fixed rudder pedal), the roll to aileron stick input trans

fer function can be written (neglecting servo dynamics): 

¢ A ¢ (S2+ Z;¢W¢ 5 + U)f//')--a/lS (A-7)( 51,+2 ;d{J)d s + tUd
Z 
) ( '5 +);e){S + ~s) 

f s~ 2~pI ~ k¢ --'k+--s+/
~flS w¢ w¢- (A-B)-

(~;1 + z:: s +0(1:25+) ('5 5 + t) 
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where 

z 
J.Gn. A Wf/) t: t: (A-9)

I"a"s = ¢ --z 'j2. 5 
,.. tUd 

If the spiral mode root, litts' approaches zero, then the roll transfer 

function become s : 

(A-IO) 

where 

(A-ll) 

(A- 12) 
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