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FOREWORD 

The work reported herein was undertaken as a joint effort among the 

Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base, 

Ohio; the Flight Research Center, NASA, Edwards, California; and the 

Flight Research Department, Cornell Aeronautical Laboratory, Inc., 

Buffalo, New York. 

The report was prepared by Cornell Aeronautical Laboratory in 

fulfillment of Contract AF 33(615)-1253 S/A 5(65-1619), AFFDL (RTD) 

Project No. 63920E0812. The work was sponsored by the Flight Research 

Center, NASA and was administered by the Air Force Flight Dynamics 

Laboratory. Mr. F. VanLeynseele was NASA project engineer for the 

Flight Research Center. Mr. L. W. Taylor and Mr. K. W. Iliff designed 

the experiment for the Flight Research Center. The program was monitored 

for the Flight Dynamics Laboratory by Capt. J. R. Pruner and Flt. Lt. 

T. M. Harris. 

Evaluation pilots for the program were: F. W. Haise, B.A. Peterson 

and M. 0. Thompson, all from the Flight Research Center, NASA, and 

R. P. Harper from the Flight Research Department, CAL. The safety 

pilot on all flights was J. I. Meeker. 

The program was conducted under the technical direction of 

C. R. Chalk, project engineer for the Flight Research Department, CAL. 

The following members of the Flight Research Department made significant 

contributions to the engineering effort: B. H. Dolbin, who developed the 

simulation methods and procedures for calculating variable stability gains; 

R. W. Huber, who was-responsible for modification, calibration and operation 

of the T-33 variable stability system and ground simulation equipment; 

G. W. Hall, who assisted in analysis of pilot comment data and in the report 

preparation; D. L. Key, who authored the appendix on ground simulation of 

the T-33 and contributed to the initial flight calibration procedures. The 

following members of the Department’s computing group were responsible for 

the digital computer programming required for the simulation and gain calcula- 

tions: V. D. Close, W. H. Shed and C. L. Mesiah. 
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ABSTRACT 

The final results of a fixed-base and in-flight research program to 

investigate lateral-directional handling qualities in the re-entry mission are 

reported and discussed. Most evaluations were for the up-and-away phase 

of the re-entry mission, but a small number of configurations were evaluated 

in a spiral descent to a landing approach. 

Three different groups of lateral-directional flight characteristics 

were investigated and the results are presented in three parts. Part I 

evaluation configurations were selected from a previous re-entry vehicle 

evaluation program performed by Cornell Aeronautical Laboratory, Part II 

configurations were based on a general lateral-directional handling qualities 

investigation conducted by Flight Research Center, NASA, and Part III 

configurations were directly applicable to lifting body investigations performed 

by Flight Research Center, NASA. All.of the configurations were evaluated 

for their suitability to the re-entry mission. 

The vehicle used for both the fixed-base and in-flight simulations 

was a three-axis variable stability T-33 airplane. 
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SECTION 1 

INTRODUCTION 

The specific mission of a manned space vehicle re-entering the 

atmosphere is todescend and land safely without exceeding the limitations 

of the vehicle or pilot., The lifting body is being studied as a possible 

vehicle to accomplish this mission. The requirement for maneuverability 

during the descent and landing gives increased importance to the stability 

and control characteristics of the vehicle. 

The research program reported herein was undertaken as a joint 

effort to investigate lateral-directional handling qualities. This work was 

sponsored by the NASA Flight Research Center and performed under contract 

with the Air Force Flight Dynamics Laboratory by the Flight Research 

Department of Cornell Aeronautical Laboratory. An Air Force T-33 airplane 

modified to incorporate a three-axis variable stability system was employed 

for the handling qualities evaluations. 

The principal objective of this investigation was to evaluate the 

lateral-directional handling qualities for the re-entry mission of selected 

ranges of dynamic flight characteristics. Three groups of configurations 

were evaluated during the program and these are reported as Part I, Part II 

and Part III configurations. The Part I configurations were selected from a 

previous re -entry vehicle evaluation program performed by Cornell 

Aeronautical Laboratory; Part II configurations were based on configurations 

evaluated in a general lateral-directional handling qualities investigation 

conducted by Flight Research Center, NASA; Part III configurations were 

selected because of their application to lifting body investigations performed 

by Flight Research Center, NASA. The same re-entry mission task was 

used in evaluating the configurations in all three parts. The configurations 

were evaluated with both fixed-base and in-flight simulation. One objective 

of the program was to obtain data for a comparison of evaluation results 

using in-flight and fixed-base simulation. The variable stability T-33 was 

used for both fixed-base and in-flight evaluations. The same configurations 
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were also evaluated in a fixed-base simulator using a contact analog display 

at Flight Research Center, NASA. The results of the NASA simulation are 

not included in this document but will be reported in a forthcoming NASA 

report. 

The major effort of this investigation was devoted to evaluating 

vehicle configurations in the up-and-away phase of the re-entry mission. 

However, some configurations were also evaluated in a spiral descent to a 

landing approach. The longitudinal characteristics were held constant for 

each part of the program so that the lateral-directional evaluations would 

not be influenced by varying longitudinal handling qualities. Each evaluation 

pilot was required to perform and evaluate the suitability of a series of 

maneuvers which were representative of those that he might be called upon 

to perform during an actual re-entry and descent. 

For each configuration evaluated, the pilot recorded his observations 

on the handling qualities and his subjective evaluation of the suitability of 

these characteristics for the accomplishment of the mission. The pilot then 

assigned rating numbers to the configuration. The evaluation was performed 

a second time in the presence of a random noise disturbance, comments 

recorded and another pilot rating assigned. The pilot comment data was 

studied extensively and played an important part in the data analysis. 

This report includes a detailed description of the experiment, 

explaining the evaluation procedure, the test program and the equipment 

used. It discusses the maneuvers performed, the airplane parameters 

varied and defines the vehicles simulated. The results are presented for 

both the fixed-base and in-flight simulations in the form of pilot comments 

and pilot ratings. 

A secondary objective of the test program was to collect data on 

magnetic tape for the purpose of defining pilot describing functions for the 

task of bank angle tracking with aileron. The airplane was disturbed by a 

recorded signal consisting of the sum of ten sine waves which was injected 

into the aileron summing amplifier during this tracking task. The analysis 

of this data is being conducted by NASA Flight Research Center and by CAL 

under separate contract and is not reported here. Results of the NASA 
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analysis were presented by Harriet J. Smith of NASA Flight Research 

Center in a paper entitled “Human Describing Functions Measured In Flight 

and On Simulators” at the MIT-NASA Working Conference on Manual 

Control, Cambridge, Massachusetts, February 28-March 2, 1966. 
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SECTION 2 

DESCRIPTION OF EXPERIMENT 

TEST PROGRAM 

The test program included both fixed-base ground simulator and 

in-flight evaluations of three groups of configurations, Part I, Part II, and 

Part III. The Part I configurations were selected from configurations 

evaluated in a previous in-flight simulation program performed by the 

Cornell Aeronautical Laboratory (Reference 1); Part II configurations were 

based on configurations evaluated in a fixed-base ground simulation program 

using a contact analog display performed by the Flight Research Center, 

NASA (Reference 2) in a general investigation of lateral-directional handling 

qualities; Part III configurations were selected because of their application 

to lifting body investigations conducted by the Flight Research Center, NASA. 

In most cases, “good” longitudinal dynamics, i. e., well-damped, fast- 

responding short period mode, were selected so that poor longitudinal handling 

qualities would not contaminate evaluation of the lateral-directional handling 

qualities. Spring-type feel was used for the pilot’s controls. The configura- 

tions, including the longitudinal and feel system characteristics, are defined 

in detail and tabulated in Section 3. 

The fixed-base evaluations were accomplished at Buffalo during 

January and February 1965. All of the in-flight evaluations were flown at 

Edwards AFB, California during February to May 1965. 

Four evaluation pilots were used in the program. Pilots A and B 

evaluated the Part I, II, and III configurations for both fixed-base and in-flight 

simulations . Pilot C evaluated all of the Part III in-flight configurations and 

Pilot D was used primarily for evaluating the Part III in-flight descent con- 

figurations. A brief resume of each evaluation pilot’s background is given 

in Table 1. 
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Prior to his taking part in the evaluation program, the overall re- 

entry mission was thoroughly discussed with each evaluation pilot. The 

evaluation maneuvers , rating scale (Table 2) and comment card (Table 3) 

were also discussed with each evaluation pilot in an effort to insure that 

they all evaluated the configurations against a common criterion. 

The evaluation pilots were given no prior information about the 

configurations and had the configurations presented to them in a random 

manne r . Repeat evaluations were also included in the program for each 

pilot, but here again, he did not know ahead of time if it was a repeat. 

The comments recorded by the evaluation pilot each time he evaluated 

a configuration were of major importance in this program. When transcribed, 

the comments were generally three to six double spaced typewritten pages in 

length for each evaluation of an in-flight configuration. The comments were 

approximately 50 percent longer for the fixed-base evaluations where the 

pilot could take all the time he desired. The comment data provided consider- 

able insight in determining why a pilot liked or disliked a particular con- 

figuration and why he rated it the way he did. The comments were examined 

in detail and were given major consideration in arriving at the pilot rating 

curves discussed in the Results and Analysis section. A summary of pilot 

comments is presented for each configuration. The summary is an extract 

of the significant comments of all the pilots who evaluated each configuration. 

The correlation of the different pilots’ comments on any particular con- 

figuration was, in general, quite good with respect to describing its 

characteristics. There was, however, less agreement on the pilot rating 

numbers assigned to the configurations, 

2.2 EQUIPMENT 

The vehicle used for both the in-flight and fixed-base simulation was 

a three-axis variable stability T-33. This airplane was modified by 

Cornell Aeronautical Laboratory for the Air Force Flight Dynamics 

Laboratory, Research and Technology Division, Air Force Systems Command. 

The variable stability and variable drag equipment are described in 
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References 3, 4, 5, and 6. Details of th e capabilities of this equipment as 

a fixed-base simulator are given in Reference 7. Figures 1, 2, 3, and 4 

depict the airplane in flight, the drag petal installation and the evaluation 

pilot’s cockpit for the fixed-base and in-flight simulations. 

The airplane is a standard T-33 which has been modified so that the 

system operator, who also serves as safety pilot, in the rear cockpit may 

vary the handling characteristics about all three axes by changing the settings 

of gain controls located on his right-hand console. The evaluation pilot in 

the front cockpit has no knowledge as to how the gain controls are changed 

to set up the desired evaluation configurations. The only information he has 

concerning the configurations he is evaluating is the knowledge he obtains 

from the evaluation maneuvers. This eliminates the possibility of biased 

pilot opinion that could result from the evaluation pilot’s prior knowledge 

of the configurations being evaluated. The gain controls are varied as a 

function of fuel load during the in-flight evaluation of a configuration to keep 

the handling characteristics of the simulated configuration constant. 

The fixed-base evaluations in this investigation were conducted in 

simulated instrument flight with the cockpit canopy covered so the only cues 

available were those displayed on the cockpit instruments. The same cockpit 

displays were used for the in-flight evaluations in addition to the outside 

visual observations and motion cues experienced by the evaluation pilot. The 

variable stability system was used to vary the stability and control character- 

istics on the fixed-base simulator the same as it was in flight. The es s ential 

difference was that an analog computer was used to simulate the T-33 for the 

fixed-base evaluations as described in Appendix D. The block diagrams in 

Figure 5 illustrate the mechanization of the in-flight and fixed-base 

simulations. 

A conventional center stick and rudder pedals were used for control 

inputs. Control feel was provided by electrically-controlled hydraulic feel 

servos which provided opposing forces proportional to the control stick and 

rudder deflections (i. e., a simple linear spring feel system). The feel 

system spring rates and friction characteristics for the different phases of 
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the program were as shown in the data. Control stick and rudder pedal 

positions were used as pilot control inputs to the control surface servo 

channels. 

The normal T-33 throttle was used for thrust control for the in-flight 

simulation with the tachometer and exhaust gas temperature gauges depicted 

in Figure 4 for thrust indic’ations. A special throttle lever (see Figure 3) 

was provided for thrust control for the fixed-base simulation. This lever 

controlled a voltage which was fed through a suitable lag to the X-force 

summing amplifier of the analog computer. This voltage was also used to 

drive a meter calibrated in percent rpm for a cockpit indication of thrust. 

The cockpit display instruments used in this program were as 

follows: 

1. Lear remote attitude-direction indicator, ty-pe ARU-2/A. 

This instrument presents pitch attitude as the rotation of 

a sphere which appears as a vertical translation of a 

horizontal white line with respect to the instrument case. 

Roll angle is presented as the rotation of this same sphere 

which appears as a rotation in the vertical plane of the 

horizontal white line. Sideslip is presented as the 

horizontal translation of a vertical bar. A rate-of-turn 

indicator at the bottom of the instrument presents yaw 

rate. Side acceleration as indicated by a displacement of 

the black ball is available for in-flight simulation but not 

for fixed-base operation. 

2. Airspeed, altitude and rate-of-climb. The normal T-33 

pitot-static instruments were used for the in-flight 

simulation and electrical instruments driven by analog 

computer outputs were used for the fixed-base simulation. 

3. Normal acceleration was indicated by an electrical in- 

strument which was driven by an accelerometer for in- 

flight simulation and by the analog computer for fixed- 

base simulation. 
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4. Angle of attack was indicated by an electrical instrument 

which was driven by an angle of attack vane for in-flight 

simulation and by the analog computer for fixed-base 

simulation. 

5. Heading angle was presented on the radio magnetic 

indicator (RMI) which was driven by a magnetic sensor 

for in-flight simulation and by the analog computer for 

fixed-base simulation. 

The airplane simulated on the TR-10 analog computers for the fixed- 

base simulation was the T-33 at 23,000 feet, 250 knots LAS, and a weight of 

12,400 pounds. Two drag configurations were simulated -- drag petal 

closed configuration for the level flight evaluations, and drag petal full- 

open configuration for the descent evaluations. The airplane equations of 

motion simulated on the analog computer are listed in Appendix D along with 

the assumptions that went into the equations. Variation of the lateral stability 

derivatives of the basic T-33 as a function of angle of attack was included in 

the simulation. 

A source of random disturbances was used for both the fixed-base 

and in-flight simulations to provide a more realistic evaluation environment. 

This was not a true simulation of turbulence. However it did provide an 

external disturbance to aid the pilot in evaluating the configuration, The 

random disturbance was obtained by driving the T-33 elevator, aileron and 

rudder actuators by a random noise signal. The signal was generated by a 

gas tube white noise source passed through a bandpass filter. The filter 

had a frequency response as shown in Figure 6 with a first order break 

point at 0.1 rad/sec and a second order break point at 1.7 rad/sec. The 

amplitudes of the disturbance signal going to the control surface actuators 

could be varied independently and this was done for both the fixed-base and 

the in-flight evaluations. For each configuration, the evaluation pilot was 

allowed to choose the intensities of the disturbance signals that he felt pro- 

vided a realistic external disturbance for evaluation of the handling 

characteristics. 
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2.3 EVALUATION PROCEDURE 

The mission of the pilot-vehicle combination must be defined before 

any meaningful evaluation of handling qualities can be accomplished. The 

specific mission of a vehicle re-entering the atmosphere is to descend and 

land safely without exceeding the limitations of the vehicle or pilot. This 

mission may require many tasks but an evaluation of the vehicle handling 

characteristics regarding their suitability for the mission can be accomplished 

by having the evaluation pilot perform selected representative tasks. The 

major effort of this investigation was devoted to evaluating configurations 

in the up-and-away phase of the re-entry mission. The piloting tasks used 

to evaluate the configurations in this phase were performed at nominal 

flight conditions of 23,000 feet and 250 knots IAS and consisted of: 

1. Straight flight, including small turns and pitch corrections 

about level flight. 

2. Turning flight. Shallow (up to 30”) and medium (up .to 60”) 

banked 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. 

3. Rolling flight. Slow and rapid rolling maneuvers including 

180” rolls when handling characteristics permitted. 

The evaluation pilot performed these maneuvers in order, making 

general comments as desired on the wire recorder. At the end of the 

maneuver s , he completed his comments as called for on the Pilot Comment 

Card, Table 1, and assigned a rating to the configuration. The random 

disturbance signal was then turned on and adjusted to provide what he 

believed to be a realistic disturbance level for the evaluation and the 

maneuvers were repeated. Additional comments were then made with 

emphasis on any significant changes of the flying qualities in the presence 

of disturbances. Another rating was then assigned to the configuration for 

the evaluation with disturbance inputs. 
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The other task employed to evaluate some configurations was a 270” 

spiral descent and landing approach (see Figure 7). This maneuver was 

performed at 250 knots IAS with the power at idle, and the drag petals ex- 

tended. It started on a heading 90” to the left of the runway heading and 

ended with the initiation of flare approximately 1000 feet above the runway. 

The drag configuration provided an L/D of approximately 2. 5. A pilot rating 

was assigned to each descent configuration and evaluation pilot comments 

were recorded on the wire recorder. The pilot ratings assigned to the 

descent configurations for the in-flight simulation were assigned for the 

atmospheric turbulence that was encountered during the descent with no 

attempt to extrapolate a rating for a smooth air environment. However, 

appropriate remarks were recorded concerning the turbulence that was 

encountered during the evaluation descent. Comments are found in 

Table III- 5. 

A ten point rating scale, (see Table 2), was used to assign pilot 

ratings to all configurations. The rating scale consists of numbers that 

correspond to one or more adjectives. The evaluation pilots relied upon 

the words completely to determine which numerical rating should be 

assigned to the configuration. The numbers have meaning only because of 

the adjectives associated with the numbers and are used in this report as 

a convenient shorthand to discuss the ratings. 

In order to arrive at the rating number, the evaluation pilot first 

assigned the configuration to either the acceptable or unacceptable category. 

If acceptable, it was then determined to be either satisfactory or unsatis- 

factory and then further broken down according to the adjectives on the 

chart. If unacceptable, it was then placed in either the flyable or unflyable 

category with a further break-down within the unacceptable but flyable 

category. If a configuration was judged to be unflyable, it does not nec- 

essarily mean that the pilot could not keep control of the airplane but it does 

mean that it was unflyable while attempting to perform the tasks required 

for the mission. 
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The fixed-base simulation evaluations were conducted with 

reference to instruments only and the in-flight evaluations were conducted 

as visual flying but with the pilot paying close attention to the instruments. 

The evaluation pilots were permitted to use as much time as desired to 

evaluate the configuration during the fixed-base simulations. They took 

an average of 50 minutes to an hour to evaluate and record comments on 

each configuration. It was not feasible to allow that much evaluation time 

for the in-flight simulations and complete the required evaluations. A time 

limit was not set for the in-flight evaluations but they were generally 

completed in 20 to 30 minutes for each configuration. 

Smooth air and good initial trim conditions are essential for good 

calibration records but it was not always feasible to use valuable flight time 

to find a patch of smooth air and take the time required to get a good initial 

trim (this was especially true of some of the “wilder” configurations). As 

a result, readable records were not always obtained but enough records 

were obtained for each configuration to insure identification of the configura- 

tion. The valid in-flight calibration records were read and averages of the 

readings are presented in the Section 3 as Nominal Measured Modes. Similar 

records were taken for the fixed-base configurations and the data are also 

presented. 

Some of the characteristics could not always be directly obtained 

from the calibration records. These included the numerator terms of the 

aileron stick to bank angle transfer function which were calculated as shown 

in Appendix B. 

In addition to the in-flight recordings, transient responses were 

generated by a digital computer for aileron stick steps, rudder pedal steps 

and gust inputs. These responses are also presented in Section 3. 
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TABLE 1 

EVALUATION PILOTS 

Pilot A R.P. HARPER -- Cornell Aeronautical Laboratory evaluation 

pilot. Over 3500 hours of diversified flying time. Extensive 

experience as evaluation pilot in handling qualities investiga- 

tions employing variable stability airplanes and ground 

simulators. 

Pilot B F. W. HAISE -- Flight Research Center, NASA, research 

pilot. Over 4900 hours of diversified flying time. Exten- 

sive experience in the qualitative evaluation of airplane flying 

qualities and ground simulator evaluation of space vehicles. 

Pilot C B. A. PETERSON -- Flight Research Center, NASA, research 

pilot. Over 4200 hours of diversified flying time including 

flight experience in the M2-Fl lightweight lifting body. Ex- 

tensive experience in the assessment of airplane flying 

qualities and ground simulator evaluations of space vehicles. 

Pilot D M. 0. THOMPSON -- Flight Research Center, NASA, research 

pilot. Over 3800 hours of diversified flying time including 

flight experience in the X- 15 and the M2-Fl lightweight lifting 

body. Extensive experience in the qualitative evaluation of 

airplane flying qualities and ground simulator evaluation of 

space vehicles. 
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TABLE 2 

PILOT’S RATING SCALE 

Category Adjective description within Numerical 
category rating 

Excellent 1 

Satisfactory Good 2 

Fair 3 

Acceptable---------- (ask that it be fixed) ______________________ 

Fair 4 

Unsatisfactory Poor 5 

Bad 6 

-------------------- (won’t buy it) ____________________________ 

Bad 7 

Flyable Very bad 8 

Dangerous 9 

Unacceptable--------(won'tfly it)----------------------------- 

Unflyable Unflyable 10 

7 - required major portion of pilot’s attention 

8 -controllable only with a minimum of cockpit 

duties 

9 - aircraft just controllable with complete 

attention 
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TABLE 3 

PILOT’S COMMENT CARD 

I. 

II. 

Make general comments as ‘desired 

Following maneuvers without random noise and again after 

random noise 

1. 

2. 

3. 

4. 

5. 

Pilot’s Controls 

a. Aileron - feel-response to aileron 

b. Rudder - feel-response to rudder 

c. Elevator - feel-response to elevator 

Roll Control 

-- Maintaining 6 , Changing @ , Techniques used. 

Heading Control 

-- Maintaining 1 , Changing y , Techniques used. 

Pitch Control 

-- Maintaining Q , Changing 0 , Techniques used. 

Interaction 

a. Control - roll due to rudder 

- yaw due to aileron 

b. Response - roll due to sideslip 

- yaw due to roll rate 

- roll due to pitch 

Following Completion of Maneuvers - 
h 

1. Summarize major objections/favorable features. 

2. Comment on primary instruments and information cues used. 

3. Comment on any special piloting technique required. 

4. Numerical/adjective rating. 

5. Comment on adequacy of simulation. 

6. Comment on existing atmospheric conditions. 
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Figure 1 Variable Stability T-33 
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Figure 2 T-33 Drag Petal Installation 
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Figure 3 Fixed-Base Simulation T-33 Cockpit 
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Figure 4 In-Flight Simulation T-33 Cockpit 
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SECTION 3 

ANALYSIS AND RESULTS 

3. 1 GENERAL 

The results of this experiment were the pilot comment data and the 

pilot ratings. These data provide the means for identifying handling qualities 

parameters which reflect the pilot’s control difficulties. The pilot rating is 

interpreted as an overall measure of the acceptability or “goodness” of the 

handling qualities for the defined task. In the case of lateral-directional 

handling qualities there are a large number of effects which, depending on 

the circumstances involved, can be troublesome. Thus, the pilot comment 

data must be relied upon to provide insight into the difficulties experienced 

and to help pinpoint the root causes of poor handling qualities which are 

indicated by the pilot ratings. 

The manner in which an evaluation pilot combines his impressions of 

the handling qualities to arrive at an adjective description and pilot rating 

number is not well defined. The pilot rating assigned a configuration is 

primarily based on the amount of effort required to accomplish the mission. 

He evaluates the effort, skill, concentration and the practicability of any 

special control techniques required relative to the precision of flight path 

control actually achieved. In arriving at the rating, the pilot considers the 

response of the configuration to turbulence as well as to control inputs. The 

rating also reflects whether or not a configuration possessed any characteristic 

which the pilot considered potentially dangerous. In view of the complexity 

of the process, some variation in the ratings can be expected when the same 

configuration is evaluated by different pilots or evaluated more than once by 

the same pilot. The individual pilot ratings of each configuration for each 

time it was evaluated are presented in this section. However, composite pilot 

ratings are used for the purpose of discussing the way in which the handling 

qualities changed with variation of the parameters in the experiment. 
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A composite pilot rating was determined for each configuration, in 

lieu of an average pilot rating, because of the limited number of evaluations 

for each configuration. Since extensive pilot comments were recorded for 

each evaluation along with the pilot rating numbers, it was possible to deter- 

mine a composite pilot rating for each configuration that was more represen- 

tative of the handling qualities than a simple numerical average. The composite 

pilot ratings were determined after examining the pilot rating numbers in 

detail, both with and without random disturbances, and the pilot comments 

for each evaluation. 

In arriving at the composite pilot ratings, consideration was given 

to several factors: What was the evaluation pilot’s confidence in his rating? 

Was he rushed during his evaluation? Was the evaluation hampered by weather 

or turbulence? Were system or airplane difficulties a factor? Was air traffic 

a problem? Was this an early evaluation or had the pilot already evaluated 

several configurations? Was his evaluation influenced by a previous con- 

figuration which may have been exceptionally good or bad? Was this the 

pilot’s first evaluation of the configuration or was it a repeat? Was the 

evaluation pilot generally optimistic or pessimistic? Was the pilot evaluating 

the handling qualities for a specialized research vehicle role which would be 

piloted only by a highly trained pilot under ideal conditions or was he con- 

sidering it for an operational role which would be flown by pilots with less 

experience under less than ideal conditions? All of these factors could 

influence the pilots evaluation of a configuration and the composite pilot 

ratings are the result of attempting to eliminate these factors. The composite 

pilot ratings are based on all the available information and on the analyst’s 

judgement. They are, in his opinion, the numbers which best represent the 

manner in which the handling qualities changed with the parameters in the 

experiment. 

The pilot comment data in general showed very good agreement 

in the pilot ’ s evaluations of the configurations. The agreement was good 

not only for a single pilot’s successive evaluations of a configuration, but 

also for other pilot’s evaluations of the same configuration, The comments 

showed that the pilots were noting the same characteristics and were 
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experiencing the same difficulties for a given configuration. The variations in 

pilot rating numbers that were obtained for some configurations indicate that 

all the pilots were not always weighting the observed characteristics in the 

same manner to arrive at a pilot rating number for the handling qualities of 

the configuration in the re-entry mission. 

3.2 DATA 

Discussion of results and test data are presented separately in this 

section for each part of the program. The data format is generally similar 

for each part, and is described below. 

3.2.1 Table of Pseudoderivatives and Mode Characteristics 

These tables include the stability derivatives of the vehicle or con- 

figuration being simulated and the pseudoderivatives, i. e., the set of deriva- 

tives that can be simulated with the T-33 and will match the important modes 

of the configuration being simulated. The pseudoderivatives and the methods 

used to obtain them are discussed in more detail in Appendix C. The lateral- 

directional modes were obtained from a digital computer program for both 

the simulated sets and the pseudo sets of derivatives and are presented in 

the tables. Calibration records were generally obtained each time a configur- 

ation was set up for evaluation. The mode characteristics were read from 

these records and the averages are listed in the tables as the nominal 

measured modes. (Usable readings could not be obtained from all of the 

records because of turbulent flight conditions or difficulty in obtaining a good 

initial trim condition. The obviously erroneous readings were excluded in 

determining the nominal values. ) 

3.2.2 Table of Control Derivatives and Numerator Zeros . . - 

The control derivatives listed in these tables include the specified 

values for the vehicle or configuration, the calculated pseudo values, and the 

values that were actually set up for the evaluations. These set-up values 

were determined from the control gain settings used in the evaluations and 
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the final revised T-33 control derivatives determined during the program. 

They represent the best estimate of the control derivatives that were actually 

set up for the evaluations. The aileron stick to bank angle transfer function 

numerators were calculated as described in Appendix B for the in-flight and 

fixed-base configurations. They were obtained from a digital computer pro- 

gram for both the simulated vehicle and pseudo sets of derivatives. 

3.2.3 Root Locus Diagrams 

These diagrams show the poles and zeros of the aileron stick-to-bank- 

angle transfer function and the locus of roots for a varying pilot gain closure 

of the loop, i. e. , the pilot moves the stick in direct proportion to the bank 

angle error. The poles were obtained from the nominal measured modes of 

the configurations and the zeros from the calculated numerator zeros as 

described in Appendix B. 

3.2.4 Transient Responses to Aileron Stick Step 

These plots were either calculated or obtained from flight records as 

specified on the plot. The calculated responses were generated and plotted 

by a digital computer program using simulated airplane derivatives or the 

pseudoderivatives and the actual in-flight or fixed-base control derivatives. 

In-flight oscillograph recordings were made of the response to a sharp step 

input to the T-33 ailerons and rudder equivalent to an aileron stick step. 

These records were digitized on punched cards and fed into a digital computer 

program which converted the sideslip vane recording to true /8 , scaled the 

responses to an equivalent standard size input and plotted them. 

3.2.5 Transient Responses to Rudder Pedal Step 

These responses were generated and plotted by a digital computer pro- 

gram using pseudoderivatives and the actual in-flight or fixed-base control 

derivatives. 

3-4 



3.2.6 Transient Responses to Side Gusts 

These responses were generated and plotted by a digital computer 

program as described in Appendix E. Simulated vehicle and pseudoderivatives 

were used to obtain these responses. 

3.2.7 Tables of Pilot Comment Data 

The pilot comment data obtained for each evaluation of a configura- 

tion was examined in detail and the significant comments are summarized in 

the tables . All of the pilot’s comments were used in making the summary 

tables and as might be expected, there were sometimes conflicting comments 

which are reflected in the summary tables. 
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3.3 PART 1 EXPERIMENT 

The purpose of this part of the experiment was to repeat a portion of 

a previous lateral-directional handling qualities experiment which was done 

under Air Force sponsorship by Cornell Aeronautical Laboratory in 1960 

and to extend this work to include larger values of Ivsl. s ome of the data 

in Figure 5 of Reference 1 was selected to be repeated because recent 

investigations, conducted mainly in ground simulators, had produced results 

which were in disagreement with the data for b/a I c, 9 reported in Refer- 

ence 1. It was of interest to determine whether the disagreement in results 

was caused by the method of simulation (i. e., in-flight or ground simulation) 

or whether the interpretation of the data in Reference 1 for 1 f/,8 I= 9 was 

erroneous. 

Thus, the configurations in this part of the experiment were evalu- 

ated in the T-33, both as a ground simulator (where the information available 

to the pilot was displayed on cockpit instruments) and in flight (where, in 

addition to the instrument display, the pilot had available motion cues and 

visual reference to the outside world). 

There were three sets of configurations in Part I that differed 

primarily by the roll to sideslip ratio of the Dutch roll mode. Within each 

of the three sets, the ratio of yaw acceleration to roll acceleration for 

aileron control, till A5 /L /s45 , was varied from large adverse to large 

proverse. The roll acceleration due to aileron control, L’S,, , was varied 

to compensate for the change in -$ c ) 
2 

and thus the uncoordinated steady state 

roll rate per inch of aileron stick was maintained constant for all configura- 

tions within a set. The configurations are defined in detail and the data are 

presented in the data tables. 

3-7 



3.3.1 Effects of N’,, 

After the Part I configurations had been calibrated for in-flight 

evaluation and the evaluations had been started, errors were discovered 

in the roll and yaw rate channels of the T-33 variable stability system. 

This did not have an effect on the mode characteristics which had been set 

up by in-flight calibrations, but it did indicate that the mode characteristics 

were being obtained with something other than the desired pseudoderivatives. 

In view of these calibration errors and what was considered to be a refined 

knowledge of the basic T -33 airplane derivatives, it was decided to recompute 

the gains for the Part I configurations and to have at least one pilot evaluate 

as many of them as possible. This was done and when in-flight dynamic 

responses were obtained, it was found that the Dutch roll damping was much 

too high and the roll mode was also wrong for the cases where 1$/j I= 9 and 13. 

After some consideration, it was decided that the value of d’p used for the 

T-33 airplane was probably inaccurate and could be the source of the errors. 

The following approximations for Dutch Roll damping and the roll mode time 

constant indicate the importance of hlg for configurations with a large value 

of the ratio L> /db . 

(1) 

(2) 

When the calculated gains were again set up in flight and the sr/ gain 
was varied, it was found that it did indeed have a very powerful effect on 

the Dutch roll damping and the roll mode time constant. Thus, in setting 

up the AA-4, 5, 6 and AA-7, 8, 9 series, calculated gains were used 

as the starting point and the S+ gain was iterated to get the right 
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Dutch roll damping (the s,/, gain that gave the right Dutch roll damping 

also improved the match of the roll mode time constant). 

The “AA” configurations are identified in Tables l-l, 2, 3, and 4. 

These configurations were evaluated by pilot A. Pilot C also evaluated 

AA-2A and AA-7. 

The above discussion serves not only to identify the differences 

between the two sets of in-flight configurations in Part I, but also serves 

to point out the uncertainties in knowledge of specific derivatives, such as 

Iv; ,A$ ,A$ ) L$ and Lg which were achieved in flight. This is not of 

much importance if one is only interested in the values of the characteristic 

roots because the characteristic roots can be determined quite easily from 

flight responses to calibration inputs. These derivatives, however, affect 

the transfer function numerator terms (such as ZZQW# in the bank angle 

to aileron transfer function) and it is not as easy to determine from the flight 

records what values were achieved in flight. % 

Values of W@ and 2 ggU# were first calculated for the Part I con- 

figurations by using pseudoderivatives and calibrated values of NiA5 / NiAs , 

together with the approximate equations developed in paragraphs 2 and 3 of 

Appendix B. However, when the time histories of the responses to’aileron 

stick inputs were examined it was obvious, from the amplitude and phase of 

the Dutch roll excited by the input, that the calculated values of CL’6 and Zy# Wp 

were not correct for the in-flight configurations. More accurate values of 

tip and 2jfWg were determined by matching the roll rate responses to 

aileron stick inputs obtained in flight with responses generated by an analog 

computer. The method used is described in paragraph 4 of Appendix B and 

the values of r# and LJd determined by this method are presented in 

Tables 1, 2, 3, and 4. 

The incorrect values of 2j# Wg calculated by the method of 

paragraph 3 of Appendix B were the result of poorly known values of the 

stability derivatives A’2 , fl; , L’p . The. incorrect values of Wp 
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calculated’by the method of paragraph 2 of Appendix B were the result of the 

assumption that G/d’ 2 fli This assumption is not valid when L>/n/a 

is large. This was demonstrated by flight records taken for various values 

of the s,-/y g ain during the set-up of the “AA” configurations. From these 

records, it was observed that the Dutch roll frequency and damping ratio 

were both strongly affected by the variation of N& when L/p/N; was 

large. 

It is of interest to determine the conditions on the stability deriva- 

tives that will cause the zero to lie on the Dutch roll pole in the Q/S& transfer 

function. 

The following expression for L’ xg W# of the @/&& transfer function 

is developed in Appendix B. 

(3) 

Comparison of Equation 3 with Equation 1, the approximate expres- 

sion for rZ z&L& , indicates that both are a function of (42-/,-G); however, 

the Dutch roll damping is also a function of (Lb/N>)( fl$ -Y/V) and Z xti L)# 

contains rolling moment and control derivatives not in the expression for 

Dutch roll damping. From these approximate. expressions it is evident that 

lJtidti will equal qd tid if 

The other condition that must be satisfied for the zero to lie on the 

Dutch roll pole is that GJ# = Wd or (w, /tid=I’). It became apparent, from 

examination of the in-flight recorded transient responses, that the following 

approximation developed in Appendix B was not adequate for defining the 

configurations. 
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This approximation was based on the following approximations: 

(5) 

(6) 

The expression for LJJ was valid for the Part I configurations, but Equation 6, 

which is a common approximation for ad, bears further examination. 

For a neutrally stable spiral mode, the lateral directional character- 

istic equation can be written as: 

(7) 

where A,, 1, are a coupled conjugate pair that represents the Dutch roll 

mode and X, represents the roll mode. Expanding the left side of Equa- 

tion 7 and substituting from the expansion of the characteristic equation in . 

Reference 10 for stability axes gives: 

iv; LS and 42 LG terms are normally small compared to L> . When 

these terms are removed (which was valid for this program), the expression 

becomes: 
“d” 

-22 -Ni L‘y ‘G 
-G ( /Y+.L> 

(9) 

If the assumption is made that f/i-~ z -L> , the expression reduces to 

Equation 10 shows that UJ2 = AJ’J’ + G N’ is not a good approximation if L> 

is large and (N& - f/v) is not zero, which was the situation with the Part I 

in-flight configurations. Zero aileron yaw therefore did not produce LJ c d%P 
and minimum Dutch roll excitation for ‘aileron inputs. 

3-11 

- ~--- - ,i ,,.:t 



The following expression for the p/a,s transfer function can be 

obtained from page 99 of Reference 9 by assuming Ysas z CT0 ZY o and by 

noting that the sideslip response to an aileron stick step in Figures I-l 2 to 

1-16 has a steady state. Since the spiral root was at the origin for these 

configurations, the steady-state sideslip implies that the constant term in 

the numerator cubic of the P/+45 transfer function was essentially zero 

and thus we can write: 

From this expression, it is seen that the steady-state sideslip for aileron 

inputs is zero for 

Equation 11 also indicates that the sideslip excited by aileron stick 

inputs is zero for all frequencies when N2H5 =[&” - y/v)= YsA5 =o. . For the 

case of \$$I # 0 , this result implies that the zero lies on the Dutch roll 

pole in the @/& transfer function when N’ J-,, =(N$A -y/g= GA5 = 0. 

In the following paragraphs, the results of Part I of the experiment 

are discussed in some detail. 

3.3.2 1$/d Less Than One (Configurations A and AA-l, -2, -3) 

The composite rating curves in Figure I-l for low roll to sideslip 

configurations, d I //I = .64 to .89, show good agreement for the in-flight 

and fixed-base configurations. Reference to the pilot comments shows that, 

for the adverse yaw case, the pilots object to the Dutch roll excitation of 

sideslip with rapid aileron inputs and the difficulty in coordinating well; there 

are no major objections for the near-zero aileron yaw case; for proverse 

aileron yaw, the pilots object to the Dutch roll excitation of sideslip with 

rapid aileron inputs and for large rolling maneuvers. The comments also 

show that, for the fixed-base simulation of the proverse yaw case, there is 

a tendency to set up a divergent sideslip oscillation with aileron control. 
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The root locus diagrams, Figures I-20 and I-21, show that the light Dutch 

roll damping becomes even lighter when the pilot acts as a high gain pro- 

portional bank angle controller with proverse yaw. This tendency to oscillate 

was not noted for the in-flight simulations, but the maximum in-flight NiAS 
/ 

Lid5 

was only 85% of the maximum fixed-base value. This is reflected in the 

higher LJ9/0d value for the fixed-base proverse aileron yaw configuration. 

Other factors to be considered are the additional motion and visual cues 

available to the pilot in flight. There is also the possibility that the pilot 

uses lower gain in the bank angle to aileron loop in flight. The comments 

also showed that the steep turning performance was a good feature of the 

proverse yaw case and, for the fixed-base evaluation, the sideslip oscilla- 

tions would damp out when the pilot was controlling pitch attitude with bank 

angle. Using bank angle to maintain a desired pitch angle is a common tech- 

nique in steep turns, where the pilot maintains an essentially constant elevator 

stick force and increases the pitch angle by decreasing the bank angle or 

decreases the pitch angle by increasing the bank angle. It was also noted that 

there was no tendency to “dish-out” (i. e., for the nose to drop) when rolling 

out of steep turns. This was considered a good feature for the proverse yaw 

configuration. 

The evaluation pilots noted the heavier rudder pedal forces for the 

“A” in-flight configurations and objected to this for the adverse yaw case. 

There was also an objection to the light rudder pedal forces for the adverse 

yaw “AA” configuration. There was, however, nothing to indicate that the 

rudder control characteristics were a major factor in the evaluation of this 

group of configurations. 

Examination of the transient responses to aileron stick steps, 

Figure I- 12, shows that there is very little Dutch roll oscillation on the bank 

angle and roll rate responses. There is, however, considerable Dutch roll 

oscillation on the sideslip and yaw rate responses, which becomes minimum 

and reverses phase as the aileron yaw changes from adverse to proverse. 

It is also apparent that the pilots prefer the configurations that have minimum 

sideslip excitation with aileron control. 
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The random disturbance input pointed up the lack of Dutch roll 

damping and the attention required to coordinate the rudder with aileron 

inputs . When the aileron yaw was proverse, the pilots noted that there was 

often a conflict in use of the rudder to suppress disturbances and for coordina- 

tion of aileron inputs. The following expression was developed in Reference 15 

for the rudder pedal deflection required to coordinate, i. e., keep/? = 0 in a 

rolling maneuver: 

This expression was developed by equating /3 = 0 in the equations of motion 

and eliminating the yaw rate and aileron stick terms. In developing the 

expression, it is assumed that YsAS = a, = 0 and that YhRP iRp can be 

neglected. The expression indicates that 1&S /Lid5 and&g -@ are impor- 

tant factors in determining how the pilot must operate the rudders to keep 

the aircraft coordinated while maneuvering the aircraft in bank angle. Coor- 

dination can be a difficult process and depends upon relative magnitudes of the 

coefficients of 3, $ , # and the pilot’s ability to determine what should be 

done. With proverse aileron yaw, opposite rudder pedal inputs are required 

to coordinate aileron inputs. This is opposite to what pilots are normally 

accustomed to doing and tends to make the coordination task more difficult. 

3.3.3 I~/!~l Between 9 and 10 (Configurations A and AA-4, -5, -6) 

There is less agreement between these composite pilot rating curves 

for the different simulations, Figure I-l, than for the low I$// 1 configurations, 

but they clearly show the trend that pilots do not like large yaw due to aileron 

control, either adverse or proverse. 

A basic complaint about all of the configurations in this group is the 

large roll response to sideslip and the consequence of miscoordination. With 

large adverse yaw, the roll response to aileron is “jerky” and the Dutch roll 

mode is excited. The pilot opinion improves as the adverse yaw decreases and 

peaks after the aileron yaw has become proverse. As the aileron yaw is made 
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more proverse, the pilot rating deteriorates with the major complaint being 

a closed-loop oscillation when precise bank angle control is attempted. The 

root locus diagrams show this possibility for closed-loop oscillation for 

proverse aileron yaw when the pilot acts as a proportional controller in 

closing the bank angle loop. 

The transient responses to aileron stick step inputs, Figure I-13, 

show that the minimum sideslip excitation occurs for the slightly proverse 

aileron yaw configurations. This indicates that the instrumentation X axis 

was not aligned with the flight path, i. e. , d, # 0, or that N (k-g was negative. 

The configurations with minimum sideslip excitation also had the 

best pilot ratings, The pilots considered the initial roll response abrupt and 

too large for the adverse aileron yaw configurations. It should be noted that 

as(W#/IOd)’ became smaller (as the aileron yaw became more adverse)l> 
A5 

was increased to keep the steady state roll rate per aileron control input con- 

s tant. The abrupt initial roll response can be attributed to the larger Li,, 

values for the adverse aileron yaw configurations. 

The pilot comments are helpful in explaining the differences in the 

in-flight pilot rating curves for the “A” and “AA” configurations. With the 

hi& I P/J I s the configurations are quite susceptible to miscoordination and 

the “AA” configurations were considered to have far too much rudder sensi- 

tivity for good control. This probably accounts for the generally better ratings 

for the “A” configurations for ti6,/Wd near one. For larger and smaller 

values of ti@/Od ( L&#/L& 4 .6 and Q/&>l. 3) the pilot comments show closer 

correlation between the in-flight A and AA configurations than is indicated 

by the pilot rating numbers. 

Although the rudder sensitivity in the fixed-base evaluations was the 

same as it was for the AA in-flight evaluations, it did not cause as large a 

deterioration in pilot ratings. The major objection to the large proverse ail- 

eron yaw configurations (fixed-base configuration A-6A and in-flight configura- 

tions A-6B and AA-6) was the closed-loop bank angle oscillations. The 

objections occurred at similar levels of sideslip excitation and values of ti@/Ud 

for both the fixed-base and the in-flight evaluations, but Ni& 
/ 

LiH5 was more 

than twice as large for the in-flight configurations. This can be attributed to 

a difference in @> -6) . 
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The random input again pointed up the lack of Dutch roll damping. 

The roll response to sideslip disturbances was greatly increased relative 

to the previous group. Mistakes in coordination caused large bank angle 

responses. 

3.3.4 I @/AI Between 12 and 13 (Configurations A and AA-7, -8, -9) 

Only one in-flight pilot rating curve is presented in Figure I-l for 

the se high 1 #//I configurations. Only one “AA” configuration was evaluated 

because of limited time in the flight program. The pilot rating curves show 

that the best pilot rating occur near 0 a/& = 1 for both the fixed-base and 

in-flight evaluations. Reference to the transient responses in Figure I-l 1 

and I-14 shows that the configurations with minimum sideslip excitation in 

the Dutch roll mode for aileron stick inputs are also the configurations with 

the best pilot ratings. The best ratings for the in-flight configurations were 

experienced when the aileron yaw was proverse. This can be attributed to 

(IV> - $) making WI #6-& and L?# # rd with N’65 zero. 

A major objection to these configurations was the large rolling 

response to sideslip disturbances from either rudder miscoordination or 

external disturbances. For the large adverse yaw cases, the pilots object 

to the “jerky” roll response to aileron. The response is initially abrupt, 

but then slows down because of the sideslip generated by the adverse yaw. 

They also note that the steady state roll rate is quite high when the sideslip 

is kept at a minimum with rudder coordination, but is low without coordination. 

A comparison of in-flight configurations A-7B and AA-7 shows that LidS 

was 27% higher for AA-7 and the steady state roll rate per aileron input was 

more than twice as large for AA-7. This is in agreement with the pilot 

comments which were more critical of the initial abrupt roll response of 

AA-7. Another factor that made AA-7 more objectionable was the 

“tremendous decrease in apparent directional stiffness when going closed 

loop” noted in the pilot comments. Reference to the #/‘g~5 transfer function 

zero locations of A-7B in Figure I-21 and of AA-7 in Figure I-22 shows the 

possibility for a closed-loop low frequency oscillation at high airplane-pilot 

gain. The airplane control gain was higher for AA-7 where the comments on 

low directional stiffness indicated a low frequency oscillation. 
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The pilot ratings improved as the adverse aileron yaw was de- 

creased and reached a crest when sideslip excitation becdme minimum. 

As the aileron yaw became more proverse, the pilots objected to closed- 

loop roll oscillations and the pilot ratings deteriorated. They objected to 

the oscillations more in the fixed-base evaluation than in the in-flight 

evaluations. The objections also occurred with less proverse aileron yaw 

for the fixed-base simulations than for the in-flight simulations. Reference 

to the root locus diagrams in Figures I-20 and I-21 shows that the zeros of 

the d/g&, transfer function pass to the left of the Dutch roll pole for the 

in-flight configurations, which causes the closed-loop root loci to remain 

in the left half plane until 04 becomes significantly greater than ud . 

The zeros of the fixed-base configurations are farther to the right and the 

closed-loop root loci cross over into the right half plane when Wg is only 

slightly larger than UJ . This is in agreement with the pilot comments 

that indicated closed-loop oscillations in configurations with lower values 

of ob/Wd for the fixed-base evaluations. The pilots also objected to the 

low roll acceleration at large proverse aileron yaw for both the fixed-base 

and in-flight simulations. They did, however, comment that the flight 

characteristics of the proverse yaw configurations improved in steep turns. 

It should be noted that the rolling moment due to rudder pedal was 

not set to the planned value for the in-flight configurations because of an error 

in calculating a gain setting ( LLRP was slightly positive instead of slightly 

negative). This was not, however, considered significant in the evaluations 

because the pilot comments indicated that any Li,,, effects could not be dis- 

tinguished from the large L> effects. The comments also indicated that the 

rudders were objectionably sensitive in causing sideslip and thus rolling mo- 

ments for the fixed-base evaluations. The in-flight rudder sensitivity, which 

was only 40% of the fixed-base values, was considered about right. This 

could help account for the difference between the fixed-base and in-flight 

pilot ratings. 

The random input again pointed up the lack of Dutch roll damping and 

caused considerable roll disturbance. In natural turbulence the roll acceler- 

ations were excessive. 
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,3.3. 5 Summary of part I Results - 

The longitudinal control characteristics were selected to provide goocl 

handling qualities and were kept constant for the Part I configurations. Thcrc: 

were no significant objections in the pilot comments concerning the longitudinal 

control so it can be assumed that the lateral-directional evaluation results 

were not altered by longitudinal considerations. 

The transient responses to a side gust shown in Figure I-19 are 

essentially the same in sideslip and yaw rate for all three groups. The 

magnitude of the bank angle and roll rate responses are proportional to 

f~> ori @/AI . This supports the pilot comment data where the pilots 

objected to the higher roll response to sideslip disturbances with high L> 

Or i @PI and down-rated these configurations more after evaluating them 

in the presence of random disturbances. See Appendix E for a more detailed 

discussion of the roll response to sideslip disturbances. 

Calculated transient responses for a standard rudder pedal step 

are shown in Figures I-17 and I-18. These responses verify the pilot comments 

that the high [g/B ! configurations were quite responsive in roll to rudder 

inputs and that alarming roll response could result from rniscoordination. 

The responses also show that the rudder pedals were much less sensitive for 

the “A” in-flight configurations than for the “AA” and the fixed-base con- 

figurations. 

From the time histories of Figures I-9 through I-16 it is observed 

that minimum sideslip did not occur at NiAs = 0 , particularly for the A-7, 

-8 and -9 set of Figure I-14. It must be concluded that ( N> - Y/V ), d, or 

y&4s 
was not zero for these configurations. 

A comparison of the results obtained in this program with those 

obtained in Reference 1 shows reasonable agreement for the low 1 @/(/I con- 

figurations (see Figure I-i, configurations A-l, -2, -3). The pilot ratings 

for ( ?yfi 1 2 9 obtained in this program do not agree with the data of Figure 5 

in Reference 1 for \ $//??I z 9 . In attempting to resolve this disagreement, 

the pilot comments and transient response records for configurations 67, 68, 
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69 and 70 of Reference 1 were reexamined. It was found that the Dutch roll 

damping ratio as read from the transient responses ranged from gd 2 .06 

to . 03 for these configurations. Thus the damping ratio values used to 

identify configurations 67 - 70 in Reference 1 have been found to be in error 

and direct comparison of the results of Reference 1 for 1 g/p 1 x 9 with the 

results of this program for 1 q4~ 9 cannot be made because the Dutch roll 

damping ratio was much higher in the current program. 

The effect of the lower damping ratio in the Reference 1 evaluations 

would be to enhance the desirability of adverse yaw ( u#/Ud 4 1). The 

improvement in closed-loop Dutch roll damping that is attendant to adverse 

yaw due to aileron control is much more important when the open-loop Dutch 

roll damping is low. For cases where the lack of Dutch roll damping is an 

overwhelming objection to the configuration, one would expect the improvement 

in closed-loop damping with small amounts of adverse yaw to be a more 

significant factor to the pilot’s rating than the detrimental effects of induced 

sideslip and rudder coordination. Hence, the pilot rating versus Od/Wd 

would be expected to reach a peak for ti#/tid < 1.0 when the Dutch roll 

damping is quite low. Thus, the results of the present program are not in- 

consistent with the results of Reference 1, once the error in indentification 

of &-f in Reference 1 is taken into account. 

From the pilot ratings and pilot comments obtained in this program 

it is apparent that the pilots like the configurations best when the sideslip 

excited by aileron control is minimum. When L’ I /I is large, they object 

to the large rolling motions that resulted from sideslip rather than the sideslip 

itself and to the consequences of miscoordination. 

For configurations with the spiral root at the origin, a possible 

handling qualities parameter which reflects the importance of sideslip to the 

lateral directional handling qualities is the ratio of steady state sideslip 

(under the assumptions of Equation 5) to steady state roll rate, for aileron 

inputs. 
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This parameter includes the effect of ( I$’ - $ ). 

(14) 
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IYABLE I-l PSEUDODERIVATIVES AND MODE CHARACTERISTICS 

Pseudo- 
derivatives 

Calculated 
modes 

Fixed-base 
nominal 
measured 
modes 

k-flight 
nominal 
neasured 
nodes 
,* II config, 
lrations 
.n-flight 
nominal 
neasured 
nodes 
‘AA” config, 
irations 

&d 

,$I 
T2 

A-l, -2. -3 

. 0525 

-5.36 

0 

-2.55 

. 203 

5. lb 

-.041 

-. 00846 
-.374 

-.171 

0 

0 

2. 30 2. 17 

.103 .177 

.b56 9.19 

4-1.38 46.89 

. 389 . 331 

270.5 11.4 

2. 30 

. 09.2 

. 65 

. 35 

2. 20 

. 092 

. 64 

. 39 

2. 20 2.10 

. 099 . 18 

. 89 q.7 

. 321 . 311 

A-4, -5; 

.0525 

-77.1 

0 

-3.26 

1.55 

4.91 

.068 

.0770 

-.406 

-.167 

0 

0 

2.11 

. 18 

9.7 

. 29 

2.35 

. 18 

9.6 
. 298 

A-7, -8, -9 

. 0525 

-102.2 

0 

-2.65 

9.24 

5.67 

0 

. 0608 
-.513 

-.14 

0 

0 

2.30 

. 1305 

13.00 

48.0 

,370 

106 

2.24 

. 14 

12.8 

.53 

2.61 

.13 

12.0 

. 288 

2.41 

.12 

14.7 

.446 
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TABLE I-2 CONTROL DERIVATIVES AND NUMERATOR ZEROS 

Pseudo 
config- 
uration 

Fixed 
base 
config- 
uration 

In-flight 
config- 
uration 

In-flight 
config- 
uration 

config. 

A-l -. 120 .954 

A-2 -. 00668 .782 

A-3 .0803 .685 

A-l 

A-2 

A-3 

A-l 

A-2 

A-3 

AA-I 

AA-2 

AA-2A 

AA-3 

-. 0706 .917 

.000778 .788 

.0283 .778 

.0685 .665 

0 -. 126 

0 -. 00854 

0 .117 

.00134 -. 135 

.0000906 -. 00888 

-. 000859 . 127 

.00116 -. 092 

. 0000932 .005 

-. 00075 . 10.8 

.00116 -.077 

.000131 .OOl 

-. 000204 .036 

-. 000702 . 103 

- 

I (9 
2 

\ ad 1 

.858 

. 982 

1. 10 

.926 

.991 

1.05 

.869 .932 

. 991 .996 

1. 123 1.065 

.9099 .953 

1.005 1.003 

1. 106 1.05 

.870 .932 

.965 .977 

I. 00 1.00 

1.06 1.03 

I - 

“Ja 

&% 

q s,, -irrck “$,, L&p 

2.13 .1112 18.23 .60 -. 50 

2. 28 . 110 17. I2 
2.42 .llO 16.83 

I I 

2.14 .109 17.0 .604 -.494 

2. 29 . 110 15.7 
2.44 .llO 15.3 

I I 

2.099 . 100 19.2 .235 -. 190 

2.206 .I00 15.9 
2.313 . 100 16.4 

I I 

2.05 .099 

-_- 
--_ 
--- 

-. 00604 

I 

-. 00293 

I 

-. 00748 

I 



TABLE I-3 CONTROL DERIVATIVES AND NUMERATOR ZEROS 

Config. 

A-4 

A-5 

A-6 

Pseudo 
c onfig - 
uration 

Fixed 
base 
config- 
uration 

2. 24 / .I43 

2.41 . 137 

t 
I 

10.62 ’ .604 -.494 ’ -.00604 A-4 

A-5 

A-6 

A-6A 

1.61 i .181 

2. 15 .150 

2.43 . 142 

.843 0 I . 00206 / 1.04 1 1.019 

.715 / -.000112 / .0183 j 1.33 ; 1.15 

.532 ( -.000218 , .0437 1.78 
.I66 .40g 

.469 .685 

.843 ; .918 

1.00 1.000 

1.33 I. 152 

1.83 1.352 

.00174 

.0131 

.0232 

A-4B -. 0968 

A-4 -. 00996 

A-5 .0129 

A-6 .0214 

A-6A .0298 

A-6B .0318 

AA-4 

AA-5 

AA-5A 

AA-6 

.0828 

0 

. 0162 

.0341 

2. 82 
i - 

133 i 15.75 
I i 
I 

I 
T 

.960 .53 

1.61 .31 

2.16 i .22 
2.35 .20 

2.71 .17 

3.18 .17 
I 

t 7.68 .234 -. 191 -. 00299 

B 
-. 00769 

I 

j 2.69 .00179 ’ -.036 

.000334 -.Ol 
/ 

-- 

-. 503 

I 

.996 

.806 

.668 

.497 

.303 

2.30 

.904 

. 579 

. 325 

8.00 

11.65 

11.42 

11.30 

9.50, 

In-flight 
config- 
uration 

In-flight 
config- 
uration 



TABLE I-4 CONTROL DERIVATIVES AND NUMERATOR ZEROS 

Config. 64s GA, L 

1.34 .722 , 1235 20. 52 .60 -.50 --- 
Pseudo 

A-7 -. 0255 0 -. 01855 .85 1.955 

config- A-8 -. 00426 .974 0 -. 004375 1.0 1.0 2.30 .1331 20.65 --- 

uration 
A-9 . 00890 .735 0 .0121 1. 32 1. 15 2.645 . 1445 20.61 

I I 
--- 

Fixed A-7 -. 0264 1. 34 .000298 -.0197 .609 .780 

base A-8 -. 00472 .963 .00007 -.0049 .903 .951 2.13 .141 
config- 
uration A-9 .0105 ,736 -.0000859 , .0143 1. 28 1.13 

A-9A .0176 .616 -. 00016 .0286 1.57 1.252 

A-7B -. 0669 3.04 .00156 -.022 I .187 .433 1.13 .58 9.40 

-. 0026 1.30 .000323 -.002 .53 .728 1.90 .37 11.40 

. 01348 .898 .0000304 1 .015 .81 .900 2.35 .29 12.02 

.0214 .668 .000315 .032 1.07 1.034 2.70 .25 11.80 

.0261 .249 . 000 276 . 105 2.09 1.445 3.77 .19 8.58 

l:“,;:;g,, {AA-7 / -.0851 3.87 .00199 ; -.022 j .255 .505 1.21 .09 25.0 .601 
-__ 
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TABLE I-5 CONTR’OL FEEL AND-PITCH DYNAMICS 

. 

Fixed In 
Base Flight 

Aileron stick spring rate N lb/in 2.3 2.3 

Aileron stick breakout force N lb ,. *. 7 l . 71 

Rudder pedal spring rate - lb/in 190* 180::: 

Rudder pedal breakout force -lb *ll. 7 *11.4 

Elevator stick spring rate N lb/in 40 40 

Short period frequency, w,, - rad/sec 2.95* 3. a* 

Short period damping ratio, 4 . 48* . 6* 

Stick force per “g” w lb/g 8 8 

6 ES MAX - in. +7.75, -3.5 +7.75, -3.5 

>A5 MA% - 
in. ~6 ~6 

6RP MAX - In ’ 
. *4 *4 

:::nominal values from flight and ground simulator records 
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3.4 PART II EXPERIMENT 

In Reference 2, a criterion for assessing the lateral-directional 

handling qualities of an airplane is proposed which considers five primary 

handling qualities parameters. The criterion was developed at NASA Flight 

Research Center and was based primarily on experimental results obtained 

from a fixed-base simulator which was equipped with a color contact analog 

display. In Part II of this experiment it was planned to evaluate certain 

configurations in the T-33 (both as a fixed-base simulator and as an in-flight 

simulator) to verify the results obtained in the NASA contact analog simula- 

tions which were used as the basis for the criterion proposed in Reference 2. 

The configurations evaluated in this part of the experiments were 

defined by NASA FRC as indicated in Tables II-1 and 11-2. The five 

configurations defined by NASA consisted of variations of u+ and od 

achieved by variations of the stability derivatives Ni and I;,, . The 

spiral mode root, -1/?s t was zero andy/V was zero. Since the design of 

the NASA experiment precluded the use of rudder pedals, they were not 

used in this simulation. 

Because 3//L/ was assumed zero and y/ for the NAS-4 configurations 

was different from that of the T-33, it was not possible for the T-33 variable 

stability airplane to simulate both the mode characteristics and the stability 

derivatives obtained from NASA. However, by employing the method 

described in Appendix C, a set of pseudoderivatives was determined that 

matched the specified mode characteristics and could be set up on the T-33 

variable stability airplane in flight. The NASA derivatives, the pseudo- 

derivatives and the associated mode characteristics are listed in Tables II-1 

and 11-2. 

The evaluation results are presented in the form of pilot comment 

summaries and pilot ratings. 
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The similarities and differences for the Part II configurations can 

be summarized as follows: the values of $,j WC/ and G+ Wf were held 

constant while Jd , wd , 4# and ud varied; L),, was held constant while 

PM / Sns varied; and L’,g was held constant while 1 #/a 1 varied. Several 

handling qualities parameters (some of which are often used to correlate 

pilot ratings) were varied in a prescribed manner from one configuration 

to the next. The results are summarized in Figure II-l where composite 

pilot ratings are plotted for both the fixed-base and in-flight evaluations. 

The variation of parameters is shown on the multiple abscissas of the 

plots. Pilot rating points were taken from the summary pilot rating 

prediction chart in Figure 14(b) of Reference 2 and are shown in Figure 

II- 1 for comparison. Figure II-2 presents all of the pilot ratings on similar 

plots. 

3.4.1 Configuration B - 1 

The pilots objected primarily to the large generation of sideslip 

with aileron inputs and the extremely sensitive aileron control. They ob- 

jected to the slowing down and, in some cases, reversal of the roll rate 

because of the sideslip resulting from aileron inputs for the in-flight simula- 

tion. In the fixed-base simulation, they objected to the lightly damped roll 

oscillations excited by aileron inputs. In-flight transient response records 

for aileron stick steps were not obtained for this configuration because it 

was not possible to keep the airplane in a stable lateral trim condition long 

enough to take a record. The transient responses generated from the 

pseudoderivatives, Figures II-4 and II-5, verify the pilot objections that 

there is large sideslip excitation with aileron control. 
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3.4.2 Configuration B -2 

The major pilot objections are still the large adverse aileron yaw 

and the lightly damped Dutch roll oscillation with high 1 q/a 1 that is easily 

excited by the aileron control. They also object to the high aileron sensitivity. 

Configuration B-2A, which was the same as B-2 except that the aileron 

sensitivity was 630/O as large, was evaluated in flight to check the effects of 

aileron s ens itivity on ‘the evaluations. This resulted in a significant im- 

provement in pilot rating as shown on Figure II-l. The pilot comments 

were essentially the same except that they no longer objected to high 

sensitivity. The transient responses show good agreement between the 

in-flight recordings and the calculated responses. They also verify the 

high aileron sensitivity and large Dutch roll excitation. Note the change in 

scales when comparing in-flight recorded responses with calculated 

responses. 

3.4.3 Configuration B -3 

High aileron sensitivity was still the major pilot complaint for this 

configuration. In addition, they objected to the Dutch roll mode which was 

lightly damped and had a high 1 #/p I. Th ese objections were common for 

both the fixed-base and the in-flight simulations. An additional objection, 

which was stronger for the in-flight configuration, was the sideslip induced 

by aileron control. The responses for B-3 in Figures II-4,-5 and -6 show 

the large roll response and the large sideslip that was objectionable to the 

pilots. The in-flight recorded transient response of yaw rate shows that the 

aileron yaw was essentially zero. The sideslip response, however, shows 

considerable sideslip excitation with the aileron input which confirms the 

pilot comments. Since the aileron yaw was near zero, *b bd was close 

to the desired value of 1. 0 and the sideslip disturbance must have been 

caused by (N’p- -$ ). Th is would also cause a difference between Gd 
and +$ d . The values of 6 # listed in Table II-2 were calculated as 

indicated in Appendix B and are largely dependent upon the values of the 

pseudoderivatives. Discrepancies between the pseudoderivatives and the 
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derivatives actually simulated, especially + and dk, on the variable 

stability T-33 could have a large effect on f 4 . Refer also to the Part I 

discussion, paragraph 3. 3. The actual value of 5# could not be accurately 

determined from measurements of response records. 

In-flight evaluation of configuration B-3A, which is the same as 

B-3 except that the aileron sensitivity is only 31% as large, showed a con- 

siderable improvement in pilot rating by merely reducing the aileron 

sensitivity. The pilot comments were essentially the same except that they 

no longer objected to the aileron sensitivity. 

There were frequent complaints during the Part II evaluations 

about the lack of rudder pedals. Rudder pedals were provided for one fixed- 

base evaluation of B-3. The rudder characteristics set up, however, were 

quite poor with an essentially zero force gradient and a d& value of 

533 7/secT -in. 
PP 

The resulting rudder pedal forces were so light and the 

sensitivity so high that they actually made the pilot’s task more difficult. 

It can only be concluded that bad rudder control characteristics can make 

the pilot’s opinion of a bad configuration even worse. Time did not permit 

a meaningful examination of the control improvements that co-did be realized 

with good rudder characteristics. 

The pilot rating numbers obtained during the fixed-base evaluations 

were considerably lower than expected based on previous simulation results 

at the NASA Flight Research Center. Configuration B-3 was simulated by 

two additional methods to investigate this situation. This was accomplished 

by setting up the NASA B-3 and Pseudo B-3 configurations directly on the 

analog computer without using the T-33 variable stability system. The 

cockpit displays, control feel system and longitudinal control characteris- 

tics were the same as those used in the other fixed-base simulations of B-3. 

The only difference was the manner in which the lateral-directional characteris- 

tics were simulated. The pilot comments for both of these configurations 

were essentially the same with respect to lateral-directional handling. They 

objected to the high aileron sensitivity and noted that there was only very 

little Dutch roll excitation with aileron inputs. They commented that the 
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nose tended to rise in steep turns with the NASA B-3 configurations, but 

this is expected with the : term in the side force equation set equal to 

zero. 

A comparison of the pilot rating for the two configurations set up 

directly on the analog computer with the composite pilot ratings would 

seem to indicate that these two configurations exhibited more desirable 

handling qualities. At this point, it should be noted from Table II-4 that 

both pilots evaluated these two configurations and the standard B-3 in three 

successive runs. These were all performed on one day at the end of the 

Part II fixed-base evaluations. The results of these runs are as follows. 

Pilot 

A 

Run Configuration 

39 NASA B -3 on Analog 

Pilot Rating 
Smooth Air/Random Noise 

5/5 

A 40 Pseudo B-3 on Analog 516 

A 41 B-3 on V/S T-33 4. 514. 5 
------ -- 

B 31 B-3 on V/S T-33 6.518 

B 32 Pseudo B -3 on Analog 4.515 

B 33 NASA B - 3 on Analog 415 

It would be difficult to conclude from these successive runs by each 

pilot that any one of the configurations is significantly better than the others. 

From the trend of the ratings, it would probably be more appropriate to 

conclude that the longer a pilot flies configurations that are essentially the 

same, the less he tends to downrate them because of their objectionable 

features. 

3.4.4 Configuration B -4 

Pilot comments verify the low frequency, high , lightly 

damped Dutch roll mode and the high aileron sensitivity. The fixed-base 

comments noted slightly proverse aileron yaw. The configuration was 

given a pilot rating number of 10 with the major objection being a divergent 
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closed-loop oscillation and very high lateral control sensitivity. The 

in-flight comments indicate that the yaw acceleration for aileron inputs 

was essentially zero and the sideslip excited was quite small and adverse. 

The configuration was given a pilot rating of 5 to 6. The in-flight transient 

response records in Figure II-6 verify the small sideslip excitation for an 

aileron step. A comparison of the in-flight transient responses of yaw 

rate, r , shows that N’S A~ was negative for B-2, essentially zero for 

B-3 and positive for B -4. This was the planned variation of N\As. The 

sideslip excitation however is minimum for B-4. This is verified by the 

pilot comments and B-4 is rated the best configuration of the three for the 

in-flight evaluations. The pilot rating appears to be much more closely 

tied to the sideslip excitation than to /d ‘b AS. As was discussed in 

Section 3.2 and when discussing B-3, the sideslip excitation is related 

to ( ti’p- 5,. The Dutch roll excitation in roll rate for aileron inputs is 

related to 39 and 6d as well as 04 /@A. It was pointed out in Section 3. 2 

that 4, and $J can be different if ( h//p- $ ) is not zero. 

The closed-loop oscillation which was a major objection with the 

fixed-base evaluations of B-4, was not noted during the in-flight evaluations. 

A difference in <# could account for the closed loop oscillations for the 

fixed-base configurations while they were not experienced in flight. 

The in-flight evaluations of configuration B-4A, with 15.470 of the 

aileron sensitivity of B-4, showed a significant improvement in pilot 

rating. This eliminated the major objection to B-4, i. e., high aileron 

sensitivity,and there were no major pilot objections to B-4A. 

3.4.5 Configuration B -5 

The major objections for the configuration were the high aileron 

sensitivity, generation of sideslip with aileron inputs, and a divergent 

rolling oscillation. The possibility of a divergent oscillation is indicated 

in the root locus diagrams, Figures II-9 and 11-10, and was experienced by 

the pilots in both the fixed-base and in-flight simulations. 
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The in-flight evaluation of configuration B-5X was the result of an 

error in setting the aileron control gains, but it closely approximates B-5 

in-flight characteristics , pilot comments,and pilot rating. 

This configuration was extremely difficult to set up in flight. The 

Dutch roll damping and roll mode time constant were very dependent on the 

valueof ( N/p-$). 

3.4.6 Summaryf Part II Results 

The longitudinal control characteristics were kept constant for the 

Part II configurations with characteristics as shown in Table 11-3. The 

pilots objected to the large elevator stick motions in relation to the extremely 

sensitive aileron control. 

Transient responses to a side gust in Figure II-7 show that the 

roll response to a given side gust increases as the Dutch roll frequency 

decreases. See Appendix E for a discussion of the roll response to sideslip 

disturbances. 

Pilot rating points were taken from the comparable pilot rating 

chart, Figure 14(b) in Reference 2, for an L’se saMA, of 17. 15 secV2 (the 

value of LISA5 s~~~~, used for the Part II configurations) and plotted on Figure 

II-1 for comparison with the results of Part II. The comparison is not very 

good. The pilot ratings obtained in this program were largely downgraded 

because of the extreme roll sensitivity and significantly improved ratings 

resulted when the sensitivity was reduced by less than a factor of two. This 

is not consistent with the referenced chart which indicates that the pilot 

ratings are relatively insensitive to a factor of two change in L’sAS for 

the values under consideration. Based on these observations, and the pilot 

c omme nts, the roll sensitivity appears to be a major factor in the discrep- 

ancy between the results of this experiment and the reference chart. 
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TABLE II-3 CONTROL FEEL AND PITCH DYNAMICS 

- __~.~~._ ~- .~ _ _.. ~. ~ 
Aileron stick spring rate, lb/in 

_~_~______ 

Aileron breakout force, lb 

Rudder pedal spring rate , lb/in 

Elevator stick spring rate, - lb/in 

Short period frequency, rad/sec 

Short period damping ratio, 4 

Stick force per “8”, - lb/g 
- ~ ..-.. - 

6~s MAX - in. 

545 MAX - in. 

Fixed 
Base 

. 48”: 

*6 

In- 
Flight 

2.8 

f. 71 

2 5 o ::: >:: 

4. 2 
::: 

3.4 

. 4 ::: 

5.2 

t7.75, -3.5 

*6 

*4 

::: nominal values from flight and ground simulator records 

:::x: rudder pedals did not drive control surfaces 
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TABLE 11-4 FIXED-BASE PILOT RATINGS 

Zonfigu- Run 
ration 

B-l 19 

B-2 22 

B-3 2 

B-3 4 

B-3 24 

B-3 

B-3(l) “: 

B-3(2) 39 

B-3(3) 40 

B-4 23 

B-5 25 

B-l 15 

B-2 17 

B-3 20 

B-3 

B-3(2) :: 

B-3(3) 32 

B-4 21 

B-4 23 

B-5 19 

819 819 

8/9.5 8/9.5 

lO/-- lO/-- 

9/-- 9/-- 

617 617 

4.514.5 4.514.5 

lO/-- 

5/5 

516 

lO/lO 

lO/-- 

I lO/-- I 
5/5 

516 

lO/lO 

3 

Filot Rating 

Smooth Air /Random Noise 

I lO/ 10 I 

9/9 

517 

I 6.5/8 I 
415 

4.515 

I 
lO/ 10 

I 
9/10 

lO/lO 

lO/ 10 

9/9 

517 

6.5/8 

415 

4.515 

lO/ 10 

9/10 

10/10 

.706 2. 20 

1. 18 1. 72 

1. 55 1. 58 

1.55 1. 58 

1.55 1. 58 

1.55 1. 58 

1. 55 1. 58 

1. 50 1.50 

1. 42 1.45 

1. 63 1. 48 

2.04 1. 1.8 

,706 2.20 

1. 18 1. 72 

1. 55 1. 58 

1.55 1. 58 

1. 50 1.50 

1.42 1.45 

1. 63 1. 48 

1. 63 1. 48 

2. 04 1. 18 

(1) with rudder pedals 
but poor rudder control 

(2) NASA B-3 on analog 

(3) Pseudo B-3 on analog 

13.2 

74.5 

163. 3 

163. 3 

163. 3 

163. 3 

163. 3 

156.0 

137.5 

188.5 

699.1 I-- 13.2 

74.5 

163. 3 

1.6 3. 3 

156.0 

137.5 
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TABLE II- 5 IN-FLIGHT PILOT. RATINGS 

Zonfigu- c6g/ 
*ation 

Flight 
Pilot Rating 

Smooth Air/Random Noise 9 
Wd, 2-g 

B-l 500- 1 lO/--’ . 905 2. 23 -27. 2 

B-2 499-2 lO/lO 1. 29 1.76 106.0 

B-3 499- 1 8.519 1. 64 1.69 151.8 

B-3A 514-1 515 1.64 1.69 47.0 

B-4 500-2 615.5 1.75 1. 56 171.9 

B-5X 503- 1 919 1.71 1. 13 306.0 

B-l 501-2 9110 . 905 2. 23 27. 2 

B-2 498-2 819 1. 29 1.76 106.0 

B-2A 512-2 718 1. 29 1. 76 67.0 

B-3 498- 1 4.515 1.64 1.69 151.8 

B-3 501-l 7.518 1.64 1. 69 151.8 

B-3 506-l 717.5 1.. 64 1. 69 151.8 

B-3A 512-1 4.515 1. 64 1. 69 47.0 

B-4 498-3 5/s. 5 1.75 1. 56 17 1.9 

B-4A 512-3 2.5/-- 1.75 1. 56 .26.4 

B-5 506-2 8.518.5 1.90 1. 13 460.7 
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GROUND SIMULATOR CONFIGURATIONS 
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3.5 PART III EXPERIMENT 

In Part III, specific configurations were evaluated to supplement 

handling qualities investigations of lifting body designs being conducted by 

the NASA Flight Research Center. The flight program consisted of four 

groups of three configurations each. The three configurations in each 

group had the same characteristic equation and the same rudder control 

but different aileron control derivatives. The four groups represented 

different phases of the re-entry mission. One group was evaluated during 

a steep spiral descent to a landing approach but the others were evaluated 

in up-and-away flight under the same conditions as Parts I and II. All four 

evaluation pilots evaluated the descent configurations and three evaluated 

the other groups. 

The fixed-base evaluation program was quite limited with only 

four configurations being evaluated once by each of two pilots. The same COYI- 

figurations were not evaluated in flight because there was more interest in 

other configurations when the Part III flight program was conducted approxi- 

mately two months later. 

The results of Part III of the experiment are presented in the 

Part III Data section, where individual pilot ratings and composite rating:’ 

are plotted and the pilot comments are summarized. In addition the response 

of these configurations to side gusts is discussed. 

3. 5.1 Configurations l-D, l-E, 1-F’ (Spiral Descent - In-Flight) 

These configurations were evaluated in flight while flying the 

profile shown in Figure 7 (Section 2). This consisted of a 270” turn during 

a steep descent from 23, 000 ft. to 2,800 ft. The lift/drag ratio was 
L 

maintained at ozz 2. 5 during the descent by using idle power and full ex- 

tension of the T-33 drag petals. The random noise disturbance was not 

used during the descent because of the limited evaluation time (less than 

two minutes). The level of turbulence, however, was noted and recorded 

iy the pilots for each evaluation. The pilot rating numbers and comments 
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control. ” Adverse aileron yaw and the associated Dutch roll excitation was 

the major objection to configuration 2-D. Configuration 2-F was objectionable 

because of its proverse aileron yaw and the resulting tendency toward a 

lateral PI0 and the large roll response to aileron control. Possibility of a 

closed-loop oscillation for 2-F is indicated by the root locus diagram in 

Figure III- 15. 

Reference to the transient responses to aileron stick steps in 

Figure III-8 and 9 shows increasing roll response to aileron on the calcu- 

lated responses as the aileron yaw becomes more proverse. This is in 

agreement with the pilot comments. The roll acceleration due to aileron, 

L’b AS ’ for 2-D and 2-E was within the optimum range previously noted 

from reference 8. Configuration 2-F, with the large proverse aileron yaw, 

had objectionably large rolling motions for aileron inputs even though the 

$A5 was lower than the optimum. 

The pilots objected to the sensitive rudder control which, with the 

large dihedral effect, resulted in large rolling motions. It should be noted 

that the wrong rudder set-up was used for some of these evaluations. Transient 

responses for a rudder step input are shown in Figure X1-12. Large rolling 

responses to sideslip disturbances was a common objection to all three con- 

figurations. Reference to the pilot ratings in Figure III-5 shows a trend for all 

configurations to be downrated to approximately the same level after being 

evaluated with the random noise disturbance. This indicates that the other 

objections to the configurations were masked by the greater objections to 

their response to disturbances. The transient responses to side gusts shown 

in Figure III-13 show that the pseudoderivative configuration has a much 

larger response than the NASA configuration for the same velocity side gust. 

This is because the same gust velocity produces a smaller 
P 

disturbance 

with the higher velocity NASA configuration. Whether the objectionable 

response to disturbances would be valid for an actual re-entry vehicle 

depends upon the disturbances that would be encountered and this has not 

been well defined. See Appendix E for a discussion of roll response to 

sideslip disturbances. 

The pilots did not object to the longitudinal characteristics, and 
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these characteristics did not influence the lateral-directional evaluations. 

The longitudinal characteristics are listed in Table 111-4. 

3.5.3 Configurations 3-D, 3-E, 3-F (In-Flight) 

The composite pilot ratings derived from the up-and-away flight 

evaluations of these configurations are plotted on Figure 111-2. The pilot 

comments were in agreement with the specified lateral-directional modes. 

Aileron yaw was correctly noted for the configurations but was not a major 

objection except for 3-F where the prover-se aileron yaw caused oscillations 

when precise control of bank angle with aileron was attempted. The I#/bI 

of 2. 5, which is low compared to the other Part III configurations, tends 

to make the aileron yaw less objectionable. Although the lightly damped 

Dutch roll was alrnost continuously excited, it did not present a major 

problem in control of the airplane. The major objection was the acceleration 

ordering feature of aileron control with low sensitivity. 

The low aileron sensitivity was especially objectionable during the 

evaluations with random noise disturbances because of the large stick 

deflections required to control the airplane. The L’s AS values were lower 

than the optimum values for acceleration control taken from Reference 8. 

The rudders were used to help establish the desired roll rates but 

the pilot comments indicate that they did not play an important part in the 

lateral-directional evaluations, Again pilots A and B evaluated part of 

these configurations with the wrong rudder pedal forces. The rudder set 

up of Part I was used for several of the initial evaluations. 

3.5.4 Configurations 4-D, 4-E, 4-F’ (In-Flight) - 

The composite pilot ratings derived from the up-and-away flight 

evaluation of these configurations are plotted on Figure 111-2. They are 

basically acceleration-ordering in roll control with a lightly damped, high 

WI Dutch roll mode. These characteristics were verified by the pilot 

comments. A major objection to these configurations was the acceleration- 

ordering aileron control with very low control power. L’b As decreased 
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TABLE III-4 CONTROL FEEL AND PITCH DYNAMICS 

FOR IN-FLIGHT CONFIGURATIONS 

Aileron stick spring rate, N lb/in 2.8‘: 

breakout force, - lb zt.71 I 

Rudder pedal spring rate, - lb/in 19:‘: 

Rudder pedal breakout force, - lb *7.9 I 

I Elevator stick spring rate, N lb/in 4.2 I 

I Short period frequency, 
::: 

% - rad/sec 3.35 

Short period damping ratio, # . 3 8 “’ 

Short period frequency for descents, W, radfsec 2.4”’ 

Short period damping ratio for descents, 4 . 2 5 ::: 

Stick force per “8 ” - u/s 5.2 

b fs - in. t7.75, -3.5 , 

+nominal values from flight records 
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Table III-5 

TURBULENCE EXPERIENCED DURING IN-FLIGHT DESCENT EVALUATIONS 

CONFIGURATION 

I-O 

I-E 

I-F' 

EVALIJATICN FLIGHT PILOT 
PILOT NUMBER RATING 

A 

A 

B 

B 

B 

C 

C 

D 

D 

D 

D 

A 

A 

A 

B 

B 

C 

C 

C 

D 

D 

D 

A 

A 

B 

B 

B 

C 

C 

C 

D 

D 

528-2 9 

529-2 5-l/2 

532-2 3-l/2 

537-3 3-l/2 

5115-b 2-l/2 

530-3 2 

538-h 3 

541-2 4-l/2 

541-2 5-l/2 

542-2 u 

544-4 4 

526-2 9 STRONG NEAR GROUND 

227-2 7 LITTLE BIT, SOME 

529-3 6 LIGHT 

533-4 4 LITTLE ON LOW PORTION OF APPROACH 

539-4 3 LIGHT, CAUSED d + DF IO" 

531-3 6 QUITE A BIT 

536-4 4 FEW GUSTS 

546-3 3 VERY LIGHT 

541-4 4-l/2 LIGHT TO MODERATE 

542-4 3-l/2 LIGHT ONLY 

54'+-2 4 LIGHT 

528-3 

529-4 

535-4 

540-4 

545-3 

534-4 

543-4 

546-4 

542-3 

544-3 

IO 

IO 

5 

4-l/2 

4-l/2 

5 

8 

3 

h-3/4 

5 

3-91 

PILOT COMMENTS ON TURBULENCE 

FAIR AMOUNT, SOME PRETTY STRONG GUSTS. 

SOME 

LITTLE, DID NOT AFFECT RATING. 

SOME GUSTING, CAUSED L\ # OF 20". 

LIGHT, CAUSED d 6 OF IO". 

FAIR AMOUNT, LIGHT TO MiDllJM 

LIGHT 

LIGHT 

MODERATE 

LIGHT 

LIGHT 

HIT TURBULENCE JUST PRIOR TO FLARE 

;OME 

LIGHT 

LIGHT 

LIGHT, CAUSED A+ OF IO"-15" 

LIGHTER THAN USUAL 

MODERATE NEAR GROUND 

MODERATE NEAR GROUND 

LIGHT ONLY 

LIGHT 
-- 





.-. __.._. .._. _-___ 

- 
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TABLE III-10 CONTROL FEEL AND PITCH DYNAMICS FOR 
FIXED-BASE CONFIGURATIONS 

Aileron stick spring rate,0 lb/in 

Aileron stick breakout force, - lb 

Rudder pedal spring rate, + lb/in 

Rudder pedal breakout force, - lb 

Elevator stick spring rate, - lb/in 

Short period frequency, W, - radlsec 

Short period damping ratio, j? 

2.2 

f. 7 

1 g . g ::: 

*9.4 

4.2 

2. 4::: 
::: 

. 23 

Stick force per “8” N lb/g 5.2 

+.5 MAX - in. +7.75, -3.5 

'$5 MAX - in* zt6 

&p MAX - in. *4 

Wominal values from ground simulator records 
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‘- 2 526-2 .591 -. I63 
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5 529-3 .365 .065 
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7 526-u .215 .560 
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SECTION 4 

CONCLUSIONS AND RECOMMENDATIONS 

The preferred configurations in this experiment were those for 

which aileron control was; roll rate-ordering, had adequate sensitivity, 

and did not generate sideslip or excite the Dutch roll, mode. If these con- 

ditions were not met, then “good” rudder control was helpful to damp out 

the Dutch roll oscillations, keep sideslip zero or to augment the roll 

response to aileron. 

For configurations where the aileron stick was roll rate-ordering 

and the control sensitivity was adequate, the pilot ratings and comments 

were found to be related to the amount and the sign of the sideslip that 

was caused by aileron stick control together with the magnitude and phase 

of the Dutch roll excitation appearing in the bank angle response. The Dutch 

roll excitation parameter, ti$/tid, by itself, was not adequate to correlate 

the pilot rating and comment data. Rather it appears necessary to con- 

sider the residue of the Dutch roll mode in the bank angle response to 

aileron stick inputs, together with the magnitude and sign of sideslip 

excited by aileron stick inputs. 

The results of the fixed-base and in-flight simulations were in 

general quite similar; however, the time histories of responses to aileron 

stick step inputs indicate that there were differences in numerator factcrs 

between the fixed-base and in-flight simulations which frustrate detail 

comparison of the results. 

The configurations evaluated in the program demonstrate the effect 

of rolling moment due to sideslip, L> , the Dutch roll mode, dd 9 6d and 

the roll mode time control, Tg , on the roll response to sideslip disturbances. 

The response at all frequencies is proportional to L’J while the response at 

low frequency is inversely proportional to ti,j and h, . When the Dutch 

roll damping ratio is low, the response at the Dutch roll frequency is 

dominant and the roll response to sideslip disturbances is indicated by the 

magnitude of the roll-to-sideslip ratio in the Dutch roll mode. 
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Evaluation of the configurations in the presence of random noise 

disturbances proved to be a valuable part of the investigation. It often 

emphasized objectionable handling qualities that were not obvious in the 

smooth air environment. Although the random noise disturbance, as 

employed in this investigation, showed the effects of an external disturbance 

on the handling qualities, simulation of actual turbulence would be more 

desirable. It is recommended that techniques be developed to (1) determine 

characteristics of the turbulence that is representative of the mission 

environment, (2) determine the responses of the actual vehicle to this 

representative turbulence and (3) simulate the significant responses to 

turbulence for the evaluation. 

The results of this program indicate that pilot rating of the 

lateral-directional handling qualities is noticeably influenced by aileron 

control sensitivity. It is recommended that further investigations be 

performed to establish the range of values and the relationships of the 

aileron sensitivity, maximum deflection and force gradient desirable for 

the re-entry mission. Investigations are especially needed for acceleration 

ordering aileron control. 
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APPENDIX A 

LATERAL-DIRECTIONAL EQUATIONS OF MOTION 

The lateral-directional equations of motion may be written in 

stability axes as follows (from References 4, 1, and 9). 

g-5 
I 

-/ 4 /g 1; +/y&i q-s fv.. s 
Li+Lj;s A; (I;-sh m' IL! - - 

The aerodynamic side force derivatives 

(A-1) 
Yj 3 YV and Y, were ne- 

glected because they had only a small effect on the side force equations for 

the configurations evaluated in this program. They were present only be- 

cause the rudder was driven by i , p and r signals to match the 

yawing moment pseudoderivatives. The bank angle per aileron stick trans- 

fer function can be written as follows: 

(A-3) 

This transfer function could be written in one of the three following forms 

for the configuration in this program: 

$=mj) (A -4) 

A-l 



This form was valid for Parts I and II of this program where the spiral 

mode was essentially at the origin (i.e., 7s was large) which is true for 

$ (N;c-;k -N;L;po. 
0 

L; (4 .+ yA$‘) - N,’ (L,‘+. y,Li) + y, (N;L; -N,q 

$1; - A$; + g (NJ; -N,‘L;) +% (/y.‘lj -A$%; A;) 
(A-5) 

The spiral mode was not at the origin for the Part III configurations and 

the transfer function could be expressed by one of the following forms depending 

upon the characteristic modes. 

where: 

(A-6) 

(A-7) 

(A-8) 
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APPENDIX B 

CALCULATIONS 

B. 1 STEADY STATE ROLL RATE PER AILERON STICK STEP 

Equation A-2 of Appendix A can be rewritten in the following form: 

(B-1) 

(B-2) 

For Parts I and II, the spiral mode is essentially at the origin, i.e., 

2, is large, and B-l becomes 

(B-3) 

or 

Thus the steady-state roll rate per step aileron stick input becomes: 

2 = 2 ($j2 =[& “& $1 ‘ii (z)’ (B-5) 

a 

Q*as $ was small compared to L’ 
SA5 

for the configurations in Parts I and II, 

and the following computing equation was used for the fixed-base and in-flight 

evaluation configurations: 

4 55 
-= 
8 

15 

B-l 

(B-6) 



%s values were obtained from system gain calibrations and basic T-33 con- 

trol derivatives. r, values were obtained from nominal measured values of 

ground simulator and in-flight data. ( 0~8 /wd)’ values were calculated as 

shown in paragraphs 2 and 4 below. 

B. 2 CALCULATION OF G)+ 

The following expression for tie2 comes from Equation A-2 in Appen- 

dix A. 

The two Ys,, terms, Ygfi5 [N;d L; - fViL;k,I and YsAs L> were always small 

compared to the terms they were added to 

lected. Yp Ls was also small compared 

now be come s 

in this program and could be neg- 

to .L;s and could be neglected. tii 

(B-8) 

The following approximation from Reference 10 was checked and de- 

termined to be valid for the pseudoderivatives simulated in this program: 

(B-9) 

(B-10) 

The “/;J L>/,,;’ term in Equation B-10 is small compared to unity and 

the equation can be simplified to: 

(B-11) 

or, since IV’ was always positive and L> negative 

(B-12) 
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Substituting Equation B-9 into B-8 and B-12 and rearranging yields: 

Substituting B - 14 into B - 13 yields: 

(B-14) 

(B-15) 

h’;PSlGPS values were obtained from system gain calibrations and 

basic T-33 control derivatives. I @lP I and dd values were obtained from 

nominal measured values of ground simulator and in-flight data. G 
values 

were obtained from the pseudoderivatives. Equation B- 15 was used to com- 

pute W@ for the fixed-base and the Part II and III in-flight evaluations. Equa- 

tion B-13 was found to be inaccurate for the Part I in-flight configurations be- 

cause Of the dd 2 approximation and tid was determined as described in 

paragraph 4 below for these configurations. 

B.3 CALCULATION OF zfl 

The following expression for 2 x@ ti@ comes from Equation A-2 in 

Appendix A. 

Since N/j’ L; and hl> L> are small compared to L; and ys L? was small 
as P 

compared to Lb,, , they can be neglected and Equation B-16 reduces to 

B-3 

(B-17) 
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The ,rudder was driven by the aileron stick to obtain the desired Mt,s 

for the evaluation configurations which introduced the ysfls . 

and 

(B-18) 

(B-19) 

ysr .z -.0128 /‘/ir for the T-33 and therefore Ysfl,-/~i, N -. 0128. When 

this substitution is made, Equation B-l 7 is reduced to: 

(B-20) 

This equation was used to calculate 2 r4tid. Values of L; , L/: , ,i.‘- , N; , 

+ p 
P 

and y were obtained from the pseudoderivatives. It was not used for 

the Part I in-flight configurations where .$ 
P 

was determined as described in 

paragraph 4 below. 

B.4 ADDITIONAL DETERMINATION OF wg AND$ 

The values of CC)@ and gg calculated for the Part I in-flight configura- 

tions, using the equations in paragraphs 2 and 3 above, did not show good 

agreement with the recorded transient responses. Values of I+ and re, were 

therefore determined by matching the recorded transient responses with re- 

sponses generated using an analog computer. 

The following sketch can be drawn using Equation B-7, assuming ‘/s”s = 0. 

zero yaw acceleration 

(-) - 0 - I’) 

N&s 
L’r,,- c 1 & 

sQ 5s 
System Gain 
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The intersection of the line in the above plot with the abscissa defines 

the Nk,, /L’s AS ratio required to make da2 equal to zero, and therefore, from 

Equation B-6, psS /SAs equal to zero. The T-33 variable stability system 

has a gain control which sets the ratio of rudder deflection relative to aileron s stick inputs, r [ 1 Sa $8, 
, which sets &s/L k,, for the configuration. The system 

also has the capability of putting simultaneous step inputs into the aileron and 

rudder channels. The magnitude and sign of these inputs can be varied inde- 

pendently for each channel. This is equivalent to changing NiN5/Lif15 for a 

s as step input. For each group of configurations (such as A-4, A-5, A-6 

where only the control derivatives were varied from one configuration to the 

next), a series of transient responses was recorded for simultaneous aileron 

and rudder step inputs where only the rudder input was varied from one record 

to the next. The magnitude and sign of the rudder input was adjusted to pro- 

vide the equivalent dkAs /k&, for each configuration. For the higher / @//3 1 

groups of configurations, NiJS /L ip5 was made increasingly negative until 

steady state roll reversal was encountered. This fixed the intercept of the 

straight line with the abscissa. 

In addition to the step input transient responses, records were made 

for rudder doublet inputs for each group of configurations. Values of tid 

and gd were obtained from these records. 

Values for Z, and Zs were determined by selecting the step response 

record with minimum Dutch roll response from each group of configurations 

and matching the roll rate response with the roll rate response generated by 

an analog computer. The @/gas transfer function (Equation B-l) was set up 

on the analog computer and the only restraint in matching the record to deter- 

mine Z, and re was that Ed and rd were set to the values determined 

from the rudder doublet records. With rQ , ‘t; , &d and & now fixed, C+ 

and rd were determined for the configurations by varying L?@ and gd on the 

analog responses to obtain the best match with the recorded in-flight response. 

In matching the responses, the best set of matching responses were selected 

with the constraints that: (1) cg values should fall on a straight line plot 
‘? 

of CJd vs. N~*SIL;,, and (2) the location of the transfer function zeros defined 

by gG and C+ should follow a regular path on an s-plane plot as N&,/Lid5 was 

::: 
Thi 
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For the purpose of calculating the variable stability system gains, it 

was convenient to express the stability derivatives in primed, dimensional 

form, referenced to T-33 body axes. It was, therefore, necessary to compute 

the stability derivatives in the same form for the airplane to be simulated. 

Since the data supplied were in the form of nondimensional derivatives 

referenced to body axes, it was necessary to transform them to stability 

axes, convert to the desired dimensional form and prime. (The T-33 body 

axes and stability axes were coincident for the nominal flight conditions. ) 

C. 2 REPRESENTATION OF THE SIMULATED VEHICLE 

Except for the Part I configurations, it was not generally possible to 

. select a flight condition where the speed of the T-33 could match the speed 

of the vehicle being simulated. It is also beyond the capability of the T-33 

to independently vary the side force derivatives. It was, therefore, necessary 

to select which parameters were to be matched and which were not. In this 

case, it was decided to match the important mode characteristics of the 

simulated vehicle. This required that a set of stability derivatives different 

from the actual set be used to calculate the variable stability system gains. 

These derivatives are termed pseudoderivatives in the sense that they result 

in flying qualities that are closely similar to those of the vehicle being simu- 

lated. 

When the true speed could not be matched, it was not possible to match 

both bank angle and steady yaw rate in a steady coordinated turn. These 

quantities are approximately related by: 

It was decided to attempt to match the bank angle response to aileron 

control and to scale the yaw rate response proportional to 9/v . 

The equations of motion for a coordinated ( p=p ~0) turn are: 

If& 
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I / 
If the side force terms Y, r , Yd dAS , Yd ~RP 

; side force equations become: AS RP 

I r= 

Substituting this expression for the yaw rate, y , in 
I equations, 
I 

an expression for rudder pedal deflection as a 

1 angle can be written: 

are neglected, the 

the two moment 

function of bank 

d RP 9 = - 
@ v 

I 

9 
From this expression it can be seen that by matching 

rather than NI 
I 

+NL and -$- LL 

and L ~ it is possible to match the steady rudder deflection 

required as a function of bank angle in coordinated turns when the control 
I 

derivatives are matched. 

Since the roots of the characteristic equation were to be matched, the 

following equation was obtained by equating the last coefficient of the quartic 

with the product of the roots: 

7 ’ From this expression it can be seen that matching 7 N, and : L’+ 

permits satisfying this equation by matching the sideslip derivatives Lk 

and N; . 

At this point it is in order to look at how many parameters are required 

uI to describe the dynamics of an airplane and to see how many are controllable 

li using the T-33 variable stability airplane. 

Cl An airplane, when considered as a rigid body with conventional rudder 

< and aileron controls, is adequately described as a three-degree-of-freedom, 

in fourth-order system for fixed elevator controls. 
of 

m 
The total number of independent coefficients in the uncontrolled or 

homogeneous set of equations is: 
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C.3 CALCULATION OF THE GAINS REQUIRED 

The variable stability system gains required to match the pseudo- 

derivatives were calculated from the following matrix equations using the 

information obtained in steps 1 and 2. 

where for example L> = L;, g3+AL; = L& f L;+ 4 4 
PSEUDO - 

2 + ‘)- z 
T-33 -33 

where 

PSEUDO 

C. 4 DEFINITION OF VARIABLE STABILITY SYSTEM CHAR.4CTERISTICS 

The following variable stability system characteristics had to be 

considered before the gain calculated in step 3 could be converted to knob 

settings. 

A. Sensor Characteristics 

B. Channel Lags 

C. Control System Compliance 
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C c.4.1 Sensor Characteristics 

The equations of motion used for the simulation are written in 

terms of /3 , 13 , p , and r measured with respect to an axis system fixed 

to the airplane with the origin at the c. g. Since the airframe is a reasonably 

rigid body, the rate gyros measure P and r without correction. However, 

the sideslip probe is mounted on the nose of the airplane and therefore, senses 

components of the angular rates proportional to the probe distance from the 

c. g. In addition, the angle se.nsed by the probe is influenced by the local 

flow of air around the fuselage. The following equation was used to represent 

the output of the sideslip probe: 

where X and 

and [ ~~;~:]~~, 

are coordinates of the probe in the reference axis system 

is a gain factor due to the local air flow around the fuselage. 

For the flight condition used in the simulation program, the following numerical 

values were used in this equation: 

P - 2.10 p + .OZY?-- 
I 

- PROBE - TRUE 
-00318p 

MEAS @ c.9, 

1 c.4.2 Channel Lags 

1 The sensors, the electronic components, such as filters, and 

1 the servos all contribute lags between the airplane response being sensed and 

, the control surface deflection that is supposed to be proportional to the response. 

1 These lags must be considered in the calculation of the variable stability 

sys tern gains. The technique used is to treat each channel as having an 
( equivalent first order time constant and to compute a new set of gains that 

are compensated for the effects of sensor characteristics and channel time 

i lags. The equivalent time constants measured or estimated for the variable 

I stability channels are tabulated below in seconds. 
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sn matched. Measurements can be made for the records of dud , 3, , ZR , 

7-S A&- 9 $ + I I 
, etc. If satisfactory agreement between the 

sired and the measurAeSd responses is not obtained, it is necessary to 

examine the calculations and make required revisions. It may, for example, 

necessary to check system calibrations, revise estimates of the T-33 

.bility derivatives, or revise the time constants used to represent the 

; tern dynamic s . 

It is often informative to take a series of response records for variations 

a single channel gain and to examine the effect this has on the measured 

5pOnSe parameters of a configuration. These in-flight checks are a very 

:essary step in the simulation procedure and cannot be by-passed if one is 

have confidence in the results of the experiment. There are a large number 

calculations involved, many system components to calibrate and maintain, 

1 many operations by the test crew which are subject to error. For these 

:sons, the in-flight check of system response to specific inputs is an 

ispensable step in conducting the experiment. 

The T-33 has been equipped with a device for injecting sharp step or 

nmetrical doublet signals directly into the control surface servos for this 

-pose. Calibration records were taken for each in-flight evaluation to 

ify that the desired configuration was set up. 

j SETUP OF FEEL SYSTEM AND COMMAND GAINS 

Although the T-33 feel system has provision for using response 

ameters such as 77 
8 

and dynamic pressure as inputs, this simulation 

uired only the simulation of a spring feel system. This allowed the feel 

tern to be set up on the ground. The spring rate or force gradient for 

h control in terms of pounds per inch of stick or rudder pedal deflection 

simulated. 

The friction characteristics existent in the T-33 feel system are 

roximately the same as those estimated for realistic re-entry vehicle 

rol systems. Special effort was therefore not required to simulate 

tion characteristics. 
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The signals used to command the control surfaces were proportional 

to both the stick and rudder pedal positions. The following four gain controls 

were available to set up the control derivatives: 

The aileron control derivatives were simulated using the following relation- 

ships: 

= t L& 
SIMULATED t T-33 T-33 

AIRCRAFT 

= 
SI*IULATED AfRCRAFT i 

Rudklcr pedal control derivatives were simulated in a similar manner. 

C. 10 GROUND SIMULATOR MECHANIZATION 

The ground simulation program was accomplished by mechanizing 

TR-10 analog computers to represent the basic T-33 plus the characteristics 

of the sideslip probe. The T-33 feel system and variable stability system was 

then used to simulate the desired configurations. The feel system setup was 

identical to that used for flight. 

The command signals to the analog were taken from the surface servo 

feedback potentiometers rather than from the actual surface position pickoffs. 

This was done because the control system has slop and compliance which 

causes different surface motion to result on the ground without air loads than 

occurs in flight with air loads. Since the analog computer is a d-c machine 

and the variable stability system is an a-c system, it was necessary to have 

demodulators for the control signals from the airplane into the analog and to 

have modulators for the response signals generated in the analog and used as 

inputs to the variable stability system. 
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The 50 channel oscillograph was used to record responses to control 

inputs . In addition, a direct writing recorder was used to record ,& , 9 , r , 

$ and the command input. These records were used to check the configuration 

dynamics before each evaluation. 

C. 11 GROUND SIMULATOR CALIBRATIONS 

The T-33 variable stability system was used in conjunction with the 

analog computer in the same manner that it was used in flight. There were, 

however, enough differences, such as the airplane/computer interface 

equipment, to require calibration of the variable stability channels for the 

fixed-base simulation in much the same manner as was done for the in-flight 

simulation. 

The time lags were also measured for each channel and used for 

calculating the compensated gains. 

The dynamic and static characteristics of the simulated configurations 

were checked for the analog setup in much the same manner described in 

paragraph C. 8 for the in-flight simulation. 
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APPENDIX D 

FIXED-BASE SIMULATION OF THE T-33 

This Appendix defines the equations of motion and aerodynamic data 
used to represent the T-33 airplane for the ground simulation. 

Full six-degree-of-freedom equations are quoted from Reference 13. 
These are in terms of bodv axes for the moment equations. stabilitv axes 
for the force equations and body axes-referenced Euler angles. This choice oj 
axes systems is the most economical in the amount of analog equipment 
required for simulations incorporating the small perturbation approximations 
and not requiring all three earth-referenced velocity components. For more 
sophisticated simulations it may be advantageous to use wind axes for the 
force equations instead of stability axes, see Reference 13. 

The simplifications assumed for the simulations are listed and the 
resulting approximate equations are given. 

Because of the confusion which exists regarding the various types of 
axes systems these are defined as follows: 

,4xes Systems 
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Body Axes xb ryb 1 zb 

These are a right-handed orthogonal triad with origin at c.g. They 
are fixed relative to the airplane with the 2’6 and db axes in the plane of 
symmetry of the aircraft. 

The alignment of the xb axis within the plane of symmetry is 
arbitrarily fixed in relation to the fuselage reference line. In this study 
the Xb axis is taken to be parallel with the 5 stability axis in the steady 
state flight condition. 

Wind Axes KfAJ ?YO, j&r 

A right-handed orthogonal triad with origin at the c. g. 

The %,axis is coincident with the relative wind and the y,axis is in 
the plane of symmetry of the aircraft. 

Stability Axes X, ,4/s , as 

A right-handed orthogonal triad with origin fixed at the center of 
gravity. 

The KS stability axis is coincident with the projection of the X, wind 
axis onto the plane of symmetry and rotates with the wind axis in relation to 
the airplane. 

The as stability axis lies in the plane of symmetry and is coincident 
with the aU wind axis. The ys stability axis is coincident with the !f body axis. 

Note that the Xsand &‘axes rotate relative to the aircraft but remain 
in the plane of symmetry. 

Moment Eauations -- in Bodv Axes 

Where fb , Mb , Nb are the aerodynamic rolling, pitching and yawing 
moments about the xb, yb , 02~ body axes respectively. 

These are the complete equations. It is assumed that there are no 
gyroscopic effects or moments from thrust misalignments. 
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Euler Angles 

I 

/ 
I 
I 

/ 

I 
I 

! 

I 

\ ‘a, 
Euler angles describing the orientation of body axes relative to the 

earth axes are shown above. 

Displacements are in the order: yaw % , pitch @A , roll $15~ . 

In terms of the body axes angular rates we get: 

Earth Referenced Velocities 

For this simulation, only the height above the earth is of interest. 
This is given by: 

-h’ =LJe=-L(s COST Sir,9b + iYs sin@ cose+u~ SL’II ff cos$i!J cuse 

However, for completeness, the two translational components of velocity are 
given by: 
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Force Equations in Stability Axes 

y, = m zr; f us (rb CdS a - $6 SL’)1 a) - 9 ‘OS eb Sin #b ] 

zs = m 
[ ( ‘Js #b ~0s a + r sin a - u5 b 1 hb- “) 

- 7 has eb cos #b cos a + sin eb sin a 
)I 

+/ SiL) (Q t aT) 

Where X5 , $ and Zs are the aerodynamic forces along the x 
and 2 stability axes respectively and P is the engine thrust. 

s’ ys 
5 

These equations are complete, (i. e., they have no approximations) 
and include gravitational and thrust components. 

Simplifications Assumed for Simulation 

(1) Assume a,A, 6 are small so that 

SL’M Q z a, G?p 2 ,F , sin 0 52 e 

(2) Products and squares among a ,p , + , p , F are negligible. 

(3) Assume us-V and tQn/*~ 

so that u; 
us 

=/3 

(4) Thrust component P 5Lj7 (a + a,) is negligible. 
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where 
I 

4 

! 

I 
I 

Non 
1 

CL, ) 
c 
c 

Collection of Simplified Equations Used in the Simulation 

Moments : 

Mb 

G 
= 46 

ffb 
I 

3 
x= & - 

Forces: 
p= 52 

m 

Euler Angle Rates: 
. . 

Height: 

For the T-33 airplane an adequate representation of the aerodynamic 
forces and moments is given by the following expressions: 

Aerodynamic Moment Equations -- Body Axes 

Lb dL 
G 

aA+Lp P+L~.r+*arfL~~ da+ Ldr d$ 
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APPENDIX E 

RESPONSE TO SIDE GUSTS 

There were frequent references in the pilot comment data to the aircraft 

response to turbulence or disturbances. The major complaint voiced was. the 

large roll response for sideslip disturbances experienced for some configura- 

tions. Transient responses to disturbances were generated as indicated below 

to obtain a measure of the susceptibility of a configuration to turbulence. 

The input disturbance used was equivalent to a gust along the aircraft y 

axis. 

Equation A-l from Appendix A is shown below for the control fixed, 

i. e., no pilot inputs case: 

Y& -s 

N; +N; s -0 (E-1) 

L; -t ‘$5 

The assumption that the air mass is nonaccelerating, i.e., the air mass is 

a satisfactory inertial reference, is implicit in the equation. When the air 

mass is allowed to have motion along the aircraft Y axis, this must be 

accounted for and the equation can be written as the following set: 

(E-2) 

/A - the aerodynamic sideslip angle or $ times the velocity of 
0 

the aircraft with respect to the air mass along the Y axis. 

(This is the sideslip angle displayed to the pilot. ) 
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some ( 

4 - the sideslip gust or & times the velocity of the air mass with 

Neglec 
respect to the earth along the negative y axis. (A positive 

AC disturbance gives a positive J~A indication to the pilot. ) 

_4 The set of equations can be replaced by the following equation where& 
A appears as an input. 

-’ ! 

ya -5 -I 9 
term i T 

N; + N; s h/;-s N;’ 
4 (E-3) 

4 QLAs I 
‘, (L>-*) S 

‘BG 

This equation was solved on a digital computer for the side gust input 

d/J, shown below to generate the gust responses presented in this report. It 

The as should be noted that the sideslip angle /3G is the same angle that would be 

sensed by a sideslip vane for display to the pilot. 

becom 

0 t- 
4 - 

4 The transfer function for bank angle response to aFc input deter- 

mined from equation E-3 is shown below. 

or 
(E -4) 

A = (s++ )(~f $ )(s&+~ $” dd S + Uda) and is further defined by 

equltion A-$ in Appendix A. 

The spiral mode root was essentially zero for Parts I and II configura- 

tions which means that the term ( L>di -Li d\/;- ) was also near zero.12 was 

also zero andLh was large compared to Li Nk for these configurations. 

For these conditions, the transfer function becomes: 
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The following sketch illustrates the bank angle response to sideslip 

disturbances for the configurations in Part III: 

i .. 
.,\ :. 
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