Cleared September 26th, 1966
Clearing Authority: Flight Dynamics Laboratory

FLIGHT EVALUATION OF VARIOUS PHUGOID DYNAMICS AND
]/Th] VALUES FOR THE LANDING-APPROACH TASK

Charles Chalk



FOREWORD

This report was prepared for the United States Air Force by Cornell
Aeronautical Laboratory, Inc., Buffalo, New York, in partial fulfillment
of Contract AF33(615)-1253; Exhibit (A) and (A-1), Item V.

The program was performed by the Flight Research Department of
Cornell Aeronautical Laboratory under the sponsorship of the Air Force
Flight Dynamics Laboratory, Research and Technology Division, Wright-
Patterson Air Force Base, Ohio, as Task 821905 of Project 8219.

Mr. Richard Wilson was project officer for the Flight Dynamics Laboratory.

This report is also being published as Cornell Aeronautical Laboratory
Report No., TC-1921-F-4.

The work reported in this document represents the efforts of a group
of skilled individuals: Mr. R. Harper, the evaluation pilot; Messrs.
N. Infanti and J. Meeker, the safety pilots and in-flight test conductors;
and Mr. R. Huber, who was responsible for the modifications, calibration,
and maintenance of the variable stability and variable drag systems.

This report was submitted by the author December 1965,

This technical report has been reviewed and is approved.

1F, o LegfBeock

C.B. Westbrook

Chief, Control Criteria Branch

Ajr Force Flight Dynamics Laboratory

ii



ABSTRACT

This is the second in a series of two reports dealing with longitudinal
handling qualities in the landing approach. The T-33 variable stability
and variable drag airplane was used in a flight program to evaluate various
short-period dynamics, phugoid dynamics, drag characteristics and
elevator control authority levels. The first phase of the flight program was
directed mainly at longitudinal short-period dynamics, drag variation with
angle of attack and elevator control authority. This work was reported in
FDL-TDR-64-60. The second phase of the flight program was directed at
phugoid dynamics, short-period frequency, elevator control authority and
drag characteristics. Drag variations with angle of attack, airspeed and
elevator deflection were considered, Pilot ratings and comments are
related to the airplane characteristics tested.
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SYMBOLS AND DEFINITIONS

The basic symbols used in this report are defined below. In a few cases
symbols are used which relate only to the immediate text in which they appear,

these are defined when they are introduced.

Dimensional Units

Distance - feet

Time - seconds

Angle - radians (unless otherwise stated)
Force - pounds

Moment - foot-pounds

Mass - slugs

Aerodynamic Notation

a., component of acceleration of airplane cg along
Z stability axis

b wing span

< wing chord

¥ thrust line offset, positive when ¢cg above thrust line

) rolling moment coefficient, (/g Sb

Ch pitching moment coefficient, M/q,5¢

C, yawing moment coefficient, N’/c;o Sk

Co drag coefficient, D/q,$

c, lift coefficient, L/:;as

C, side force coefficient, 77905

Cy thrust coefficient, T/gaS

D drag, force in plane of symmetry and parallel to

component of relative wind in plane of symmetry,
positive aft

Fes elevator stick force
Fas aileron stick force
9 acceleration of gravity (i.e., 32.2 ft/secz)
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Aerodynamic Notation (Cont,)

h

Ix.x: IVV
IZZ!IXZ

altitude
airplane moments of inertia about body axes
lift, force in plane of symmetry and normal to

component of relative wind in the plane of symmetry,
positive up

rolling moment about X body axis, positive right wing down
pitching moment about Y body axis, positive nose up
yawing moment about Z body axis, positive nose right
mass

normal accelerometer reading in g units, positive in
pullup

angular velocities about X, Y, Z body axes, respectively
thrust force along X body axis

dynamic pressure, 42 pl/*¢

wing area

incremental velocity along the X, Y, Z reference axes
respectively

airspeed
weight

aerodynamic force along X stability axis, positive
forward

aerodynamic force along Y stability axis, positive
to right

aerodynamic force along Z stability axis, positive down
angle of attack

angle of attack measured by vane

angle of sideslip

flight path angle, positive up

desired flight path, defined by landing aid

angle between X axis and thrust line

aileron angle, positive right aileron down

aileron stick deflection, positive right

elevator angle, positive trailing edge down

elevator stick deflection, positive back

ix



Aerodynamic Notation {Cont.)

J,- rudder angle, positive trailing edge left

drp rudder pedal deflection, positive right pedal forward
dp drag pedal deflection, % included angle

& attitude angle, angle between X body axis and the

horizontal plane

P air density

7] bank angle, angle between Y body axis and a horizontal
line in the Y-Z plane

(4 heading angle, angle between reference azimuth (North)
and the projection of the X body axis in the horizontal
plane

The following stability derivative notation is used:

- 9% - 2V ¢ty . YU 3Cm
¢, = 2% Cp, = 2Cm e, =25m
la 7 pu Ve dow "5 Dbe
N . 2U 2C, _ U acCy
“a” ‘e T Tou ‘e T 7 u
. voc - Y 26
Ciy =73 u Cou = 3 9 u
The following dimensional stability derivative notation is used:
A Se Pt /OSU _
M, = 0 - T, = = = £
$ o1, U Cmg u (Cr,+ Cr) MJES 5. 76,
. ,05U
M¢ = an\S“- Cm Xﬂ[ == (CDLL+ cp>
o
Yy ) pSU (c 0
n., = B3C £ . K b )
o T 2u "M ,oSU
24 z, = - -———(C +Cy )
o0 Sle
M, = (C +C,,) _ /OSU
Iyy M Zur T (CLGL+ Co)
oSU% 2
Mg = S—— ¢ pSY
5 m . A
e ZIY)’ Se de 2m C"Je



Transfer Function Notation

frequency, cycles/second

undamped natural frequency, cycles/second
gain factor

transfer function numerator

Laplace operator

time constant

damping ratio

time constant

real root

SRV B T IR 2 T N

frequency, radians/second
@y undamped natural frequency, radians/second

closed-loop phugoid frequency, ¢ controlled by 5 ,
4 by throttle ¢

G(jm) transfer function of filter
J{f) power spectral density

R{7) autocorrelation function

Subscripts
3P  short period
£ phugoid
6,8, identifies factors of numerator of 9/,21“3 transfer function
7 throttle, as in throitle deflection & , also as in factor
of numerator of };/57 transfer function J/T”r
h, :
b, t identifies factors of numerator of ﬁ/ﬁe transfer function
Ay ! ! /
i ., . rn 7
7 iz h3
Axes

The following axes are right-hand orthogonal sets with origin at the

center of gravity.

X in the plane of symmetry, directed toward the nose and
initially along the projection of the wind vector in that plane

Y normal to the plane of symmetry, directed along the
right wing

Z in the plane of symmetry, directed ‘'"down"

These axes are fixed in the airplane,

X1



General

£{}
PR

coefficient of polynomial

expected value or statistical average
pilot rating

natural logarithm

incremental value

xii



SECTION I
INTRODUCTION

1.1 BACKGROUND

In the flight program described in Reference 46, the T-33 variable
stability airplane was used to study longitudinal flying qualities for the
landing-approach task., The factors studied were short-period dynamics,
longitudinal control gain, and drag variation with angle of attack; the work

was conducted during the summer and fall of 1963.

The study of longitudinal flying qualities for the landing approach was
extended during the summer and fall of 1964 to include the effects of phugoid
dynamics, drag variation with airspeed, and drag variation with elevator
control. The results of this latter program are the subject of this report,
The same airplane, evaluation pilot, and test crew were used for both test

programs,

References 1 through 45 form the background information for

Reference 46, and are, therefore, equally valid for the present study.

1.2 APPROACH

In the program conducted, selected configurations of drag, short-period
and phugoid configurations were established through the T-33 variable drag
and variable stability systems. The piloting task was to fly a constant speed
approach consisting of a straight-in IFR portion, followed by transition to a
visual glide path defined by an arrangement of lights, The approach was then
terminated by 2 waveoff, which was followed by a visual circuit of the
airfield and a second visual approach on the glide path with the same
configuration., The pilot then commented on the control difficulties exper-
ienced, answered a list of specific questions {designed to determine how he
used the information and controls available to him), and assigned a rating to

the configuration,



1.3 ARRANGEMENT OF REPORT

The experimental procedure is described in Section II. The equipment
used to perform the experiment is described, the evaluation task is defined,

and the selection of configurations to be evaluated is discussed.

The results of the experiment are discussed in detail in Section III.
These consist of pilot rating and comment data, optimum longitudinal gains

selected by the pilot, and typical time-histories of the approaches.

The major conclusions drawn from the results of the experiment are

listed in Section IV.



SECTION II
EXPERIMENTAL PROCEDURE

2,1 VARIABLE STABILITY AND VARIABLE DRAG EQUIPMENT

2,1.1 General Description

The design and installation of the variable stability and
control system in the T-33 airplane are described in Reference 31. The
design, installation, and calibration of the variable drag system are
described in Reference 32. Figure 1 illustrates the T-33 airplane with

variable drag petals on the tip tanks,

Briefly, the airplane has been equipped with electro-hydraulic
servos to position the elevator, rudder, aileron and drag surfaces in response
to combinations of pilot commands and airplane response parameters.
Airplane angle of attack, angle of sideslip, angular rates, linear and angular
accelerations, dynamic pressure and random noise generator are available
as inputs to the servos. In addition, the front cockpit controls have been
mechanically disconnected from the airplane control surfaces and connected
instead to hydraulic feel servos. In this manner, the control system char-

acteristics and the airplane characteristics can be varied independently.

The T-33 variable stability, variable-drag airplane is

described and illustrated in a 25-minute color movie listed as Reference 33.

2.1.2 Lateral-Directional Dynamics

The primary purpose of the flight program was to study
longitudinal handling qualities in the landing-approach task, Therefore, it
was considered desirable to have sufficiently good lateral-directional handling
qualities to avoid compression of the rating scale., It was also considered
desirable to use a minimum number of lateral-directional feedback signals

to simplify flight operations.



Figure |, VARIABLE STABILITY T-33 WITH DRAG PETALS EXTENDED



With the exception of the Dutch-roll damping ratio, the
evaluation pilot considered the unaugmented T-33 flown through the CAL
power-control system to be adequate for the landing approach task, The
Dutch-roll damping ratio was increased to a satisfactory level through yaw-
rate feedback to the rudder.

2.1.3 Control Systemnm Characteristics

For the landing-approach flight program, the control surface
servos were commanded by signals proportional to control stick and rudder
pedal position. The aileron and rudder control gains and feel characteristics
were maintained constant throughout the program at values initially selected
by the pilot as being satisfactory. The elevator stick force per unit stick
displacerment was also maintained constant throughout the program; however,
the gain between the contrcl stick displacement and the commanded elevator
angle was selected by the evaluation pilot for each conf‘iguration at the
beginning of each evaluation. This technique was used because it seemed
more logical to assume the spring rate known and fixed, and to let the pilot

select the control gain,

The feel system static stiffness or spring rate and the

longitudinal control gains used in the program are listed in Tables I and II.

The response of the elevator feel servo to a step input is
shown in Figure 2. It should be noted that the response time of this servo
has been significantly reduced from what it was during the Reference 46
program. This was accomplished by the use of stick rate feedback to reduce

the servo damping ratio.

Figure 3 illustrates the net engine thrust as a function of engine
rpm for U = 160 kts IAS at Ap = 2400 ft pressure altitude and temperature,
O0AT = 22°C., Data were taken with landing gear down and various drag petal
settings from dJ, =0to d, =60°. The net thrust was calculated using

drag coefficient data (for the airplane and drag petals) from Reference 32.
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Figure 3 also shows the relation between throttle position and
engine rpm. I'rom these curves it can be seen that over the range 70 percent
to 100 percent, the engine thrust is a nonlinear function of throttle position.

The pilot was aware of this fact and commented about it on several occasions,

2,1.4 Longitudinal System Setup

Figure 4 illustrates the longitudinal setup of the T-33 variable

stability, control, and drag system used in the test program,

The short-period dynamics were varied primarily through

5eﬁ and ge/o'f feedback gains which affect the stability derivatives M, and
M(x .

The phugoid dynamics were varied primarily through 36/Aé‘ ,
5e/§ s jp /u and §F/oc feedback gains which aifect the stability derivatives
MU’MQ,XL( and)(w..

The degree of "backside operation" or value of the low-
frequency factor in the numerator of the altitude-to-elevator transfer function

wasg varied through the feedback gains 3,/« , 5, /x and the command gain

gp/gfs. These gains affect the stability derivatives X, , X, , and)(’é'fS .

The elevator control gain 56/555 was also a variable in the
experiment. The function generator interconnect between the petal servo
and the elevator servo was required to cancel the pitching moments of the

drag petals.

Frequency response data and equivalent time lags for various

dynamic components of the system are documented in Reference 47.

The low-pass filter in the 58/A9" and é'e/é‘ channels and the
one in the §,/§,; channel are of particular significance to the results of the

experiment, Figure 5 contains frequency response data for these filters,
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Z,.2 EVALUATION TASK

2.2,1 Flight Path

The flight path used for the evaluation task is sketched in
Figure 6. The straight-in instrument approach started twelve miles out at
5000 ft above ground level, Track over the ground was maintained by
reference to either the radio magnetic indicator or to the vertical needle
of the VOR/ILS cross pointer which displayed course deviations from the
Niagara Falls ILS course. The initial rate of descent was approximately
2300 ft/min, This rate of descent was maintained down to 1600 ft altitude,
at which point it was decreased to 700 ft/min, This rate was held down to
600 ft altitude, Arrival at 600 ft altitude occurred prior to reaching the
outer marker (4.2 miles). The 600 ft altitude was maintained until 2 miles
from the end of the runway. When the safety pilot called the 2-mile point,
the evaluation pilot raised the instrument hood (masked helmet visor), and
the final approach to the runway was made with visual reference. Visual
glide slope information was obtained from the light glide-path indicating
system illustrated in Figure 7. At approximately 25 to 100 ft, waveoff was

initiated at the pilot's discretion.

A closed-traffic left turn to downwind was followed by a
second visual approach and waveoff. After waveoff, a climbing turn to the
right completed the landing-approach maneuver., The pilot climbed back to
5000 ft altitude and recorded his comments and ratings, He also performed
level turns at this time when sufficient fuel was available, Generally, two

configurations were evaluated on each flight.

2,2,2 Glide Slope Equipment

The glide slope indicating system was developed by the Navy
for Marine use at advanced airfields. The approach angle is obtained by
placing a single light bar (source light) behind and between a pair of light bars
(datum lights) adjusted vertically to present the desired approach angle, To
maintain the proper glide path, the pilot lines up the source light bar with the

datum light bars in a single horizontal line and keeps them lined up. If he is
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low, the source light bar appears below the datum bars, If he is high, the

source bar appears above the datum bars (see Figure 7). The system does

not provide lateral guidance.

The gain of this system (i.e., the magnitude of the vertical
displacement between light bars for a given altitude error) is proportional to
the horizontal separation between the source lights and the datum lights and
inversely proportional to the distance from the airplane to the source light,
The system was designed for 50 ft horizontal separation between source and
datum lights. This separation, however, results in a very low gain. For
the landing-approach program,the light system was modified by extending the
supports of the datum lights and moving the source light back to 135 ft. These
modifications resulted in a gain approaching that of the Navy Mirror System
which has a source to datum distance of 150 ft. The glide path angle was 3.6°.
The glide slope thus defined intersected the runway approximately 1100 ft
from the threshold.

2.2,3 Flight Instruments

The front-cockpit instrument panel arrangement is shown in
Figure 8. Grouped on the left side of the panel are altimeter, rate of climb,
normal acceleration, airspeed and angle of attack. A Lear remote attitude
indicator {Model 4005) displays pitch and roll attitude, sideslip angle, yaw
rate and side acceleration. The remote magnetic indicator (RMI) with
compass heading and ADF bearing is located on the right side of the panel
along with the ILS cross pointer, engine rpm and tail pipe temperature, The
scale on the angle-of-attack indicator was quite compressed, so this instrument
was of limited utility. A set of three colored lights to indicate airspeed errors
were installed in the pilot's field of view above the right corner of the instru-
ment panel. The green center light is lit for 5 kts from the reference, the
red top light is lit when the speed is more than 2.5 kis low and the amber
bottom light is lit when the speed is more than 2,5 kts high, ¥rom the

combination of lights, the pilot has five indications of his airspeed error state:

1. Green only: Within +2.5 kts of reference,
2. Green and red: Low 2.5 - 5,0 kts

14
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Red only: Low > 5 kts
Green and amber: High 2.5 - 5,0 kts
Amber only: High > 5 kts

This system presents airspeed information similar to that

presented by the o indexer in Naval aircraft,

2.2.4 Pilot Comment List and Rating Scale

When the pilot had completed the approach maneuver, he

wire-recorded his observations and described the control difficulties he had

experienced, In each case, he answered the following questions:

5.

7.

8.
9.

10.

11.

12.

Is the airplane difficult to trim?

Is the elevator control gain satisfactory?

Is attitude control satisfactory?

Is maintaining altitude a problem?

a, straight and level

b. turns

Can you establish a specific rate of descent?

Is maintaining airspeed a problem?

What instruments are you using most?

Is a special control technique required?

Are throttle adjustments necessary?

Are they used to control:
Attitude ? Rate of climb ? Other ?
Altitude ? Airspeed?

Is elevator used to control:
Attitude ? Rate of climb ? Other?
Altitude? Airspeed? Normal Acceleration?

Could you make an instrument landing approach

with this configuration at this speed?

What happens when you transition to visual flight?

How do you fly the visual approach, particularly

regarding glide slope control? Are you checking

16



airspeed and/or angle-of-attack on final?
If so, when do you quit?
13. Comment on waveoff,

14, Comment on the visual circling approach.

The following rating scale was used to rate the suitability of

each configuration for the landing-approach task:

CATEGORY ADJECTIVE DESCRIPTION NUMER I CAL
WITHIN CATEGORY RATING

ACCEPTABLE AND EXCELLENT ]
SAT | SFACTORY GOOD 2
FAIR 3

ACCEPTABLE BUT FAIR 4
UNSATISFACTORY POOR 5
BAD 6

UNAGCCEPTABLE BAD? 7
VERY BADP 8

DANGEROUS® 9

UNFLYABLE UNFLYABLE 10

SREQUIRES MAJOR PORTION OF PILOT'S ATTENTION.
DCONTROLLABLE ONLY WITH A MINIMUM OF COCKPIT DUTIES.
CAIRCRAFT JUST CONTROLLABLE WITH COMPLETE ATTENTION,

2,3 SELECTION OF CONFIGURATIONS TO BE EVALUATED

2.3.1 Short-Period Configurations

The results of the investigation of short-period dynamic
requirements conducted in Reference 46 indicate which combinations of
short-period frequency and damping ratio were satisfactory for the landing-
approach task and which combinations were not. Based on these results, it
was decided to use two nominal values of short-period dynamics for the tests

to be made of phugoid dynamics and backside operation,
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The nominal values chosen were:

wSP 3’5"' Comments
2.46 rad/sec .45 Good
1.46 rad/sec .45 Poor -- frequency low

Configurations evaluated with the higher short-period
frequency are listed in Table I, and configurations evaluated with the lower

short-period frequency are listed in Table ]I,

2.3.2 Phugoid Configurations

The results of the investigation of the importance of phugoid
damping on en route instrument flying reported in Reference 48 indicated
that the phugoid damping ratio should be positive and of the order of j:o = .30,
Since en route instrument flying implies long time periods and consists
mainly of correcting for effects of external disturbances, it seems logical
that the pilot would be most happy with an airplane that had a high level of

inherent damping.

In Reference 49 a study was made of several hundred GCA
approaches in an attempt to identify significant effects of the phugoid mode on
altitude errors during this type of landing appreoach. It was concluded from
this study that the phugoid is normally kept from having any large effect on
the flight path during GCA approaches because the pilot maintains tight control

over pitch attitude and airspeed,

It has been hypothesized by the authors of References 1} and
12, however, that airplane phugoid dynamics are of primary importance to
handling qualities in the landing approach. In these references, systems
analysis of the closed-loop pilot-airplane combination is based on phugoid
equations of motion to represent the airplane. Minimum approach speed

criteria are then devised which are based on the closed-loop phugoid bandwidth.

Thus, it is of interest to experimentally explore the effect of
airplane phugoid dynamics on the pilot's ratings and comments for the landing-
approach task, so as to provide experimental data to either support this

simplified analysis or to form the basis of a more adequate one.
18



Flight evaluations were planned for three values of phugoid
frequency for each of the previously described short-period poles; the normal
T-33 value and phugoid frequencies twice and three times as high, The effect
of the &e/ﬂ?’ feedback gain on the phugoid roots is to increase the frequency
and reduce the damping, as illustrated by the root locus sketch in Figure 9.
The short-period roots are essentially unchanged for practical values of the
de/ﬂ';f\ gain,

_ The phugoid damping is effectively changed by the use of
Ee/? and é},/a feedback gains, also illustrated in Figure 9. Thus, at each
of the three phugoid frequencies, it was planned to vary the phugoid damping

ratio through combinations of 8./ 2 and &,/ « feedback gains.
g e/ ¥ B B

2.3.,3 Drag Characteristics

In References 5, 6, 9, 11, 12 and 13, it is shown that airspeed
behavior, when the elevator is used to control attitude and altitude, is
characterized by a first-order root which is stable for trim speeds higher
than the minimum drag speed, but unstable for trim speeds below the minimum
drag speed. Reference 11 shows that as the pilot increases the elevator gain
for altitude errors, this first-order root approaches a limiting value {assuming
linearized small perturbation equations) which is determined by the value of
the low-frequency factor j/rﬁ, of the open-loop altitude-to-elevator

transfer function numerator.

In the appendices of Reference 11, a systems analysis is made
of multiple loop longitudinal control in the landing approach, It is assumed
that the pilot uses the elevator to control attitude and that both the throttle
and the elevator are used to correct errors in airspeed and altitude, The
closed-loop transfer functions are derived for this pilot-airplane system in
Appendix A of Reference 11. (However, there are several typographical
errors in the summary equations A-28, A-29 and A-30, which may cause the
reader some confusion.) In Appendix C of Reference 11, the somewhat
simplified situation of attitude and altitude control with elevator and airspeed
control with throttle is analyzed and a numerical example is presented which

again identifies / 7 as a parameter important to system stability and
/
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pilot work load. This analysis shows that stable flight on the backside of
the power-required curve is possible if a certain minimum gain is maintained
in the throttle-to-airspeed error loop. The magnitude of this throttle gain

is directly related to the value of f/Th .
1

In view of this theoretical background and the experimental

results of References 40 and 46, it was decided to use I/Th as the open-
!

loop airplane parameter to be systematically investigated in the flight program.

i/wf),u i
dV His
results of other flight-test programs, it is desirable to relate f'/'f;7 to this pa-

Since the parameter has been used to describe the

rameter, In Reference 46, the following equation is developed:

7y 767 4y 7 sec (1)

Computing equations will now be derived for I/Th , including
H
the stability derivatives which were parameters in the flight program. The
derivation assumes the equations of motion used in Reference 46 with the

addition of a term for M; . The numerator to be factored is a cubic:
Asd+Bs*ses+p =0 (2)
The coefficients can also be written in terms of the roots of the equation:
3 < - o3 2 _
As+85*res D=8 (A, 4 A, + A, )SF e (A, A, A, A +A, A, )s+A, A, A =0
Assume }Lz'E - A4 » {(which is valid for aft-tailed configurations such as the

T-33) and that the relative magnitude of the roots is:

2ele [2s] > {2

(4}

21
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Then

(5)

If stability derivatives are substituted for £ and ¢

, and the expression
is simplified by eliminating terms involving (MQ t Mé }, then the following

expression for 4, or f/Th is obtained:
1

1Y

9
/. '(MWZJES*MJESZW)X;+(M;ZJES-ZJMJES)[XU—;;)-r(mwzfi*M’Zw))(d.fs
— 3
hy

(6)
9 1
(Mw 2oy Moy ZW) v [(XW_ V)zdfs_zwxdss] M

effects;

For the configurations where

f

-
hy

to:

of Fi

on bo

where the primed derivatives represent both the aerodynamic and the engine

Xy =Xyt T, casf MaiMu-r{{m

Yy
, , 7 )
Z,=2,~T, sin& M&=M£;+IYYT,;

M:,:; is zero, Equation (6) simplifies to:

—~
-~

' _ ; ’—‘ ; )
_Xr; .,./XWJ_F. (Mgafafgs M‘fﬁsz"‘) . X (MWZM Mu Zw’

v
Mo -M, Z
( W Sdpe s ‘“’)

{(8)
e (MW z"ﬂss ) Mfzszw)

i
If M, is assumed zero and M Zo,oex M7 then Equation (8) simplifi
g 1 dee Zyy 2> M, ., + then Equati (8) plifies

/ , 9 Zu M z,
h;, w

£ES MdEs Zy 9)

From these computing equations and the root locus sketches
gure 9, it is evident that the stability derivative XL has a direct effect

th //7;’ and the phugoid damping ratio. Values of Xfu that make f//Th
f

f
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negative (i.e., backside operation) also cause the phugoid damping ratio to
be less stable. Since both the phugoid damping ratio and !/7/}! are of possible
significance to longitudinal handling qualities, it was considered desirable to

make independent variations of each of these parameters.

Essentially independent control of the phugoid damping ratio
is possible through use of the stability derivative M;}, . Note that although
Mu appears in Equation (6) for / ?); , it is not very effective in changing
//7' unless XJ is large,.

The experimental procedure adopted for part of the program
was to vary)(;l with the Jp/a, gain for each of three values of M obtained
through the & /5& gain., In this way, essentially the same values of Y7

/

were evaluated for three different values of phugoid damping ratio,

Independent control of //7;’/ was possible through the control
derivative Xg . The control derivatives do not affect the roots of the
system characterlstlc equation; thus, //7' can be changed independently of
the phugoid damping ratio through the JP/ JE‘S gain, It should be noted
from Equation (8) tha.t the effect of ‘X‘{!s on //T is weighted by
(MWZ Mu w) 3 ws,, Cdp . Thus, X5£s causes the largest changes in
/ 7},} when both the short-period and phugoid frequencies are high,

The experimental procedure adopted for the second part of the
program was to use the & /u gain to establish certain reference values of
phugoid damping ratio and //73 » and then to both increase and decrease

/7}) from each of these reference values through use of the 5;/5‘;.5 gain,

In the flight program of Reference 46, //7;} was varied
through Xw_ or the cfp a feedback gain. The pilot's comments indicated
that, when ,773’ was made negative through X(Jf » he had to use particular
care in coordinating throttle inputs during turns and on the glide slope, in
order to maintain constant airspeed. It cccurred to the author that if this
situation should occur on a production aircraft it might be improved through
the use of a stick-to-throttle interconnect, The effect would be to make
’/7—-6/ positive by augmenting XS!S « If the time lag between pilot-initiated

stick inputs and the engine thrust response could be matched to the equivalent
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time lag of the airplane angle-of-attack response, then, with proper gain,
such a system would automatically compensate for drag changes resulting
from pilot-commanded angle-of-attack changes and the longitudinal forces
would be kept in balance during maneuvers, The normal engine time lag
could be used to advantage to match the airplane short-period lag, instead of

serving as a destabilizing factor, as in auto-throttle systems,

The low-pass filter described in Figure 5 was fabricated and
installed in the T-33 system as shown in Figure 4, so that the elevator stick
command to the drag petals could be filtered and thus permit simulation of a
filtered stick-to-throttle interconnect. A limited number of fests were
conducted of combinations of (Sp/d‘ and filtered (59/553 gain to explore the
feasibility of this system,
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SECTION III
EXPERIMENTAL RESULTS

3.1 IDENTIFICATION OF CONFIGURATIONS EVALUATED

At the beginning of each evaluation, oscillograph records were taken

to facilitate measurement of the following parameters used to identify the

configurations.
L. Short-period frequency and damping ratio; Wss 5 Fye
2. Phugoid frequency and damping ratio; e , I
3. Elevator feel system gradient; fg /JES
4, Elevator control gain; de /& £S

5. Drag system gains; o;, JSu, Cﬁ Je CC, /0"55

The records were taken at 160 kts indicated airspeed at 5500 ft pressure
altitude, and consisted of elevator stick force pulses and doublets, and stick

position steps.

The free responses to elevator stick force doublets and pulses were
analyzed by the transient peak or time-ratio methods of Reference 35. The
resulting frequency and damping ratio measurements represent the best
second-arder fit to the angle-of-attack response in the short-period mode,
and the best second-order fit to the incremental dynamic pressure response
in the phugoid mode. The stick doublet input has most of its energy at high
frequency and so was used to excite the short-period mode while causing a
minimum of disturbance to the phugoid mode. Stick-force pulse inputs of
2-3 sec pulse duration were used to excite the phugoid mode through small
airspeed and attitude perturbations. The airplane would then oscillate in the
phugoid mode without causing a change in the steady state or trim speed.
The phugoid frequency and damping ratio measurements thus obtained are
presented in Tables [ and II, It should be appreciated that these measure-
ments are subject to variability caused by turbulence on particular records.
The short-period measurements were made to verify that the nominal values

were being maintained.
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The ratios /';.S/JH and fe/d;s were measured from the responses to

elevator stick step inputs.

The values of the variable stability and variable drag system gains were
determined from the step and pulse records, together with special ground and

flight calibration records.

The values of 1/7,;1 listed in TablesI andll were calculated by substi-
tuting augmented stability derivatives into the computing equations defined
in Paragraph 2.3.3. The augmented stability derivatives were calculated from
basic T-33 stability derivatives, plus increments equal to the feedback gains

multiplied by the appropriate control derivatives.

A total of 100 configurations were evaluated, of which 63 were at the
high short-period frequency and 37 were at the low short-period frequency.
(See TablesI and II, respectively.) The configurations are arranged in
lettered groups according to phugoid frequency and the feedback gain combin-
ations. In a given group, the configurations are arranged in the order of the
Jp/u gain values. In several cases, there is only one configuration in a
group. These configurations represent special cases and will be discussed
individually. To facilitate reference to the various groups, they are labeled
alphabetically, starting with Table I and continuing through Table II,

Groups A - M are contained in Table I, and groups N - V are contained in

Table II. The key (located on page 29 and repeated on page 30) will identify

the configurations in each group.
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IDENTIFICATION OF CONFJGURATIONS TESTED ARE NdES AVERAGES
SHORT PERIOD: &fp = 2.UB RAD/SEC FOR EACH GROUP.

3‘5P = 0.45 UNDERLINED VALUES NOT
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[ 0.0 4-5 . 3W -0.012 -3.00420 0 0.0095 ] [ 0.0w3 6. 51 6. 205 9-30-64
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[Ty 4.0 w0 [T 008 -0.00wm o 0. 008 1 0 400140 .18 0.375 9-78-64
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TABLE I (Cont.)
IDENT{FICATION OF CONFIGURATIONS TESTED
SHORT PERIOD: &/, = 2.46 RAD/SEC
%, = 0.45

! 2 ] . 5 3 7 I 9 0 i ) i 1

sarery | g ! &fag | 4./% Sle | &5 | ¢ I | = Ve, [

FLr w0 | pier | pigr 7w s A 4 . "/ # s ’/z ' s/ Srs up;ssn?

CONFIG. | NATING | RATING RADfSEC RED/FT/$EC | WADSFT/SEC | AaD/F7/SEC | RAD/INCH | MAD/RAD 1/5EC Lp/ MK ] bATE

GROUP F

u3r-7 5.5 5-6 0. 3u6 0.046 -g.004D 0. Doset 0 ° o 0.0163 666 0. 243 9-22-84

LROUF G (0.284)

“ea-z L0 6.0 .14z 0.05% -0.004 9 0.0175 0.7 0 0.5 6.97 4. 280 10 T4-%

use- | 15 1.0 0.29¢ .09 -0.00420 ] 5.0175 0,313 1y 0170 5.90 o. 269 10- 4Bk

399-1 0.0 - g.118 00w -2.00420 0 0 0.243 o 0. 15 7.43 0. i 7-3-68

392 5.5 5.5 0.8 | -0.037 -0.0042 0 ° 9. 154 o -0.0333 691 a7 9-23-64

433 w0 -3 0.312 { -0.03% -0.0042 ] 0 0,197 0 0.0573 5.96 0. 269 9-23-64

Ne-2 5.0 - 2318 9.01 0.008m ] o -0. 243 ° o 16% 7.76 ¢.i70 7-m-64

438-1 9.0 %0 .33 | -0.13 -0.00420 o 0.0182 0. 178 o 0105 O TR A 12 3-22-64

43-7 2.0 1.5 0.322 | -0.18 -0.0042 q G082 0. 10 [ -0.0:93 €as . 0.0 9-22-6%

w2 5.5 58 0.343 0.8 -0.0042 [} 0.0182 .10 0 0,091 g.47 | 0.0 9-28-64

460~ 1 .0 | 7.8 9. 3w 0. 18 -0.060u20 ] -0.0311 -0.313 9 0.0 108 T | .28 10~ 15-64

; . 4

GROLP K {a.281)

522 5.0 2.0 0.3852 0.08 -0.00420 ] 0 [ .54 -0.0038 7.00 0.347 18-7-64

Ea- 5.0 5.0 0. 390 015 -0.0048 n a o Too | -o.0128 .o 0. %9 10-8-64

455~ | 5.0 5.0 0.340 0. 15 -0.00820 ] ] .15 552 0.034 T 0.269 10-0-§%

41-2 0.0 0.0 0.3 0.13 -0.g0u o 0 ¢.wof 7. 0. 222 6.58 0. 200 10-16-54

y54-2 4.0 6.0 0. 390 215 ~0.0042 ] [} 0. 152 7.00 0.0422 1.2 0280 | 10-8-6s

g1 4.0 1-3 0. 34 0.1 -0.00¥2 0 [] -0.394F 7.00 0. 158 6.4 0. 192 10-15-84

W2- 1 2.0 .0 0. 346 0.5 -0.00820 3 [ -0, 394" 5.97 5,151 L) 0192 | 10-16-64

—

GROUP | ¢ [0.28%) T

4342 5§ 3.5-4 0. 480 v.024 -0.0090 [ 0.036 [ ] 9. 160 7@ 0 283 3. 18-54

427-1 7.0 5u6 'R -0.03 -6.00%0 8 0.0175 o 0 0.0725 7w 0.276 9-14-68

Wiz 7.0 510 0.521 007 -0.00%0 0 0 | ] 0.0165 7.0u . 280 8-77-6%

4253 7.0 4-5 0.421 6.0 -0.0090 ° [} 0 ° 00131 6.8 0. W% 9-11-64

194-2 8.0 - 9.43) 0012 -6.0090 0 -g.0122 [ 0 -0.01:4 17,60 0.317 7-27-54

Q. Mu

GROUP J DI YERGENT | CONVERGENT ¢ !

HE- | b0 f.5 T P [ o ] o 0.0133 6.0 o, 22 3-M-54

GROLP X

e 3.0 - 0. 104 0.27 0:000750 0 [ o © 0.013 118 0.3t 7-2B-6%

Gaoue L :

4231 0.0 39 0.168 0.5 ¢ -0.00277 0.0175 0 0 0.0715 731 a. 164 [T

GROUP M |

4z3-2 90 89 0w | 0. 45 0 b.00277 -0.027% 0 0 -0. 06z .78 0. 280 1 9-4-£8
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KeY for Table I —_ [w‘s‘p —_: 2-46 J’dd/&ecj ';SP = 0.45J

/ / /
LA W) ~ al —~
Group Wp M (3,@) | Xy (5}0, T/;,) Xd‘ES (T/T’) XW'V(S,%T;’)
TABLE TI ' '
IDENTIFICATION OF CONFIGURATIONS TESTED A .15 0. Varied 0 T-33
SHORT PERI{};’. 4, = 1,46 RAD/SEC vore: B 1s + Varied 0 T_33
= 0.45 NUMBERS IN PARENTHESES
sP C .15 - aried -
ARE M‘E s AVERAGES v € 0 T-33
FOR EACH GROUP. D .15 0 . Varied Varied T-33
UNDERLINED YALUES NOT E 32 0 : . ;
. ried -
INCLUDED IN AVERAGES. Varie 0 T-33
1 2 [ ‘ [ 7 L] 3 16 H IH 13 N F .32 - T-33 0 T=-33
A M . .
swen | a, 5 | &/ | &% | &/ 5[4, soft| 5 | afin | T G .32 0 Varied Varied T-33
FLT.N3. FlLOT PILOT f I.III,'!‘-[C2
CONFIG., | RATING | RATING | RAB/SEC RUD/FT/S€C | RADJFT/SEC | mAD/FT/SEC RAD/INCH | RADfRAD sEC 1 imfiuew | T W | paTE - .
H . 32 0 T-33 Filtered Varied
BROUP N (9. 1%0)
w9-1 w0 3.5- 0. 160 0.45 ] 0 £.0308 [ ] 0.8 7.50 0.07% s ' s
%07-2 v.0 o 0. 146 0.22 0 0 0.0I75 e 0 0.0860 | 7.c7 0.170 e—:‘n::: 1 . 45 0 Varied 0 T-33
8122 [ 2.5 0. 154 0.3 0 o _p.0087 o 0 0.0972 7.3% 0. 110 8-26-68
o8- 1 6.0 5.0 0.z 0.11 0 0 -0. ¢ [} 0. 00411 .95 0.093 (% IN T L
NGT- 1 7.0 [ 0.1724 -0.10 0 )] -g.:?:: 0 0 -0.0093 :.07 0. 128 a-ztu ‘T A _-:I: . ]' 94 0 T - 33 0 T - 3 3
Mi2-1 9.0 9.5 0.125 -0.16 0 0 -0.0273 o o ~0. 0617 7.16 0. 169 2-16-6%
wo8-2 9,5 8.0 [ -0.28 0 0 -6.0279 9 ¢ -k 0937 6.77 o. 1o B-2v-64 K .10 0 T- 33 0 T-33
GROUP © (&, 16%)
436- | 4.0 3.0 0.135 0.10 o 0,00140 ¢.017% ] o [ L o 1 3-21-8
426-1 6.0 4.5-5 0.133 -0.1:5 [ 0.00140 -G. 0052 0 ] -u.n;::z 7.06 . 19: 9-41-5: L hd 1 5 - Stable 0 T - 33
4a7- 1 5.0 7-8 0. 140 -0.40 ° e.00v0 | -0.0182 0 o -0.0NTH e o1 8276
GROUP P {0151} M .15 + Unstable 0 T-33
4r-2 w0 -5 0118 0.50 ] -0.001%0 0.017% o o 0.0857 6.82 0. 1% 9- 14-68 ) a
Y26-2 1.5 N0 0. 166 0.29 ¢ -D.00140 -0.0052 o o -Q. 00432 6.90 Q.10 9-1i-84 4 bl
4= 5.5 54 0.139 0.15 0 -0.00480 ~0.0182 [ ] -c.0u78 7.00 0. 118 8- 18- 64 & Gain fallurle
¥29-) 9.0 9-8 0.150 -0-06% 0 -0.00 140 -0._0262 [ [ -0.0756 7.9 0. 164 9- In-54
GROUP §
wiT-1 5.0 6.0 0.130 -0.12 0 ¢ [} -0.243 0 o.0188 7,52 0198 | 8-28-60
wir-2 1.0 7-8 0. 146 -¢.09 [} 0 -0.0182 0,243 [ -0.04%8 L L oI | B-28-6%
GROUP R [0 197)
wo-7 ws 7.0 0.398 0.025 | -0.00168 o 0.017% 0 0 00853 .12 0. 207 9-2%-64 .
wis- ) 3.5 %% 0. 785 -0.100 | -0.00188 ° 0 0 o 0.0136 7.09 o164 | s-zr-e = -
436-2 3.5 3.0 0.300 -0.003 -5.00168 [} 0 0 ¢ 0.0i85 7.0 0.17¢ 9-21-8% Key for Table II — [ w_-;p - /-46 ra J/.SBC 3 f_fp - 0. 45— _]
way-2 5.5 5.0 0.312 -0.13 -0.00168 0 ° 0 0 0.0163 7.4 0.207 | 9-79-8n
wiz-1 6.5 3.5-4 0.316 -0.22 -D.00168 0 -0.0143 0 0 -0.0341 TN 0168 | 9-79-8%
w1 7.0 5.0 0. 346 -0.27 -0.00158 [} -6.0182 [} 0 -0.0u66 | M7 0.i 10- 1-84
wua-1 0.0 10.0 0. 32, +5.13 -0.00168 0 -0.0182 ] 0 -0.0652 5.50 0. 207 10- 1-6%
w31 18.0 5.0 8.351 -0.28 -0.00168 0 -0,0182 o b -0_0462 6.88 0.199 10-7-64
NEE- | 7.0 v-5 0.33% -0.15 -b.00 168 [ -0.0182 [} [} 00067 700 o198 [1o-13-6n / / /
wy2-2 8.0 9-i0 0.321 -0.28 -0.00158 ] =-0.0143 [+] L] -0.087¢ 5.62 q.1%3 - 29-64 . —~ ——— ———— —_
g2 19.0 10.0 0.277 0.29 -0.00168 [ -0.0379 0 0 0.3 6.6 0.207 | 9-20-4% GI‘OU.p wP ML( ~ (SP ) X U rsp’ Thf ) X d‘E .S/V ( Th ) A (u-/-v (SP, 7'/1 )
sROUP 5 [0.20%) 2 !
-2 6.6 9.0 0.3k -0.0671 -0.001 68 [ o 0.227 o -0.0270 5.73 0. 207 10-2-6% :
- 5.5 8.0 0.3 -0.17 -0.00188 Q [} -0.297 0 0.0611 6.92 0. 189 10-2-¢% -
w2 0.0 | 100 P -0.70 -0.901 68 0 -0.01@2 a.227 o [-c.o0m | s 0,207 | 10-1-6% N .15 0 Varied 0 T-33
wus- 9.0 7.0 0,320 -0.20 000188 0 -0.0182 -0.297 0 0000537 7.5 0.9 10- 1-8%
ue3-2 -8 7-6 0.9m -0.22 000168 0 -0.0182 -0.297 0 0.00002 | 7,00 0. 207 10-7-64 .
" 45E-2 5.5 ¥.0 0.357 -0.2¢ -0.00E68 ¢ -0.0182 -0.297 o 0.00102 5.7% o.0F | i0-13-84 O . 1 5 + Va Trle d O T - 3 3
GROUP T
[T 9.5 78 6387 -0.20 -0.00282 [ 0 o [ 0.0132 6.55 o 16k 9-79-64 P . 15 - Varie d 0 T-33
GRoUP U
wis-2 .5 -3 o479 -0, -0. 0 o o 0 0.0185 7.00 0. 1m0 B-27-64 : :
wo- | 1.0 :.5 o.:z: _2_ :i -g;::: 0 0 [ o o.01m 5.63 0. 199 9- 2464 Q 15 0 Varied Varied T-33
[TES 2.0 .0 0.450 «0.22 -0.00348 ° [ [ 0 6019 6.81 o.i60 | e-29-64 .
W3-2 9.5 | %0 0.437 -0.27 -0.003%8 0 -0.0182 0 o |-0.0563 6.07 0.243 | 2964 R .32 0 Varied 0 T-33
GROUF ¥
was-2 3.5 8.5 ;'“;G'E;; ;0“:2“::: -0.00420 ° 0 0 o 0.0183 6.9% 0 1m0 9-30-6% ) .32 0 Varied Varied T-33
. 2
T .40 0 T-33 0] T-33
U . 45 0 Varied 0 T-33
v Af£, 258 0 T-33 0 T-33
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KEY for Table I — [w.SP = 2.46 rad sec, \;’SP = 0.45]

Group Wp My ~(8p) Xa“(bép,'?é;,) ¢l ;;1) X Sp %)
A .15 Varied 0 T-33
B .15 + Varied 0 T-33
C .15 - Varied 0 T-33
D .15 0 Varied Varied T-33
E .32 0 Varied 0 T-33
¥ .32 - T-33 0 T-33
G .32 0 Varied Varied T-33
H .32 0 T-33 Filtered Varied
i . 45 0 Varied 0 T-33
J A 194 0 T-33 0 T-33
K .10 0 T-33 0 T-33
L .15 - Stabkle 0 T-33
M .15 + Unsgtable 0 g T-33}
— Gain failure

Key for Table II — [ Wsp = /.46 radfsec, fs,, = 0.45_]

Group w/’ My N(SP) XL(N(SP:ﬁf ) Xd‘gsjv(i) Xw‘m(‘s}):i)
N .15 Varied 0 T-33
O .15 + Varied 0 T-33
P .15 - Varied 0 T-33
Q .15 0 Varied Varied T-33
R .32 0 Varied 0 T-33
S .32 0 Varied Varied T-33
T .40 0 T-33 0 T-33
8] .45 0 Varied 0 T-33
\2 A=t 258 0 T-33 0 T-33

3.2 DISCUSSION OF RESULTS

3.2.1 Pilot Rating Data

The pilot rating assigned each configuration was based on the
amount of effort required relative to the precision of flight-path control
achieved. The pilot evaluated the effort, skill, concentration, and the prac-
ticability of any special control techniques required to accomplish the task,
as well as his performance in actually accomplishing it. His rating also
reflects whether or not a configuration possessed any characteristic which
he considered potentially dangerous. The pilot also considered the response

of the configuration to turbulence, as well as to his control inputs.

The pilot rating data obtained for the configurations with the
high-frequency short period are plotted in Figures 10a - 15a and the ratings
obtained for the configurations with the low short-period frequency are plotted
in Figures 10b - 14b. The pilot ratings for the various configurations tested
ranged from 2 (Acceptable, Satisfactory, Good} to 10 (Unflyable). It should
be pointed out that the configurations were presented to the pilot in a random

order without identification as to the parameters that were being altered.

The most severe rating degradation occurred when: (1) 1/7;1 was
made negative (backside of drag-velocity curve); (2) the phugoid mode was
made either statically or dynamically unstable; (3) the phugoid frequency was
made high through use of M; and turbulence was encountered; and (4) the

short-period frequency was decreased.

The major objections to each of the above-mentioned factors

are as follows:

Negative I/Thl (backside of drag-velocity curve) — control of

airspeed and altitude to follow a specific flight path requires continuous closed-

‘loop control with both throttle and elevator. The concentration and effort

required increases as i/ThI is made more negative.

Unstable Phugoid — Pilot must constantly close an attitude-to-
elevator loop to stabilize the system. If the phugoid is made very unstable,
it may be necessary for the pilot to close an airspeed-to-throttle loop in

addition to the attitude-to-elevator lcop.
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Phugoid Frequency — The phugoid frequency was varied through
use of M, . When the phugoid frequency was made high, the pilot commented
that the airplane would pitch abruptly in response to wind shear and horizontal
gusts., When trying to follow the glide slope at low altitude, the pilot would
prefer to have the airplane maintain attitude and stay on the glide slope during
turbulence-induced airspeed fluctuations rather than have it pitch abruptly to

maintain airspeed constant.

Low Short-Period Frequency — The airplane does not maintain
angle of attack or attitude as well as when the short-period frequency is higher.
The pilot must provide attitude stabilization and must overdrive the airplane

to obtain satisfactory attitude response.

The pilot ratings for the configurations in each group will be
discussed in detail in the following paragraphs. A key has been printed on the
fold out flap of pages 29 and 30 which will serve to keep the reader oriented

during the following discussion.

Groups A, B, CandN, O, P

In these groups, the stability derivatives X, and /Md were used
to effect independent variations of 1/7';’1 and phugoid damping. In Figures 10a
and 10b, the pilot ratings for these configurations are related to 1/?;1 and Jf,
“for the two short-period frequencies. The phugoid frequency was nominally

Weo = 0.15 rad/sec for the data in these two figures.

There are three sets of curves in each of Figures 10a and 10b.
These relate pilot rating to 1/7},1 ; J; to 1/7},1 , and pilot rating to 6; . In
these figures, the data points with a common value of #; have been faired
by light lines. In making the plot of pilot rating vs phugoid damping ratio,
the ratings were plotted vs damping ratio values taken from the faired lines
of the J:, Vs, 1/?;’1 plot. This was done because the measurements of phugoid
damping ratio contain variability caused by the turbulence environment which

exisfed during each calibration record.

The heavy lines in Figures 10a and 10b indicate how the pilot
rating varied as a function of 1/?/:1 for constant ,3‘:,_, in the upper plots, and

as a function of 3:,, for constant 1/?},,1 in the lower plots.

Considering the data and curves of Figures 10a and 10b, the

major observation is that pilot rating is essentially independent of 1/7},1
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when this parameter is positive, but the ratings degrade sharply when I/T/’j
is made negative. Also, the ratings are essentially independent of phugoid
damping ratio for values greater than .fp = ¢./5. For damping ratio values
less than 3;, = 015 , the pilot ratings show a degradation. The pilot was
able to cope with quite unstable values of ff, at this phugoeid frequency.

The degradation in rating at high values of phugoid damping
indicated in the lower plot of Figure 10a was caused by the increased pitch
response to high-frequency horizontal gusts. This situation resulted from

the use of the stability derivative #; and is discussed further in Section3.2.5.

A further observation is that there is a degradation of approxi-
mately two ratings between the low-frequency, short-period data of Figure 10b
and the high-frequency, short-period data of Figure 10a. This increment in
rating is consistent with that obtained in Reference 46 for these two short-

period frequencies.

Groups D and Q

In Groups D and Q, the stability derivatives 4}, and XJES were
used to effect independent variations of 1/7}31 and phugoid damping. Thepilot
ratings for these configurations are plotted in Figures 1la and 11b in the

same format established in Figures 10a and 10b.

The solid symbols in Figures lla and l1b represent two different
specific values of X with XJES equal to zero. These points have been trans-
ferred from the faired lines of Figures 10a and 10b. Using these points as
reference, XJE.S was used to change 1/7},1 without changing 5,_-, . The short
lines through the data points indicate the trend of pilot rating with 1/75,1 that
was established in Figures 10a and 10b for constant phugoid damping ratio.

It is seen that these trends tend to be supported by the data in Figures 1la and
and 11b., However, the magnitude of the change in 1/7},1 was not large enough

to cause significant rating changes in most of these cases.
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Groups E, F, and R

In Groups E, F, and R, the phugoid frequency was increased
to &, .32 rad/sec through #,, and variations of 1/7},1 and J, were effected
through X, . It was originally intended that independent variations of phugoid
damping ratio would again be made through #/; , however, the pitch response
at high frequencies tohorizontal gusts was so severe when #, wasused that only
one configurationwas evaluated inGroup F. Thus, thedegradationinthe pilot

rating data plotted in Figures 12a and 12b cannot be partitioned between /7, and J;, .
1

The following observations can be made from the plots in
Figures l2a and 12b: The higher-frequency short-period configurations
of Figure 12a are preferred over the lower-frequency short-period configur-
ations of Figure 12b, although the rating increment at a given value of I/T;,I
is a little smaller than it was between Figures 10a and 10b. That the incre-
ment in rating should be smaller is somewhat surprising, since the phugoid
mode was less damped for the configurations of Figure 12b. The pilot com-
ments, however, indicate that the reason for this result is that the pitch
response to horizontal gusts is much more severe for the high-frequency
short-period configurations of Group E than it was for the low-frequency
short-period configurations of Group R. This aspect is discussed further

in Paragraph 3.2.5,

The response of the configurations in Group E to wind shear
and turbulence was a significant factor in the pilot's evaluation, and contri-
butes to the apparent scatter in the rating data, since the turbulence environ-

ment was not the same for all of the evaluations.

The pilot ratings of Figure 12b also show considerable scatter
in the region of 1/7;’1 =-.05 and -.09. These configurations are discussed in

the following subsection as part of Group S.

Groups G and S

In Groups G and S, the stability derivatives /X, and XJES were
used to effect independent variations of I/T”r and phugoid damping at
Wy £ .32 rad/sec for the two short-period frequencies respectively. The
pilot ratings for these configurations are plotted in Figures 13a and 13b in

the same format established in Figures lla and 11b.

33



The solid symbols in Figures 13a and 13b represent specific
values of X, with XO(E.S equal to zero., These points have been transferred
from Figures 12a and 12b. Using these points as reference, XCrES was used
to change 1/7]1 without changing the phugoid damping. The data of Figure 13a
again establishes the independent effect of 1/7},! on pilot rating. The pilot
rating is essentially independent of 1/}";}I for positive values, but degrades
sharply when 1’/7;,,,I is made negative. The data of Figure 13a also indicate
that the pilot rating was sharply degraded when the the phugoid damping ratio

was made more negative than 3’; £ -0.15.

The approach time histories of the configurations represented
by the circles in Figure 13a have been scaled and the pilot's elevator and
throttle control inputs have been spectral-analyzed. These time histories

and the spectral content of the control motions are discussed in Section 3.2.4.

Although the pilot did experience control difficulties during the
evaluation of the point at I/T;,l = .165 and AR. =5, which are discussed in
Paragraphs 3.2.2 and 3.2.4, his rating may also have been unfavorably biased
by the circumstances under which this evaluation was conducted, This point
was evaluated on Flight 399-2 and on this flight there was considerable dis-
traction in the form of aileron feel servo kicks, erratic operation of the ILS
localizer receiver, and traffic interference from other airplanes, all of which

may have influenced the evaluation rating.

The pilot ratings for the configurations in Group S are plotted

in Figure 13b. These data illustrate the established trend of pilot rating with
I/T;,I , but they also indicate unusual scatter. The evaluations in Group S
were run in pairs on specific flights. The flight numbers are noted on the

line connecting the two points evaluated on each flight, and the number 1 or 2
beside each point in Figure 13b indicates whether the configuration was the
first or second to be evaluated on that flight. Although the pilot was consistent
within a given flight in his preference for the more positive value of 7/ 7"/]1 ,
there was a large difference from day to day in his rating of the configurations

represented by the diamond symbol,
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Comparison of the wire transcription and detailed pilot comments
for configurations 447-1 and 456-1 with those of configurations 448-2 and453-1
reveals that the ratings were influenced by the turbulence environment and the
control technique used during the IFR portion of the approach. Configurations
447-1 and 456-1 were evaluated in smooth-to-light turbulence during the IFR
portion of the descent, while configurations 448-2 and 453-1 were evaluated
in light-to-moderate turbulence during this portion of the approach. The
turbulence excitation and the very unstable phugoid damping ratio, \5; = -.25,
combined to make the task more difficult on Flights 448 and 453 and contributed

to the poor rating.

Another factor which seems to be significant was the control
technique that the pilot tried to use during the IFR portion of the approach.
In general, he tended to think of the jet penetration as a constant-throttle,
constant-speed task at a mean rate of descent. He usually tried to control
airspeed through pitch attitude during this portion of the approach and made
throttle adjustments to achieve the desired mean rate of descent. However,
for these configurations with very unstable phugoid modes, he found he had
to use very large attitude changes to control the airspeed when using this
technique. A more effective technique for configurations of this type was to
use the elevator to stabilize the pitch attitude at the value which should main-
tain the mean rate of descent, and to use the throttle to control the airspeed.
Both of these control actions will stabilize or increase the damping of the

phugoid mode.

The pilot used the latter technique during at least part of the
IFR descent for configurations 447-1 and 456-1 and the increased success
is apparently reflected in the rating. On the other hand, he attempted to
use the attitude-control-of-airspeed technique for configurations 448-2
and 453-1, and the lack of success in these cases contributed to the poor

rating.
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Groups I and U

In Groups I and U, the phugoid frequency was increased to

Wp = .45 rad/sec through M, , while variations of 1/T;,1 and J;, were
effected through X .

The high-frequency short-period points of Group I are plotted
in Figure l4a and the low-frequency short-period points of Group U are
plotted in Figure 14b.

With the exception of one point in Group U, all the configura-

tions that had the high-frequency phugoid were rated unacceptable.

The configurations in Group I plotted in Figure 14a had essen-
tially zero phugoid damping; thus, the rating trend indicated is primarily due
to the change in i/Thi . The configurations in Group I were rated unacceptable
because of the extreme pitch response to airspeed variations from trim.
Especially objectionable is the pitch response of these configurations to wind
shear and horizontal gusts during the approach. This aspect of these con-

figurations is discussed further in Paragraph 3. 2. 5.

The three configurations in Group U that were rated unacceptable
had phugoid damping ratios more unstable than J’P = -.18. The pilot comments
for these configurations indicate that, even with attitude stabilization, there was
a plunging oscillation during the IFR descent. This is assumed to mean that
the closed-loop phugoid mode was lightly damped for these configurations.

The pilot comments for the configuration in Group U that was rated 4.5 do not
contain this reference to a plunging oscillation, presumably because the open-
loop phugoid damping was higher; 510 =-,09. Assuming this is the major
reason for the relatively good pilot rating for this configuration, it would
appear that the unacceptable ratings obtained for the other three configurations
in this group were primarily caused by the very unstable phugoid damping and

not necessarily because of the high phugeid frequency.

The configuration rated 4.5 had a more stable damping ratio
because this configuration was evaluated before the filter of Figure 5 was
installed in the d, /A/y\ channel. The phase shift of this filter contributed

to the low phugoid damping ratio of the repeat configurations.
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GrouE H

In Group H, the phugoid frequency was increased to w, = .32 rad/sec
through #, , and variations in 1/ Tbl were effected through X, and Xgps - The
solid symbols identify the configurations for which X6£5 was zero, and the sub-
script "F"" by the open symbols indicates whether or not the low-pass filter
described in Figure 5 was acting on the elevator stick command to the drag

petals.

These configurations were evaluated to explore the effects of a

stick-to-throttle interconnect.

The phugoid damping ratio of all of the configurations repre-
sented by circles was J’p = ,15. The remaining configuration represented
by a solid square had a phugoid damping ratio of .5:0 = ,07. The damping
ratio of this configuration was lower because a smaller value of the é:, ot

gain was used.

It is seen that the reference configuration represented by the
solid circle symbol had sufficient drag due to angle of attack to cause the
pilot to rate it 5 (Acceptable, Unsatisfactory, Poor). Through the use of the
filtered stick command to the drag petals, this rating was increased to a 2
in smooth air, but when the opposite sign of the stick command was used, the

pilot rating was degraded to 10.

Two configurations in this group were down-rated because of

the pitch response to wind shear and the horizontal component of turbulence.

It is interesting to note that when large values of the 4, /7,
gain were used with the filter, the airplane appeared to the pilot to have
either large or very small drag due to angle of attack. He did note some
peculiarity when making rapid stick inputs, which was probably due to the
inexact match of the dynamics of the filter in the é’p/aﬂ‘g channel and the

short-period dynamics.

Groups J and V

On Flight 445, the stability derivative My was used to alter
the phugoid mode from a complex pair of roots into a pair of real roots, one

of which was unstable., This was done for the high-frequency, short-period on
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configuration 1 of Flight 445 and for the low-frequency, short-periocd on

configuration 2 of Flight 445, //?;f was positive for both configurations,

Thus, the configurations of Flight 445 had fair to good short-
period dynamics, but the airplane would gradually diverge if trimmed and
released. The rate of divergence is indicated by the root values listed in
Tables I and II. In terms of time to double amplitude; configuration 445-1

required 3. 57 sec and configuration 445-2 required 2. 68 sec.

The pilot rated both of these configurations unacceptable
(P.R. = 8 and 8.5, respectively) because they required continuous attitude
and airspeed control. He remarked that they weren't really too bad as long
as he stayed tight closed loop, but if he looked away for very long, then he
would find himself in deep trouble and in danger of running out of control.
These configurations are discussed further in the following section on pilot

comments, and the time history of 445-1 is discussed in Paragraph 3, 2. 4.

GrouE K

On Flight 396~1, the phugoid frequency was decreased to
Wp = .10 rad/sec through M, . The phugoid damping ratio was measured
as d:, = .27. The pilot remarked that he had very little stick force feel
to indicate airspeed errors. However, this was a fairly minor objection

and he rated the configuration a 3.

Group T

On Flight 444-1, the phugoid frequency was increased to

@, = .40 rad/sec through #, which also caused the phugoid damping ratio
to decrease to 3;, = -.20. This frequency was intermediate to the values
used for Groups R and U. This configuration was evaluated immediately
after the two configurations on Flight 443 which were in Group U. The pilot
observed that it was quite similar to the configurations of Flight 443, in that
it had a tendency for a plunging type of oscillation during the IFR descent,
but this was neither as rapid nor as potentially divergent. His rating was 9.5

for this configuration.
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Groups L and M

Configurations 1 and 2 of Flight 423 were intended to be members
of Groups C and B, respectively., However, a failure occurred in the J;/a&
channel, which caused the short-period damping ratio to be reduced to
f_;p = .,11. The reduced short-period damping combined with the increased
attitude response to horizontal gusts, caused by use of #,; , resulted in con-
figurations with severe pitch response to turbulence. The approaches were
made in moderate turbulence and the pilot compared flying these configurations
to riding a bucking bronco. The pilot ratings for these configurations were

10 and 9 respectively.
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3.2.2 Pilot Comment Data

As indicated in Sections 1.2 and 2.2.4, when the pilot had
completed each evaluation, he wire-recorded his observations, described
the control difficulties experienced, and answered the specific gquestions
listed in Paragraph 2.2.4. These questions were designed to determine how the
pilot used the information and contrels available to him in accomplishing the
assigned task. The comment data generated were valuable in understanding
the reasons for the pilot ratings and for identifying the airplane characteristics

maoast significant to handling qualities.

These comments confirni the conclusion of Refercence 46 that
the pilot uses elevator and throttle in combination t¢ control the speed and
altitude of the airplane during the landing approach. In addition, the comments
identify special control technigques adopied by the piiol to handle specilic con-

trol problems.

The pilot's general comments and his answér5 to several of
the specific questions are summarized in TablesIlland IV, These tables are
located at the end of this subsection. The comments far the various groups and
the codfigurations in these groups are listed in Tables1iland IVin the same |
sequence that they were listed in Tables I and II. The comments for the
configurations of Groups A - M, (Wspy = 2,46 rad/scc) are contained in
TableIlland the comments for the configurations of Groups N - V

(Wsp = 1.46 rad/sec) are coniaindd in Tablo [V,

Tables 1T and IV have teon columms Hstling the Tallowing
info:mation:

Column 1 - Contains the Pilot Rating, Flight Number,

Configuration Number, Group Letter, ligure in which rating

is plotted, and the symbol used in that plot to represent the

configuration.

Column 2 - Contains information about atmospheric conditions,
traffic, and cquipment operation which might have influenced

the pilot's experience with the configuration,
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Column 3 - Contains a summary of the pilot's general
observations and usually contains a remark about the major

problem encountered.

Columns 4-1]1 - Contain a summary of the pilot's answers to
questions 1, 2, 3, 4, 5, 6, 8 and 11, respectively, of
Paragraph 2. 2. 4,

The answers to questions 7, 9 and 10 of the comment check
list were not summarized separately for each configuration because the

answers were nearly the same for all of the configurations.

Question 7 - What instruments are you using most? - was
nearly always answered: Attitude and airspeed followed by rate of climb,
altitude, angle of attack, heading and RPM, For configurations that required
tight and continuous control of attitude and airspeed, the pilot was forced to
pav less attention to the lower frequency outer loops, such as heading and

altitude control, and as a result often had large errors in these variables,

The answers to questions 9 and 10 indicate that the elevator
was used to control attitude, and the commanded pitch attitude, together with
throttle inputs, was used to control flight path and velocity., Questions 9 and

10 were as follows:
Question 9 - Are throttle adjustments necessary?

Question 10 - Is elevator used to control:
Attitude? Rate of Climb? Other?

Altitude ? Airspeed? Normal Acceleration?
This is discussed in Reference 46, Figures 15 and 16.
Questions 12, 13 and 14 call for descriptions of various parts

of the visual portion of the evaluation task, Although this description was of

general interest to the data analyst, it was not easily summarized in Tables
Il and IV.
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The comment summaries of Tables III and IV should be studied
with reference to the pilot rating plots of Figures 10a - 15a and Figures 10b -
14b. In the following paragraphs, the summarized pilot comment data are

discussed.

Groups A, B, C and N, O, P

The summarized comments for the configurations in these
groups are arranged in order of the value of //73, , and therefore control
technique required can be seen by scanning the comments for these groups.
(Also, see Figures 10a and 10b.) The major problem that developed as //7,7,/
and 5’; were made more negative was airspeed control, The control technique
adopted by the pilot was tight attitude stabilization with the elevator, and high
gain throttle inputs for airspeed errors, For Groups N, O and P, the pilot
noted that the pitch attitude response to elevator control was slow and sluggish,
In fact, this comment applies to all of the configurations in Table IV and is

related to the low short-period frequency of these configurations.

Groups D and QQ

In Groups D and Q (see Figures 1la and 11ib,) XJgs was used
to change 7/7;4/ independent of fp . The magnitude of change in //73/ was
not large, however, particularly for the two configurations in Group Q. The
pilot comments that )(555 of the sense that back stick reduces the drag, is
beneficial on the glide slope; however, during the constant-throttie IFR descent,

he had considerable difficulty when trying to control airspeed with pitch attitude,

For the configurations with /\’OfES of the sense that back stick increased drag,
the pilot found it easy to control airspeed during the constant-throttle IFR
descent, but quite difficult to control airspeed on the glide slope. The reader

is referred to the comment summaries for Groups D and Q in Tables III and IV.

It should be noted that Flight 429 in Group D was a repeat of
Flight 416, and that on each of these {lights, the first and second configurations
differed by the value of XJES . Thus, the above-noted eifects of XJ s can be
E

observed from the cornment summaries for these two flights.
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Groups E, F and R

The summarized comments in these groups (Figures 12a and 12b}
are again arranged in order of the value of 1/?},1 . The same general problems
with airspeed control develop as occurred for Groups A, B, C and N, O, P when

I/T;,l and fp were made more negative. The pilot again adopted the tech-
nique of stabilizing attitude with elevator and correcting airspeed errors with

throttle as the best control technique.

The comments for Groups E and F are dominated by the pilot's
complaints about the pitch response to wind shear and horizontal gusts. In
smooth air, the stiff phugoid gave a gocd sense of airspeed changes through
stick force; however, in wind shear and turbulence, the pilot had to restrain
the airplane in pitch to prevent it from pitching too far and causing an airspeed
error of opposite sign. The latter observation results from the low or nega-

tive phugoid damping ratio.

The comments for Group R do not contain this strong objection
about the pitch response to turbulence; even for configuration 440-2, which
was evaluated in quite severe turbulence, the pilot termed the pitch response
manageable. See Paragraph 3.2.5concerning the effect of short-period frequency

on pitch response to airspeed gusts.

The pilot's objections to the configurations in Group R are
directed at the degree of closed-loop control required, the sluggish attitude
response to elevator, and the difficulty experienced during the IFR descent
when the pilot attempted to make the descent by using a constant power setting

and correcting airspeed errors by making attitude changes.

The ratings and comments in Group R are strongly influenced by the
unstable phugoid, the contrel technique used by the pilot during the IFR

descent, and by the level of turbulence excitation to the unstable phugoid.

Groups G and S

In Groups G and S (Figures 13a and 13b), ){555 was used to change
7'/7}_’! independently of .’):o . The magnitude of the change in ?/Th that was
!

made in these groups was quite large.
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In Group G, four reference levels of VT and ‘50 were established through
X, with Xs equal to zero. Then, ){55 was used to change the value of //7
but not ‘;P . These configurations are identified in TableIIl by the same symbols
used to represent them in Figure 13a. The two configurations represented
by the open squares in Figure 13a were studied on Flight 458. The comments
illustrate that X

§
£S5
path and airspeed control on the glide slope easier, and also relieves the

of the sense that back stick reduces the drag, makes flight

requirement for coordinating power in turns. X& of the opposite sense
£
made airspeed control on the glide slope difficult and required lots of power

in turns.

The four configurations represented by the open circles in Figure 13a
cover a wide range of f/,/7;7 values for constant Eap . The comments for
these configurations in TableIllindicate the same major problem, i.e. air-
speed control on the glide slope when f/}"}7 is made negative, as was
encountered in Group E when f/be and jp were made negative through X,
There are, however, differences in the control problems such as the require-
ment to add lots of power during turns when Xsfs is large and negative. In
this case the steady-state 355 that is required in level turns causes an
increment in drag which must be balanced with added power if the airspeed
is to remain constant. The same degree of backside operation produced by
Xy does not require as large a change in steady-state power during turns;
however, the power must still be coordinated to prevent airspeed errors
from developing because once an airspeed error occurs it requires large

throttle corrections to recover, There are also differences in the information

cues and the control technique used by the pilot when f//T/v, is made negative
through X5£5 . In addition to closing the throttle-for-airspeed-errors loop
he may make throttle inputs as a function of elevator stick inputs or as a

function of steady state angle of attack,

Of the three configurations represented by the open diamond symbol in
Figure 13a, two were studied on Flight 438 with opposite signs of Xg
E
These again present the opportunity to make direct comparisons of the effect

of X on the flight control task.
s
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The configuration represented by the open cross in Figure 13a had a
very unstable phugoid, and although X‘gfs made //7}7 positive, the pilot still
1
had to use tight attitude stabilization and high gain throttle with airspeed

errors to stabilize the phugoid,

In Group S, two reference values of f/Th, and fp were established
through X, with XJES equal to zero. The two configurations represented by
the open circles in Figure 13b were both studied on Flight 449, and direct
comparisons of the effect of X‘SES can again be made. This flight encountered

moderate to heavy turbulence.

The four configurations represented by the open diamonds in Figure 13b
were each studied in combination with one of the configurations of Group R,
represented by the solid diamonds in Figure 13b. The three configurations
for which I/Th, was zero exhibit considerable scatter, It is thought that
this scatter is caused by the very unstable phugoid mode which became a
problem when turbulence was encountered, but was not particularly a problem

in smooth air,

The experience with distractions and interruptions during the evaluation
of configuration 453-2 is a good example of how not to conduct evaluation tests
and exploratory investigations of handling quality characteristics. The pilot
must be given the opportunity to try various control tasks and to observe the
results without undue distraction if he is to make an intelligent report on the

characteristics of the closed-loop pilot-airplane system.

Group H

The configurations in Group H, (Figure 15a) are of particular interest
for several reasons. First, the phugoid damping ratio was high enough, for
all but configuration 452-2, that this parameter was not a factor in causing

rating degradation.

Second, the changes in f/rﬁ, were accomplished with X 6 and filtered
X‘T,E.S , which causes handling quality characteristics similar to X,,. This
is of particular interest because the swept and delta wing designs, which
have the problem of operating on the backside of the power required éurve,

get into this situation because of the contribution of the X, —Z-‘-"— term in
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Equation 9 rather than by having X; become positive. Thus, the pilot
comments for the configurations of Group H are thought to be more repre-
sentative of what would be encountered in an airplane with a delta wing than
are the comments of Group E, for example. In Group E, 3’/‘7}_’/ was made

negative through use of positive )(a

Third, the feasibility of using a stick-to-throttle interconnect is
explored, Large variations in f/ThfWere produced with filtered 5/,;,/555
command to examine the possibilities of this technique for improving the
landing-approach handling qualities of an airplane that is on the backside

because of wing design.

Fourth, the turbulence and wind shear experienced on the various
evalnations was such that some indication of the significance of this factor

can be implied from the ratings and comiments,

The pilot comments concerning Group H indicate that configurations
which have high drag rise with angle of attack or steady state stick inputs,
have the same general problem of airspeed control {whenever the flight path
is constrained by elevator)as was encountered for the configurations of Groups
A and E where 7/77, ;, was made negative with /(a . However, when the cause
is drag rise with angle of attack or steady stick inputs, the configuration is
more predictahle and the pilot can coordinate the power with angle of attack,
steady stick input, or bank angle, and does not have to watch the airspeed
indicator quite as closely, The net result or gross effect, however, is the
same. Thatis, the pilot must become a two-control man and is thus more

loaded when ‘!/Th is made negative.
1

The results of this part of the experiment are encouraging as regards
the feasibility of a stick-to-throttle interconnect for improving the handling
qualities of a configuration with negative ff»”'/;, in the landing approach,

!

The ratings in Figure 15a and the comments for Group H in Table III

indicate a rating degradation of about two units because of the pitch response

of these stiff-phugoid configurations to wind shear and turbulence.
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Groups I, Tand U

The configurations in these groups {see Figures 14a and l4b}had very
high phugoid frequency and zero or very unstable phugoid damping. The
pilot's comments are directed primarily at the extreme pitch response to
airspeed changes and the tendency for the airplane to pitch too far and
cause an airspeed error of the opposite sense. These characteristics were
objectionable even in smooth air; but in turbulence and wind shear they were
extremely troublesome to the pilot, especially when he was trying to stay

on the glide slope near the ground.

The control technique adopted was, first of all, tight attitude stabiliza-
tion with the elevator, which is a powerful way to increase the damping of
the phugoid mode. In addition, when f/Th’ was made more negative, as in
the case of configuration 425-1 of Group I, or when the phugoid damping ratio
became very unstable, as was the case for all the configurations in Groups
T and U except 415-2, the pilot found it necessary to use both tight attitude

stabilization and a continuous throttle-to-airspeed loop,

The configurations in Groups I and U provide an opportunity to examine
the control implications of not having the phugoid and short-period modes
widely separated. In Group U the pilot often makes comments that the
attitude response in the short-period mode is too slow and sluggish, and
that the attitude response to airspeed or in the phugoid mode is large and
difficult to control. In the case of configuration 440-1 the pilot comments
about the relative magnitude of the angle of attack response in the short -

period and phugoid modes, and remarks that he has to fly both modes,

In Group I the pilot considers the attitude response in the short period
to be quite good; however, the attitude response to airepeed changes, or in

the phugoid mode, is excessive and causes control difficulty,

These comments would seem to indicate that the absolute magnitudes
of the phugoid and short-period natural frequencies and the residues of each

mode are of importance, rather than the ratio of the two frequencies,

Groups J and V

On Flight 445 the stability derivative Mu was used to change the

phugoid mode from a complex pair of roots into a pair of first-order real
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roots, one of which was unstable, This was done for the high-frequency
short period on the first configuration and for the low-frequency short period
on the second configuration of Flight 445, The divergence rate expressed

in terms of time to double amplitude was 3,57 sec for configuration 445-1,

and 2, 68 sec for configuration 445-2,

The pilot found he could control these configurations as long as he
stayed closed-loop on attitude and airspeed and did not let errors develop,
There was always the danger that if he looked away, errors would develop

and grow to such magnitude that he would run out of control,

It is interesting to note that the pilot did not have much difficulty finding
the unstable trim condition, especially for configuration 445-1, which had the

stiff short period,

Comments for Group J are in Table III and those for Group V are in

Table IV,

Group K

On Flight 396-1 the phugoid frequency was decreased to “p= .10 rad/sec
with an attendant increase in fp to 0,27. The pilot remarked that he had
very little stick force feel to indicate airspeed errors, However, this was
a fairly minor objection and he rated the configuration, P, R, = 3, See

Table Il for a summary of the pilot comments for this configuration,

Groups L and M

Configurations 1 and 2 of Flight 423 were intended to be members
of Groups C and B, respectively, but a failure occurred in the e /a

channel which reduced the short-period damping ratio to ¥ _ % .11, The

sp
reduced short-period damping, combined with the increased attitude response
to horizontal gusts caused by use of M; , resulted in severe pitch response

to turbulence,

Configuration 423-2 had an unstable phugoid and negative ///TA, ,
while configuration 423-1 had a stable phugoid and a positive value of )‘/7}” .
Although the pilot comments verify these conditions, the pilot for some
reason rated configuration 423-2 slightly better than 423-1; possibly because
the pitch response to turbulence was more severe for configuration 423-1,

The comments for these configurations are summarized in Table [IL.
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3.2,3 Longitudinal Control Gain Selected by Pilot

In this program and in the program of Reference 46, the pilot
was required to select a stick-to-elevator gear ratio prior to evaluating
each configuration, He was asked to select an elevator gear ratio prior to
commencing the approach maneuver by performing symmetrical maneuvers
and turns, He was then asked to comment on this selection after the approach

evaluation was complete,

In Reference 46, the control gain data obtained in this way
were used to calculate values of MJES as a function of short-period
frequency and damping ratio, All the data obtained in that program were
used in the computation of MJES without regard for the value of X, or //7;’11.
This assumption was justified by the pilot comments about the factors which
entered into his selection of the control gain, His comments indicated that
the longitudinal control gain selected was a compromise between his desire
for comfortable and adequate steady forces in turns and his requirement

that he be able to make rapid and precise pitch attitude changes,

In the current program, the pilot comments indicate that
these same factors were of primary concern to his selection of the control
gain but, in addition, when the phugoid frequency was increased through use
of M, , the pitch response to airspeed changes was also a significant factor

in the selection of the control gain,

The values of MJES that the pilot selected for each configura-
tion are listed in Tables I and II. Since the configurations in each group
are listed in the order of the value of f/Thf and phugoid damping ratio,
it can be seen that the value of MJES’ selected by the pilot is independent
of these parameters simply by scanning the M6£S values in each group,
In view of this observation, the M5£5 values in each group have been

averaged and the group averages are noted in parentheses in TablesI andIl,

Certain configurations in Groups D, G and QQ are underlined
to indicate that they were not included in the group average, because the

procedure for selecting the control gain was different on these flights,
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These groups are the ones in which ){555 was a variable, On the first

few flights for which )(555 was to be simulated, the 5P/5£5gain was set

and the pilot was asked to select the &, /&, . gain, While sampling various
values of &, /553 gain, he noted that he could diminish the longitudinal
accelerations which accompanied rapid stick motions by selecting a high

value of the J, /555 gain, This introduced a factor into the gain selection
compromise which was dependent on the way the T-33 system was mechanized,
This factor was eliminated on later flights by varying both the §_/5_. and the
Se /5£5 gains so that their ratio remained constant as the pilot sampled
various control gain levels, The value of //T/?f is also dependent on the

ratio of the &, /‘553 and the g, /5[5 gains, as can be seen from kquation 9,

The underlined configurations in Group H were not included in
the average for that group because the pilot did not select the gear ratio
for these configurations, Instead, the gear ratio was specified by the test
conductor and the pilot was asked to comment on the adequacy of the control
gain, This was done because the maximum available ép /é:sgain was being

used,

The average values of M5£3 for each group have been plotted
as a function of the nominal phugoid frequency in Figure 16. The faired lines
for each short-period frequency have been drawn through the overall average

MJE values at each nominal phugeid frequency,
5

From Figure 16, it is observed that the pilot increased the
elevator control gain approximately 25 percent when the phugoid frequency
was doubled, but did not increase it further when the phugoid frequency was

increased beyond <, =, 35 rad/sec,

It should be noted that, although the Md"gs values selected by

the pilot varied by as much as £45 percent of the mean within a given group,
the majority of the points are within £15 percent of the mean. The variationin
the M“‘ES values selected is due inpart tothe fact that the pilot was instructed
only to select the gain with enough precision such that no significant improve-

ment in the overall rating could be obtained by further optimization,
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It is of interest to compare the average Ms,. o values selected

at the low nominal phugoid frequency, «,=,15 rad/sec, with the values of

~
M555 indicated in Figure 14 of Reference 46 for the two nominal short-

period configurations,

Figure 14 of Reference 46 indicates the pilot would select
M‘SES =, 22.&%-{—:}-?—":—‘-2 for the wg, = 2.46 rad/sec, 5‘5;_—':2.%5 short-
period configurations, and a value of Mé‘E.S =,12 I-a(liI{-—-—Es-’f%c- for the
&g p = 1,46, 55}’ % , 45 short-period configurations, These values are
indicated in Figure 16 by the short-dash lines at e p = ,15 rad/sec, It is
seen that these values are 10-25 percent lower than the values selected by

the pilot in the current program,

This agreement between the two experiments is considered
to be quite reasonable, in view of the rather wide tolerance for this factor

that is indicated by the variability of the M values selected in a given

‘S.ES'
group,
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3.2,4 Approach Time Histories

Oscillograph records were taken of the visual portion of the
first landing approach made with each configuration evaluated, The records
were approximately one minute long and included a short portion of level
flight after the pilot had gone to visual reference, followed by the pushover
and power reduction, tracking on the glide slope, and the waveoff. The
early portions of these records usually included lateral maneuvers to correct
for runway line-up errors and crosswinds. The oscillograph paper speed was
such that these records were approximately 5 feet long; thus, it was awkward
to study or manipulate these data without some compression in size. [t was
impractical to scale and replot each of the available records, so a selection
was made which was intended to illustrate the effects of the main parameters

in the experiment.

For each of these records, the traces listed below were read
every 0,20 seconds, punched on IBM cards, and then scaled and plotted by a
machine plotter, The data on the punched cards were also available for
digital computer processing. The traces read were: elevator stick deflection,
angle of attack, pitch attitude, bank angle, aileron stick deflection, rudder
pedal deflection, throttle displacement or in some cases engine RPM,

altitude, and airspeed,

The scaled time histories are plotted in Figures 17 through 32,
These figures are grouped at the end of this discussion, Paragraph 3, 2, 4.
The detailed pilot comments concerning the visual approach have been
extracted from the comment data for each of these configurations, There
were usually three sections of the wire recording where comments pertinent
to the first visual approach were made, The first is the conversation
between the evaluation pilot and the safety pilot during the actual approach.
The wire recorder was turned on at this time to identify oscillograph records
and to note the safety pilot's subjective description of turbulence, wind,
visibility, traffic, etc. Often, this was the only information recorded during
this time; however, if the configuration happened to be a particularly exciting
one, then the conversation and comments by the pilots is enlightening. In
his evaluation comments, the pilot usually reviewed the flight in detail and
answered the questions listed in Paragraph 2,2.4. Thus, description of the
first visual approach can also be found in the section of his comments where

he was reviewing the flight or in his answer to question 12 of Paragraph 2, 2, 4,
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The following configurations were selected to be scaled. The items

of major interest for each configuration are noted in the column at the right.

Pilot Config-
{ Group Rating uration Comments
o A 2 404-1 Good configuration, large longitudinal
~ wind shear encountered.
S A 10 400-2 Severe speed instability, unstable
3 phugoid.
G 5 399-2 Large positive XﬁE , turbulence,
s
o 9 G 4 439-1 Good configuration,
Q
o 2 E 4 452-1 Good configuration.
©
E o G 5.5 439-2 Speed instability.
o o G 10 399-1 Severe speed instability, large
A gust encountered.
&Ny
T Q‘L H 2 462-1 Filtered Xé. , smooth air, poor
éa ) £s
visibility,
H 4 461-1 Filtered Xﬁ , turbulence.
£
H 10 461-2 Filtered x .. , severe speed
Es
instability, pilot elevator and
throttle gain,
Wp=.45 1 7 425-1 High frequency phugoid, pilot elevator
gain,
A :x,194 L7 8 445-1 Statically unstable phugoid, pilot
71 sec elevator gain.
S 7 456-1 Speed instability, negative damped
phugoid, smooth air.
0 v S 10 453-1 Speed instability, negative damped
s o phugoid, turbulence, pilot elevator
S :‘g gain,
5w S 10 448-2 Speed instability, negative damped
o o phugoid, turbulence, pilot elevator
o :
.o gain,
— i
W T 9 448-1 Negative damped phugoid, pilot
o 3 elevator gain, large wind shear
2 encountered, low frequency throttle
L inputs.
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In Reference 46, it was shown that the mean square stick
motion is related to the power spectral density of stick motion by the

following equation:

]
5fs ‘:J/ Fbs (Lt
-0

By plotting %@555 vs + , with ¥ measured on a log scale,
the resulting curve indicates the distribution of elevator stick motion with
frequency and the area under the curve between two frequencies is equal to
the mean square stick motion in that frequency band, Note that the steady
state or zero frequency value of §.; is eliminated from such a plot, The
value of @555 and @JT was computed for each of the configurations selected
for scaling, For flights before Flight 402, engine RPM was recorded instead

of throttle position and, in these cases, was computed,

P pm
In the following paragraphs, the visual approach records will
be discussed and contrasted, Reference will be made to the scaled time
histories of Figures 17 through 32, to the power spectral density plots of
elevator and throttle inputs in Figures 33 through 35, ‘and to the pilot's

verbal description and comments,

Group A Configuration 404-1

This configuration was selected to demonstrate a good configuration,
It had a stiff short period, a positive value of f/Th, , & well-damped phugoid
mode, and little coupling between airspeed disturbances and pitch at high
frequency, The latter aspect is illustrated by the ,T‘%I Bode plot in
Figure 36 and by the small pitch disturbance that resulted when the large
wind shear was encountered at t =11 sec in Figure 17, The elevator
inputs by the pilot were small and the throttle inputs were in the'form of trim

adjustments, See the power spectra plots of Figure 33,
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Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

The pilot comments for this visual approach were as ifcllows:

Okay, now, Okay, Oscillograph on, visual, Oscillograph on at
482 gals fuel remaining.

I think it's lined up, --- What happened? I felt a deceleration,
bid the petals come open?

Nope,

They sure did, Nello, Something happened then,
Did what come open?

The petals came open,

Which petals?

I don't know what happened,

Is your dive brake switch up?

Yep,

I felt that but I don't know what it was,

It might have been a longitudinal gust,

Okay. Oscillograph off at 474 gals and going around. I felt that
too, Bob, and I looked out at the ---

It might have been a longitudinal gust because I looked -- my air-
speed had been right on and it's easy to hold airspeed with this
configuration.

Yeh, wait a minute --

I locked down --

Keep going out -- did he say check on base leg?

I don't know,

Okay, go ahead -- Okay, Bob, what were you saying?

Well, anyway, when I felt that I looked at the airspeed indicator
and it said 170, so it probably was a longitudinal gust,

Well, when I did look out at the petals they looked pretty normal,
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Harper: Yeh, I just felt the deceleration and it was kind of a step change
and I didn't know whether they were malfunctioning or not,

Infanti: Of course they can move pretty fast, so I could have missed it
completely, Okay, we're on downwind at 458 gals, Right now ---
incidentally, I would call this turbulence out here moderate, OFF

Transition To Visual Flight

I made a line-up correction, I was a little low in the glide slope
and I continued on in, got in on glide slope, adjusted the power. About that
time, after I got in a little bit, I hit that longitudinal gust and Nello and I
talked about that a couple of times and by that time I was fairly close in on
the glide slope and I made a couple other corrections which seemed to go
all right and took the waveoff.

Second Visual Approach

On the visual glide slope, again I was getting low when I picked up
the lights. I drove it on in, got on the glide slope and went on down with
minor corrections again and I experienced the longitudinal gusts at the
same place as I had before. It was apparently definitely a wind shear.

Group A Configuration 400-2

This configuration had a negative 7/7;}’ and the phugoid damping
ratio was quite unstable, Thus, the pilot had to continuously close an
attitude-to-elevator loop and an airspeed-to-throttle loop in order to stabi-
lize this configuration, The pilot's gain in the attitude-elevator loop is
initially low when he is flying level to intercept the glide slope, Then, as
he intercepts the glide slope and gets closer and closer to the ground, the
task becomes more precise and the pilot's elevator inputs become higher in
frequency, This is particularly true for configurations that are unstable
or when there are external disturbances, This aspect of elevator control
is illustrated by large peaks in the elevator stick power spectral density

plots of Figure 33,

. For Configuration 400-2, the pilot found it very difficult to maintain
airspeed and found it necessary to use large and rapid throttle inputs to

control airspeed errors,
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The time history for this approach is scaled in Figure 18, The

pilot comments for this visual approach were as follows:

Infanti:

Harper:;

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti;

Harper:

Oscillograph is on, Robert, and you may become visual now.
209 gals fuel remaining,

With pleasure,
209 gals when this oscillograph came on.
Did you call the outer marker?

Yes, Idid, And he said; all clear, Okay, Oscillograph has gone
off at 202 gals fuel remaining and we're going around in closed
pattern, Go ahead and comment, Wait until I tell them first,

That was interesting, I looked up to see where that airplane was
and I lost 10 knots of airspeed.

That was for sure,

Well, what I was about to say was that thank goodness for the
lights here, I don't think I would have been able to do that if
I hadn't had the lights, They were very helpful, Cause man,
I'11 tell you, this thing has got an airspeed problem,

I got them up,

Yeh, This thing has got an airspeed mode that -- it won't let me
do much about it, Except work the throttle like mad, 1 feel like
I'm abusing the poor old airplane, But, boy, when that airspeed
starts to drop, you only get one choice, Ram it home, Now the
airspeed's way off, Now, come on fellas, Gee whiz, Airspeed
errors of 10 or 15 knots are common with this configuration,

Yeh, much too common, You may start your crosswind here,
Robert,

I think it was this configuration that I said I used the lights so much
but I'm not sure now. Yes, I think I did, That's right, I saidl
wouldn't have been able to fly the approach if I didn't have the
lights, And that's true, The lights allowed me to close an airspeed
loop while I was making this approach and looking directly at the
lights to get my altitude error information, Now, that's the whole
secret, I don't know why -~ I'm not even going to sit up here and
talk a long time about this, It's just what you've got to do and if
anything keeps you from doing that, this is a mighty dangerous
airplane and almost anything you do fo fly an airplane will eventually
keep you from looking at the airspeed sometime,
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Question 12: -- When on transition it was a little low on both
times, I drove it on in, reduced the power and pushed over and
first approach flew airspeed tightly which helped. Second approach
I flew airspeed but more by gage rather than by lights and that
went almost as well but not really as well, I mean I was looking
back and forth so 1 was interrupting my information each time I
looked at one or the other, When you get in close, you get to
feeling bound up doing that, In other words, if you get in close
small error in altitude, really small error in flight path angle,
creates a large angular error on the glide slope. When you're
in close and if you look away these errors build up pretty fast so
you hate to look away so you look faster and faster and feel like
the thing is galloping on ahead of you,

With this configuration I checked airspeed all the way until I rotated
1 think for the waveoff. Knd,.

Group G Configurations 399-1 and 399-2

Configurations 399-1 and 399-2 had the same characteristic equation
but they had large values of X5£S of opposite signs, These configurations
were evaluated early in the program and the pilot had not yet settled on a
"standard'" for selecting the elevator control gain, He tended to select a
low pain to get heavier stick forces on this flight and as a result when he
got into turbulence he had to use rather large elevator inputs to control
the pitch response to airspeed variations, ©5ee the time histories in
Figures 19 and 20, the power spectral density plots of Figure 33, and the

! -U—B— I Bode plot of Figure 36, On both approaches on Flight 399, a large
horizontal gust was encountered { £+ £ 23 sec on 399-1 and at ¢ = 15 sec
on 399-2), The airplane responded abruptly in pitch in both cases and when
the pilot pushed the stick forward to try to stay on the glide slope, he
recovered quite well in the case of configuration 399-2, but not in the case
of 399-1, For configuration 399-1, forward stick caused a large reduction
in drag which tended to cause the airspeed to increase; also, the airplane
pitched down both in response to the pilot's input and because the gust had
decayed, The net result of the reduced drag and the nose down attitude
was for the airspeed to increase and as the airspeed increased, the air-
plane tended to pitch up and to balloon or heave above the glide siope, When
the pilot tried to regain the glide slope by pushing the nose down, the drag

was further reduced and the airspeed continued to increase, The only
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chance for recovery was to reduce power but the throttle was already back

to approximately 70 percent rpm and the pilot did not want to reduce it further
because the engine response time would then be such that he would not be

able to recover if the airspeed started to drop or a sink rate developed,

The pilot elected to abandon the approach,

The pilot comments for the visual approach of configuration 399-1

were as follows:

Infanti: Okay., The oscillograph is off now, 440 gallons, Just so we have
enough paper herefor the visual portion, if we ever get there,

Harper: I don't think we will, I can't fly this,
Infanti: Come on -- Don't give up so easy! How come you give up so easy?

Harper: Look at that airspeed go. God bless it, I've got to do something

with this throttle, I don't know what, but --- Hey, I'm going to
close an airspeed loop on the throttle real tight and see if that
will help,

Infanti: Okay, Oscillograph is on, at visual, Bob., At 435 gallons fuel
remaining, Lights are on out there, These glide slope lights,
On the go-around Robert, you've got to be a little '"ginger, "
Harper: Iwill be, I'm not sure I'm going to go down there, I think that
this is going to be my minimum altitude., Look at this son-of-a-pup!
See that? Look at the airspeed. Holy Mackerel. Look at the
stick full forward, I've got it on the forward stop. Look, I've
got the stick on the stop. Look at this. Holy mackerel, Andy!
Infanti: Ha---Okay, Oscillograph off at 430 gallons as we go around,
Harper: Ten, -- ten, ten,

Infanti;: Do you want to complete this thing or do you want to just climb
back up, Bob? Idon't see much chance in continuing,

Harper: I've got the stick on the forward stop,
Infanti: I don't see much sense in continuing this,
Harper: I don't either, I've got the stick on the forward stop,

Infanti: Okay, I'll help you, I'll push,
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Harper: So if you hit a horizontal gust, which we did on final approach,
when we finally got in on that one, the stiff phugoid calls for
strong nose-up tendency and in order to stay on the glide slope you've
got to push forward on the stick and if you push forward on the
stick then you have certain problems in airspeed, namely the
ones I'm telling you about., The airspeed control gets pretty stinko,
So, I push forward on the stick and then the airspeed wants to
increase even more, then it dees, and you end up with the stick
against the forward stop and that is what I was complaining about,
I don't like it. It's a rating of 10,

Question 12: -~ When I transition visually I couldn't make the
airplane go where I wanted it to, I got fast, I seemed to have a
horizontal gust somewhere coming up near the railroad track, but
about 1/2 or 3/4 of a mile east of it, and that just heaved me and I
pushed fcrward on the s*tick and I got faster and faster., I had the
stick against the stop and I was going up over the glide path, I
was pulling the throttle off and none of it did any real good, 1
didn't even come dow,s very low on the appreach., I was scared of
the darn thing anyway and we didr.'t make the circling approach
because we had alreadv used up quite a bit of fuel as I am doing,
doing all this talking. So, I'll skip the rest since we didn't do it,
The instrument flight: Tive described the instrument, the turning
technique and it's a problem, but in smooth air you can figure out
ways to handle it, But anyway it's a rating of 10, Unflyable for
the mission, Wire reccrder off,

Toward the end of the approach for configrration 399-2, an
oscillation occurred which the safety pilot desscribed as being like a roller
coaster, A second-by-second analysis ofthe Au . © , Aa, 5, andg, o
traces in Figure 20 indicatzs a sequence of gust distarhances and control
inputs which resull, at ¢ = 42,5 seconds, in the piict holding a large
nose-down Spg input to correct a nose-up attitude, Just as the airplane
started to pitch down, in response to this elevator stick command, another
gust was encountered which decreased the airspeed and the airplane pitched
violently down to € = -2°, At ¥ = 44 sec, the pilot applied a large back
stick input which was held until ¢ = 47,5 sec, During this time interval,
the nose was down, the stick was back (which reduced the drag), and the
pilot was applying throttle; all of which should have increased the airspeed,

The record, however, shows little tendency for the airspeed to respond,

It is difficult to decide whether or not the control difficulty encount-

ered on this approach was characteristic of configurations with a stiff phugoid

97



and large positive Xs5pc OF whether it results from a chance occurrence of

pilot inputs and gust encounters, The pilot comments for this visual

approach were as follows:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Infanti:

Harper:

Harper:

Oscillograph is on, On visual, Bob, 146 gallons fuel remaining,
We're just about center line right now, I'm sure my localizer
needle right now is reading about 2 dots off to the right, We're
right on center line right now,

No, we're a little to the left,
Well, as I say --
We're on center line, reading 1 circle off

Mine is reading 1% to 2 dots oif to the right --- Inner marker.

Little roller-coaster Robert, come on now! Okay, Buddy, better
go around, Okay. Oscillograph is off. Going around at 138 gallons,
--- Okay the wire is still on, We're at 129 gallons fuel remaining,

I think we can maybe just make it, We're in a little bit of turbu-
lence here,

I'm going to start a normal short approach here,

Okay, Mannnn. You know that was like going down the rollercoaster
there, on that last half mile.

Yeah! I didn't think I was going to have that much trouble with it,
I really didn't,

I came visual at the 2 mile point and attempted to come down the
glide slope and I thought I was doing fairly well until I got down to
about the 3/4 mile point and from then on in, I guess I normally
tighten my gain as I get close in and I must put in sharper and
quicker elevator inputs and it seemed that in this region it was
where 1 started to have difficulty staying on the glide slope, I
believe it went high, but I couldn't be sure. Anyway I couldn't get
back on it the way I wanted to, Turbulence seemed to bother me
an awful lot with this configuration and with the previous one,
configuration (399-1}, it was intolerable,

Question 12: -- When I transitioned to visual I was off to the

right due to my localizer problems, The visual approach, I think
was made in a normal fashion with perhaps less throttle than
normal, and in encountering some difficulties with -- I guess more
the airspeed response to turbulence, In other words when I
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encounter turbulence disturbances, what I had to do with the stick to
control those disturbances caused errors in either my airspeed or
flight path, and I really think that what happened was that it caused
airspeed errors and those airspeed errors then caused flight

path errors, I believe this is probably what happened, I was
checking airspeed fairly far down, but I wasn't overly concerned
about it, Except that this thing got fast, and got away from me
right at the last. The waveoff was not uncomfortable.

Group G Configurations 439-1 and 439-2

Configurations 439-1 and 439-2 had the same characteristic
equation as the configurations of Flight 399, They also had intermediate
values of X See which was positive for configuration one and negative for
configuration two, The air was fairly smooth during this flight and the
time histories of Figures 21 and 22 are relatively smooth, The throttle
inputs used were small in both cases, The elevator gain selected for these
configurations was about a factor of two higher than was used on Flight 399,
The higher control gain and the smaller disturbances are reflected in the
low amplitude elevator stick displacements and power spectra curves of
Figure 34, The elevator stick motions become more frequent as the approach
progresses and the pilot tightens his attitude-to-elevator loop, This is
illustrated in the power spectra plot of Figure 34 by the increased amplitude

at @ = 3 to 8 rad/sec,
The pilot comments for these two visual approaches were as follows:

Infanti: ON. We're now at 600 ft above terrain at the outer marker. Some
very slight, light turbulence. OFF.

Infanti: ON, Visibility is still poor, Quite hazy, It's a little better down
underneath us, Okay, Oscillograph on at 510 gallons, You can
come visual,

Harper: QOkay,

Infanti: Still slight light turbulence,

Harper: Going around,

Infanti; Okay, Oscillograph off, 501 gallons, Still have to rate the turbu-

lence level as smooth down to the final approach and then I'd say
we'd call it light, very light, OFF,
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Harper: When I transitioned to glide slope, it felt very slippery on the
glide slope in that I couldn't pin down the airspeed. I didn't have
too much trouble with it but it was - just kind of tended to get away
from me a little, I used the throttle a fair amount and it seemed
that I had some uncertainty in the throttle required because [
had to keep changing it all the way down, But the first approach
was pretty good, Stayed pretty much on the glide slope most of
the way and I'd say my principal problem was airspeed control,
We waved off at low altitude, climbed up., The climb was comfortable,

Question 12: -- No comment,

The comments for the visual approach for configuration 439-2 were

as follows:

Infanti; Okay, we're down now, There's an awful lot of chatter going on,
traffic and so forth. We're at 600 {t above terrain now and in
light turbulence inside the outer marker, And 167 gallons, Okay,
Oscillograph is on the 165 gallons and visual,

Harper: Okay, visual,

Infanti: It's about 2% miles from touchdown. We'd better look for that
light airplane traffic, Now you go ahead and fly., I don't see him
yet but -- that light airplane had already gone around but that's
allright, T have him. Okay, oscillograph off at 157 gallons, Going
around,

Author: The Iollowing comments were made on the ground after a series
of calibration records had been run on the ramp before engine
shut down,

Harper: I came in and intercepted the glide slope and I don't remember the
details of the run now, they've faded from my memory except that
I wasn't real happy w1th the first approach, It wasn't too bad or
too good but I don't really remember the details that well,

Question 12;: -- I checked the airspeed lights all the way in, My
basic objection to the configuration is that when I'm hanging on to
that stick making the airplane do something, the airspeed mode
seems to be unstable,

Group E  Configuration 452-1

This configuration had the same characteristic equation as the
configurations of Flights 399 and 439, The value of XéES was zero, how-
ever, although the turbulence was called quite smooth by the safety pilot,
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the time histories for this flight,Figure 23, show more evidence of turbulence

than was indicated in the time histories of Flight 439, The safety pilot was

different on these two flights, Because of gusts and flight path errors which

occurred during this approach, the pilot used tight attitude stabilization

with the elevator and used attitude commands to correct the flight path and

airspeed errors that occurred, These elevator stick inputs are indicated

by the peaks in the power spectra plot of Figure 34,

Meeker:

Harper:

Meeker:

Meeker:

Harper:

The pilot comments for this visual approach were as follows:

ON, We are now at 1300 feet MSL and will be going visual in a
minute, You can come on visual now, Bob,

Okay.

Oscillograph on. 500 gallons of fuel remaining. We are now in the
visual portion of our approach, I say the air is still quite smooth
at this level,

Oscillograph off at this point, We are starting our go around at
492 gallons of fuel remaining, OFF,

Went visual fairly well lined up by the way, On the descent portion
I was able to spend a fair amount of time on the localizer heading
and was able to, in the nice smooth air, track the localizer well,
Went visual to the glide slope and started down comfortably, Had
one tendency to go a little low but responded quite well to a little
bit of throttle and came right back on, Couldn't use the lights very
well, The sun was behind us this morning, It is a very bright
morning and even though the nose is a little bit to the left for a
little southerly component for a crosswind it still didn't help me
very much, I could read the lights when I looked at them butI
didn't get much out of my peripheral vision, so I tended to use a
combination of the airspeed indicator and the lights, However, it
was perfectly adequate, You had a good sense of the airspeed in
your elevator stick forces, not particularly concerned about air-
speed and used the throttle to control it and to control altitude
errors, I'd say the common throttle motions were as much due

to control altitude errors as they were to control airspeed, I don't
know how the two were linked up, but I did have some tendency to
go up and down on the glide slope, Had a little bit of trouble trying
to find that groove that went straight down,
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Group H Configuration 461-1, 461-2 and 462-1

Configurations 462-1 and 461-1 were the same configuration
evaluated one day apart in different atmospheric conditions, The time

histories are in Figures 24 and 25 respectively.

The elevator gain was set fairly low for these configurations to
make the ratio of XSES to Mégs large and therefore achieve the maximum
change in f/?;,w . As a result the pilot had to use fairly large elevator
stick motions to control the flight path and airspeed and to counter pitch
disturbances caused by horizontal gusts and wind shear, These elevator
inputs are indicated in the power spectra plots of Figure 34. The phugoid
was stable and I/Th, was positive so throttle inputs were neither large nor
frequent, although the poor initial conditions on Flight 462-1 did make
throttle corrections necessary during that approach and the wind shear

encountered in Flight 461-1 also required small corrections,

There is little evidence that the pilot had to use a tight attitude-to-

elevator loop., His elevator inputs are mostly low frequency in nature,

The pilot comments for these two configurations follow with those
of 462-1 first,

Meeker: ON, We're now at 1400 feet on the final, and I'd say the turbulence
level at low altitude would be considered light, OFF,

Meeker; ON, Oscillograph on at 524, We're just on visual ,

Harper: Okay, I'm going to start my approach on the glide . . . okay,
there I've got the |,

Meeker: Okay, I might add the visibility is quite poor on this. We're now
on the go-round at 518 gallons of fuel remaining. Oscillograph
coming off, OFF,

Meeker: ON, We're now at 1600 feet on the downwind and I'd say the
turbulence level is still light,

Harper: If we called what we had this morning light, I think I'd say this is
very light, almost smooth,

Harper: Transition to glideslope, I couldn't see; you couldn't see the run-
way, and I had to fish, By fishing I mean I had to kind of search
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Meeker:

Meeker:

Harper:

around and find buildings that I recognized and got fairly well
lined up, Butl didn't get lined and so I was coming in and I wasn't
lined up; I was angling and I was - I got low. I'm not sure why I
did; I must have taken off too much power, But I did the same
thing on the second approach, Sol really was not squared away,
after I had passed the railroad track, I still wasn't on centerline
either vertically or horizontally, On the first approach, I was
close in enough so that I was about to transfer my attention from
the lights, glideslope lights to the center of the runway, and I
still was a little off, I transferred, and anyway I got the airplane
on centerline, vertically, horizontally, before I got in, I thought
that was pretty good; I didn't really expect to, And so I got
aboard; no sweat with that first pass, That was pretty low visi-
bility situation as far as getting lined up.

Question 12: -- I didn't use the lights very much, But I did
occasionally,

The pilot comments for configuration 461-1 were as follows:

Oscillograph on, ON, 524 gallons of fuel remaining, We're now on
the visual portion of our first low approach., There is a little bit
more turbulence down here at low level, I would say light though,

Oscillograph coming off, We're on the go-round 516 gallons fuel
remaining, OFF,

About the time I was ready to level off, Jim told me to go visual,

so I never actually leveled off, but I'm sure that would have gone
alright too. Then I started down the glide slope, and I had adequate
visibility, and I couldn't see my airspeed lights too well, but I
didn't really need to, too much with this configuration, so they were
adequate, And, my big trouble was on the glide slope, Because as
I ran through areas of wind shear, the airplane responded in attitude
and flight path, and I found it difficult to restrain it in attitude in
order to restrain the flight path, In other words, as I came across
the railroad tracks, we apparently ran into windshear which gave me
a little bit of headwind, and the airplane heaved up off the glide-
slope and I was pushing forward, and taking off power, and it just
seemed 1 was behind it, In other words, I was dealing a little bit
with an elephant, And then as I - the airplane responded, let's

say then I had to be sure I got the power back on at the right time,
and anyway, it was kind of a ponderous heaving oscillation on that
whole first approach, I heaved up, I came back down, put the
power on, I heaved up, and I was trying to restrain it in attitude

but the elevators were not real effective in restraining it in
attitude in the presence of these velocity changes, And when I

tried to accommeodate the velocity changes with power, in other
words, as I felt the heave coming and took the power off, you're
sufficiently far behind the airplane doing it that way, that that's
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not - you don't have good precise flight path control, You really got
to use the attitude to fly this flight path by that glideslope, I had
difficulty doing it. Okay, then the next . . , Okay we waved off,

I wouldn't have gotten aboard that first time, by the way,

Question 12: -- No comment,

Configuration 461-2 had the same characteristic equation as configura-

tions 461-1 and 462-1, However, was large and negative and T/Thf

X
was very large and negative, This,égfscourse, caused extreme flight path

and airspeed control problems, See Figure 26 for time history of this
approach, The elevator and throttle inputs used by the pilot were large and
frequent, The elevator power spectra plot in Figure 34 shows a large peak

at ¢ = 3,6 rad/sec which is associated with the tight attitude stabilization
loop that the pilot found necessary for this configuration, In addition, there
were large low frequency inputs required because of the airspeed errors which

occurred, The power spectra plots of throttle inputs also shows large peaks

at &0 =,35, 1,15 and 1, 75 rad/sec,
The pilot comments for this visual approach were as follows:

Meeker: Okay, all right, ON, We're starting our descent from 5000 feet,
254 pgallons of fuel remaining, OFF,

Harper: Oh, boy this is interesting,
Meeker: Yes,

Harper: Beautiful airplane, as long as you don't change the angle of attack,
Holy mackerel!

Meeker: ON, We're now at 1600 feet on our low approach, and there is a
little bit of turbulence, here, I call it light turbulence,

Harper: O Solo mio. I don't know what you gave me here, but, holy mackerel
Andy.

Meeker: I'm kind of sorry I did it, but Chick wanted to,

Harper:; I meana, . . we're surviving so far.
Meeker: Uh huh,

Harper: We aren't going to do anything abrupt here, but I'm afraid we'd
. I'd spin us in,
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Meeker:

Harper:

Meeker:

Harper:

Okay, you can come visual, ON, Oscillograph on, 226 gallons
fuel remaining, We're now visual on the first low approach,

Ha, Ha, Ha, Ha, (Laughs)

We're making the go-around at 216 gallons of fuel remaining.
Oscillograph off, OFF,

I certainly became a lot more anxzious the closer I got to the
ground, When I went visual, I still wasn't quite down on my altitude,
but then I went down, felt better once I got visual, Staggered up

to the glide slope and my ., , . I staggered, I mean I feltl was
staggering and started down, I'm not sure Il can make a very good
analysis of what went on on the glideslope, but it seemed thatI

was late pulling the power all the way off because 1 was real fast,
then as the airspeed started to bleed off, jamming the throttle

on to catch it, Here's an interesting observation. You know, I
was controlling the throttle by longitudinal acceleration, I found
out, Cause I was first of all, so busy, I was busy looking outside
to catch any kind of cue I could as to what was going to happen next
and get some lead on it, I'd look at my airspeed indicator I was

in the cockpit, I couldn't leave what was going on outside that much,
The lights, they didn't do me a whole lot of good, I seemed to need
more information than they gave me, In other words, If I waited for
the , ., . say the yellow light was on and I pulled the power back,

If I waited for the green light to come on, before I could even get
the power on, because I pulled it off so far, the red light would be
on, So the lights were not adequate, So I looked outside the
airplane, got my cues from what was going on outside, and one of
those very strong cues was longitudinal acceleration, because I

got to wondering what I was using to control the airplane with, and
I'd sneak peeks at the airspeed indicator to validate my senses of
longitudinal acceleration and also my visual cues from what was
going on outside, but I didn't, , . I still found I was actuating
throttle as a function of longitudinal acceleration, In other words,
especially if I had the throttle off, and the airspeed was high I
could feel the drag come on, And when I felt that drag start on,

I'd jam that throttle on and try to catch it, One of our problems
was that I didn't know where the trim throttie position was, I sure
didn't have time to look down at the rpm gauge to figure it out. So
what I did was just used longitudinal acceleration and snuk peeks

at the airspeed indicator, and I looked outside, I didn't - I don't
think I got aboard the first time, I think I could have landed on a
field though, I wouldn't have gotten aboard a carrier,
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Group I Configuration 425-1

This configuration had a very stiff phugoid mode, «p = .45 rad/sec,
which was slightly unstable, 5P = —0.034: The time history for configuration
425-1 is contained in Figure 27. From the first half of this time history
and from the l Etg- I Bode plot of Figure 36 it can be seen that this
configuration had extreme pitch response to airspeed variations. The pilot
found that he had to close a very tight attitude-to-elevator loop in order to
stay on the glide slope. The power spectra plot for elevator stick inputs in
Figure 35 has a very high peak at « = 6.5 rad/sec which is associated
with these attitude stabilization inputs. The broad peak at low frequency in
this plot is associated with the elevator inputs required to constrain the
pitch attitude when airspeed variations occurred because of turbulence or

improper power settings.

It should be noted that the pilot changed his attitude-to-elevator
gain from a low value during the first half of the approach to a very high
value for the last half of the approach. When a spectral analysis is made of
the elevator stick trace for a configuration where the pilot's gain was time
varying, several peaks may occur in the resulting power spectral density
plot or the energy may be distributed over a wide frequency band rather

than in a sharp peak.

The throttle inputs for this configuration were small but fairly

continuous and rapid in nature,
The pilot comments for this visual approach were as follows:

Infanti: ON, we are now down to 500-600 feet above terrain, Turbulence I
would say is still about light to moderate. Maybe closer to
moderate, but it is not very bad. Oscillograph is ON at 511 gallons.
ON wvisual.,

Harper: OK, visual, That's real centerline approach, wasn't it?

Infanti: Yep, pretty good, Just as you said that, the sun shone on you.
A ray of sunshine and this is about it, too.

Harper: I started oscillating and haven't quit since. Tight attitude -- come
on let's go. Tight, tight, come on. There's a little power. That's
it, Now we're going., Now you're going down there. Now, we're
going a little low, little low. That's it, that's it, the green light is
on. The yellow light is on.
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Infanti: Oscillograph OFF at 502 gallons and going around.

Infanti: OK, I guess we'll have to rate that turbulence as light to moderate.
: It's even closer to light, I guess.

Harper: It was lighter on the glide slope than it was coming in, I agree with
light to moderate up to when I got on the glide slope. Then it was
light.

Harper: Question 12 - Transition to visual flight -- the nose was pitching
quite a bit due to the turbulence, I finally got the nose down to
the trim attitude and the throttle back to what would hold the right
air speed. I came steaming down and found I had to use real tight
elevator to attitude. Real tight and it worked good. I almost had
a continuous dither going because I had my gain cranked up pretty
good and the pitch is fairly loose. I kept the attitude -- working
about the desired attitude. Then I would use the throttle to control
air speed errors on the glide slope or altitude errors if I was off,
If I got off on the air speed and it was on altitude, then I would have
to make a small attitude correction teo, It worked in the smooth
air., I think it would be very difficult in the rough air.

Group J Configuration 445-1

This configuration had a statically unstable phugoid mode; i.e.,
the phugoid mode consisted of two real roots, one of which was unstable.
The time history for this configuration is contained in Figure 28. Because
the phugoid was unstable the pilot again found it necessary to close a tight
attitude-to-elevator loop. Except for the large low frequency inputs, the
elevator stick time history and power spectral density plots, see Figure 35,

for this configuration are quite similar to those of configuration 425-1.

The airspeed variations occurring for configuration 445-1 were
quite large; however, the pitch response to these airspeed variations was
not as extreme as in the case of configuration 425-1, It should also be noted
that the sign of the pitch response to airspeed variations was reversed for
configuration 445-1; when the airspeed increased this configuration would

pitch down, and when the airspeed decreased it would pitch up.

The pilot made a large and rapid throttle input to correct a low
airspeed condition in the middle of this approach and several small

corrections during the last half,
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The pilot comments for this visual approach were as follows:

Infanti: ON, We're now 000 ft above terrain now and, oscillograph's on
at 440 visual,

Harper: Visual, I am.

Infanti: Turbulence level is light here, Okay, now we're about 250 feet
above terrain. The turbulence there was moderate., Okay,
oscillograph off at 431 gallons. I guess the visual portion of that
patiern we'll call light to moderate turbulence. OFF.

Harper: On the glide slope the airspeed was very slippery and I had trouble
controlling airspeed. We had a cross wind from the right today,
and with the nose to the right, the airspeed lights were well out of
my view. On the {first approach [ used the airspeed indicator
itself, I didn't really use the lights very much. I thought it was
because I wanted rate information., I went down, and I think we
got aboard all right. It wasn't the best, in the carrier landing,
but it was okay. Real tight closed loop though.

Question 12 -- No comment,

Group S Configurations 456-1, 453-1 and 448-2

These three configurations were selected because they were repeats
done on different days and in different atmospheric conditions. The short-
period frequency was & ;o = 1,46 rad/sec and the phugoid frequency was
4 p =0.32 rad/sec. The phugoid damping ratio was 3;, = -0.25 and

t/7T, =-0.05,
h/

The low-frequency short period, the high-irequency unstable
phugoid, and the negative f/Thf are all conditions which require the pilot
to use tight attitude-to-elevator and airspeed-to-throttle loops to control
the flight path and airspeed. As would be expected there is considerahle
elevator stick and throttle activity in the time histories and the power spectral
density pldts for these configurations exhibit peaks at high frequency,

especially when there was turbulence or wind shear,

The time histories for configurations 456-1, 453-1 and 448-2 are
contained in Figures 29, 30 and 31, The power spectral density data for

the elevator and throttle inputs are plotted in Figure 35,
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The pilot comments for the visual approach of configuration 456-1

were as follows:

Meeker:

Harper:

Meeker:

Harper:

ON. You can come visual now, Bob, Oscillograph coming on at
498 gallons of fuel remaining for the low approach. The turbulence
has picked up a little as we come down low. It's still around %2
knots variation on the airspeed indicator,

And the lights are really standing out today, I'll tell you., It's a
good day for seeing the glideslope lights; one of the best I've ever
seen,

488 gallons fuel remaining, oscillograph off. We're on the go-round
now. OFF,

Then, when I went visual, the lighting was excellent today. I could
see the glideslope lights and interpret then at the point where 1
went visual, My airspeed lights were lined up nicely due to the
left crosswind. Cross wind from the left. Actually I felt very
comfortable on the glideslope, and I didn't look at my throttle or
airspeed indicator at 2ll. I just used the light information; the
glideslope lights and the airspeed lights, and my visual view of my
attitude of the airplane. Flew the approach, and I wasn't on center-
line when I intercepted, and I got up on it, and I went down it with
numerous corrections and I was correcting for airspeed and
everything, but it was well within my capabilities. The - I flew
the first approach. It was - I had the feeling I was a little bit
behind the airplane towards the last, when I got close in, but I'm
pretty sure that I had adequate control and it would have been a
satisfactory approach. The waveoff was comfortable.

Question 12: -~ transition to visual flight - it definitely improved
things., Ii's an zasier airplane to fly when you have your visual
reference, and it kind of unloads you, you don't have to close an
attitude loop quite as tightly. You can pay more attention to
airspeed errors. I've discussed the approach as well as I know it.

During the visual approach of configuration 453-1 the safety pilot

(Meeker, on his second flight as safety pilot) called the turbulence light and

the evaluation pilot voiced some disagreement with this description. In any

event, the turbulence level throughout the evaluation was a very significant

influence on the pilot's rating and the time history of the visual approach,

Figurs 30, indicates at least two fairly large gusts; one which decreased

the airspeed at £ = 10-13 sec and one which increased the airspeed at
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7 = 45-47 sec. The pitch response to these gusts was quite small when
compared to the pitch response which resulted from similar gusts on
configuration 399-1 and 399-2 of Figures 19 and 20. The phugoid frequency
was the same for these configurations as it was for configuration 453-1, but
the short-period frequency was lower for configuration 453-1. The effect of
the lower short-period frequency on the high-frequency pitch response to
airspeed variations can be seen by comparing the I % I Bode plots in
Figures 36 and 37.

The pilot comments for this visual approach were as follows. The
comments about visual reference easing the task of closing all of the required

control loops is particularly interesting,

Meeker: ON., Oscillograph on at 474 gallons of fuel remaining. We just
became visual on this part of the approach. Let's still call the
turbulence level light at this level. Oscillograph off. OFF, 464
gallons of fuel remaining. We are on the go around. ON, We are
now mid downwind 1600 feet, The turbulence is still light. Probably
a little bit lighter down here at low level than when we were up at
altitude. OFF,

Harper: ON again. Just so they can have my observation, I'd have called,
at least on the scale we were talking about before (my feelings are
influenced by the configuration and the way it flies). I'd say it was
approaching moderate at altitude and down here it varies from very
light to light to moderate. Right now at 1600 feet, it is very light,

Harper: When he told me to go visual, I was very relieved. It was the kind
of configuration that going visual helps a great deal. Apparently
because I can continucusly close the attitude loops and perhaps devote
more attention to airspeed and I'm taking care of my heading and
track continuously also., Once I got on the glideslope, I felt much
better and much more in command of the situation. I still continued
to have considerable airspeed difficulties in trying to hold constant
airspeed on the glideslope. I didn't ever really achieve it, but it
seemed that I could keep it bounded and within reasonable limits,

I think the first approach I would have gotten aboard. I got two slow
signals and two fast signals, but I used my airspeed lights. I found
them very useful for the configuration. In fact, I suspect if I had
had to use the cockpit airspeed indicator I would have considerable
difficulty with the configuration, Primarily because when you look
away from it attitude wise, it just seems to want to take off, It is
never, when you come back to it, where it was. Visual reference
seemed to help because I could keep more or less continuous track
of attitude while I was looking at other things.

Question 12: -- No comment,
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Configuration 448-2 was evaluated under circumstances similar
to that of configuration 453-1 and with quite similar results. The pilot again
remarks on the reduction in concentration and effort that he experienced when

he went to visual reference.

At t=19.5 sec in Figure 31 a sharp wind shear was encountered
and the pitch response was again quite small as compared to configuration
399-1 and 399-2.

The power reduction to start the descent and the power application

at waveoff are clearly recorded on this approach and as a result the power

spectral density plot of throttle motion in Figure 35 has large amplitude at

very low frequency.

The pilot comments for this visual approach were as follows:
Infanti; ON. Okay, we're now down to 1500 MSL and we're in some ---
Harper: God.

Infanti: Apparently light turbulence. I suppose we could make light to
moderate throughout so far. OFF.

Infanti; ON. Oscillograph on at 159 gallons, come on visual.
Harper: Thank God!!! What the hell have I got here?!
Infanti: You just fly the airplane and ...

Harper: Geez. That's as much trouble as I've had, I think.
There, I forgot to look where I was going.

Infanti: Oscillograph off, 152 gallons, and going on around.

Harper: And about that time he told me to go visual, and I did, and it was with
a wonderful sigh of relief. I can't tell you how good it felt. Came in
and got established on the glideslope the details of the approach I
don't remember too well, but I know that flying in attitude with the
elevator to stay on the glideslope and throttle to control airspeed, the
airspeed variations were large and difficult corrections to make. Very
very hard to get the airspeed back and to stay there. Towards the -
let's see, I don't remember the first - the whole thing is beginning to
fade a little bit, but . . . the details of the approach I don't really
remember. I remember fighting airspeed and having large errors -
relatively difficult time with the holding, or trying to achieve the
approach airspeed, and then towards the last, I had trouble holding
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the flight path, as I often do, with a sluggish short period like I had
here. So the airplane was bobbling a bit and attitude and the throttle
was getting moved quite a bit, Nello, I mean, when I started to
initiate the waveoff, the throttle was already starting forward in my
hand, so he wasn't very trusting, although I didn't feel badly about the
approach. It wasn't that bad, but all the indications I'm sure to him
up to that point, was that I didn't have very good control of the
configuration. I don't know whether I would have gotten aboard that
first time or not. I think there's some possibility I might have. The
way things are going right there at the last, I'm1 not sure. The
airspeed was getting away from me.

‘ Question 12: -- No comment.

Group T Configuration 448-1

Configuration 448-1 had the same characteristic equation as the
configurations of Group U, however, 17/7;5,I was made approximately zero
through positive ngs . The high-frequency unstable phugoid mode together
with the turbulence level and the low-frequency short period again made it
necessary for the pilot to close the attitude-to-elevator loop. The increase
in gain in this loop during the last half of the approach is evident in the
elevator stick time history of Figure 32 and in the power spectral density

plot in Figure 35.

The effect of the rather large positive X5, In diminishing the
requirement to coordinate throttle with flight path changes is illustrated by
this configuration. As it happened on this approach, the descent from 5000 ft
was made fairly close in to the airport so that the level portion before intercept
of the glide slope was shorter than usual. Because of the X, 1 the pilot
found that he could bend the flight path level for a short time and then down
to the glide slope without making a power adjustment. Again, at the end of
the approach he was able to start the waveoff and climb without close
coordination of throttle. This effect of X5£5 on the throttle inputs is illus-
trated in the power spectral density plot of Figure 35 by the very low amplitude

at low frequency.
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The reduced piteh response toa wind shear of this configuration

compared to configuration 399-1 and 399-2 is illustrated by the large wind

shear that was encountered at £ = 20 sec in Figure 32.

Infanti:
tlarper:

Infanti;

Harper:
Infanti:
Harper:
Intanti:

Iintanti;

Harger:

The pilot comments for this configuration were as follows:
ON. Oscillograph on 487 gallons. Come on visual,
Busy. Oh.

Alirplane landing on runway 28 (7)., Oscillograph is coming off at 180,
We're having & little problem with some airplane out here, that
doesn't understand instructions, Okay. You better keep an eye on
hirm, T don't know where the hell .

I never did find out where he was.
Ha, there he isg.

Wheve?

Just taxiing oft. OF.

ON. Weo're now coing around 1600 ft MSL, actually turbulence level
is you might say, hight to moderate is a good average turbulence level
for that pass.  OFL.

Then, woe were sairly close in so the reduced rate of sink portion
almest dida't o7, but 1T got a good look at changing the flight path
intrying to mak it level, and I didn't do it very precisely but 1
didn't feel I was ahout to lose the airplane. In other words, when

I rotated the 11 0 proh upward, by golley, there was nothing - well,
actuatly, the at-speed almost tended to increase, and it certainly
didn’t tend to blood sway or sink out [rom under me. Went to visual
and sraited down the olideslope; the errors weren't too bad in the
bep? ning., Tus:o elevator to control my attitude, and the throttic
to control airspecd, os long as [ was on the glideslope, I used the
throtile just to conmtrsl airspeed. I think I got a little high once, and
Tused throttle.  Prulled a little extra throttle off in order to sink
down. With this configuration, it seemed pretty difficult to correct
the hivh and fast,  They correct it, but it toock guite a bit of throttle.
I had to take off quite a bit of throttle. When we came down, it
seered when we «ot close in, my - | had to crank up my gain, or I
did crank up my pgain anyway. Lots of pitching oscillation going on
as I was sampling and trying to stay tight on this airplane. I just
secrmed to be natural that I did that. The {irst approach was a little
hairy. I think we would have gotten aboard. The wave off was com-

fortable, when 1 came back on the stick, the airspeed almost seemed
to increasc,

Question 12: - - No comment.

This concludes the section on time histories of visual approaches.
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3.2.5 Turbulence Effects

The pilot's handling quality rating of an airplane must con-
sider both the response to his control inputs and the response of the airplane

to external disturbances such as wind gradients and atmospheric turbulence.

The evaluation flights in this landing-approach program were
conducted in a variety of wind and turbulence conditions and, since the pilot
was instructed to rate the configuration on the basis of what he observed under
the existing conditions, it is necessary to consider the turbulence environment
in which the evaluation was made and the airplane's response to this environ-

ment when interpreting the pilot rating data.

The pilot comments indicate that, for the configurations
evaluated, the most objectionable characteristic was the pitch resp-onse to

airspeed variations caused by wind shear and turbulence.

An approximate transfer function relating pitch attitude

to horizontal gusts will now be derived.

If the gust disturbance is assumed to be made up of only
horizontal and vertical components which are directed along the X and Z
axes, then the aerodynamic forces and moments due to the gusts can be

expressed as follows: (The stability derivatives z, and Zz; are assumed

to be negligible, g is defined to be positive forward, and «, 1is defined
to be positive down.)

{ r

| XFOECE ""Xu - Xuf [

i 7]

T P =Zy ~Z 9

| ' W (10)

L MaMENrJ 'L_—SML} My 'S(MQ-_Z/LMQJ‘MU;

This gust driving function, together with equations of motion

from Reference 36, form the equations to be used to derive the 9/,,49

transfer function.

s-x, - X, 7 T‘ ursy Xy

“Zy 5-Zy ~Us w(s)| = . Ly [%} (11)
i .

~ My SMy =M S-M, szﬁMg5 LG(S)J ‘L—/l 5-M,
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Solving these equations for the 9/&/5 transfer function;

M 5% 4 My +Zy My ~Z,,M,; SHJ
Ug(s) .7 SZ Z{P SZ ngjp ( )
5= + —— S5+/ —Fr —= s+
o “p Wip Wsp

It can be observed from this transfer function that the
pitch response of the uncontrolled airplane to horizontal gusts is a function
of the short-period and phugoid roots, together with a forcing function
involving M,g,‘» s My 2 My s My s Zy and Z, . If M, is set equal

to zero, the transfer function reduces to the following equation, which is

applicable to Groups E, G, H, I, R, Sand U.

Z,, My
o(s) 5[ ;4“ e S”]
- _ 1 U Mo = Zr Mu (13)
1/ z
i 1 7 [MS: r 222 sug S Z L 5+f:l
My =0 wp  Hp sp “sp

If M, is set equal to zero, the transfer function reduces

to the following equation, which is applicable to Groups B, C, O and P

. Z M~ Z, M
3{ Mo 82, o ur w Sf?J
/

6 (s) Zu’Mw Zyu Myr
Urs B z 2 (14)
5% d S: + 2% <4y SZ + 2Zs s+7]

mu=0 ‘b,a aip wsp g p

And if both M, and M; are set equal to zero, the
transfer function reduces to the following equation, which is applicable

to Groups A and N:

gs) | 7
uisy |- g z z {15)
4 sz + 2%e Sf/] 52 + 2——~gs’°s+l:l

My=M,=0 Wp “pe sP sF
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Asymptotic sketches of the amplitude ratio for configura-
tions in Groups A, B, C, E, G, H and I of Table I are drawn in Figure 36.
Sketches for Groups N, O, P, R, S and U of Table II are drawn in Figure 37.
It must be appreciated that the phugoid mode was either lightly damped or
unstable for many of these configurations and therefore the actual ampli-

tude ratio plot would have a high resonance peak at the phugoid break point.

The corresponding phase diagrams have not been included
because there were no pilot comments which indicated that the phase of
the pitch response to the gusts was important to the pilot. This seems
likely, since the gusts were encountered in a random sequence and also
the pilot considered all pitch disturbances to be objectionable when he was

trying to stay on the glide slope.

From the form of the transier function and the amplitude
ratio sketches, it is seen that the pitch response at low frequency was the
same for all of the configurations. However, the response to gusts at

high frequency was considerably different for the various configurations.

The pitch response at high frequency is increased by an
increase in either the short-period or the phugeid frequency and by a

decrease in the frequency at which the factors of the numerator occur.

The order of the numerator is increased from second
to third order when M is non-zero. This has a very proncunced effect
on the pitch response to horizontal gusts at high frequency. Also, when
M4 is positive, one of the numerator factors is in the right half plane,
and the phase at high frequency is altered by 180° from its position for

negative values of M, .

The increased pitch response at high frequency was noted
by the pilot for each of these factors. This can be seen by comparing

comments in the following Groups:

Short-Period Frequency: See Group A relative to Group N

Short-Period Frequency: See Groups E, G and H relative to Groups R
and S

M, Numerator: See Groups B and C relative to Group A
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Mu Numerator: See Groups O and P relative to Group N

Phugoid Freq., and
M, Numerator: See Groups E and I relative to Group A

Phugoid Freq. and
M Numerator; See Groups R and U relative to Group N

u©
The turbulence level and the wind conditions which existed

for each evaluation are noted in the pilot comment summaries in Paragraph

3.2.2, together with the pilot's remarks about the response of the configura-

tion to these distrubances.

It should be noted that, when/M,, was used to increase the
phugoid frequency, the numerator forcing function was also altered, both

of which cause the pitch response at high frequency to be increased.

If the pitch response at the short-period frequency is
taken as a basis for comparison, it is seen in Figure 36 that increasing
the phugoid frequency from &/, = .15 to o = .32 rad/sec caused the
magnitude of the pitch response to increase by 14 db and the change in
the numerator factor caused an additional increase of approximately 6 db.
Also, from Figure 36, when the phugoid frequency was increased from
[dp = .15 rad/sec to &)/g = .45 rad/sec, the amplitude ratio at the
short period was increased 18.5 db and the numerator factor caused an

additional increase of approximately 6.5 db.

For the cases involving the low-frequency short-period
sketched in Figure 37, it is seen that the increased pitch response at
the short periocd results almost entirely from the phugoid frequency
increase, since the numerator breakpoint occurs near the short-period

frequency.

Thus, increasing the phugoid frequency causes a large
increase in the pitch attitude response to airspeed changes at the short-
period frequency. When M, 1is used to increase the phugoid frequency,
there is an additional increase in the attitude response at the short-period

because of the effect on the numerator factors of the 9/.:.:? transfer function.
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SECTION IV
CONC LUSIONS

4,1 As in Reference 46, the pilot preferred the higher frequency short
period, g, = 2.46 rad/sec, to the lower frequency short period,

“gp= 1.46 rad/sec, The configurations with the less stiff short period did
not readily maintain the trim angle of attack or attitude; thus, the pilot had
to provide nearly continuous attitude stabilization to maintain precise flight
path control., In addition, he had to overdrive the airplane to obtain satis-
factory attitude response when maneuvering. The tests in this program were
conducted at {/ = 160 kts IAS, The value of Zwranged from -1.02 to -1,17

for first and second cenfigurations in the flights.

4.2 Increasing the phugoid frequency resulted in increased stick force feel
for airspeed deviations from trim, In smooth air this helped the pilot sense
airspeed errors without looking at the airspeed indicator. In turbulence,
however, the pitch response to airspeed fluctuations (caused by horizontal
gusts or wind shear) became detrimental to the task of flight path.control

and tended to outweigh the advantages of stick feel for airspeed changes,

Limited data obtained for reduced phugoid frequency indicates that the
lack of stick force feel for airspeed changes from trim was not a strong
factor in pilot rating; however, when the phugoid mode was made statically
unstable,the pilot rating degraded sharply because of the amount of closed-loop
control required, and because of the danger that errors might grow beyond
the control authority available. A configuration with time to double amplitude

of 7, =3.57 sec was rated P,R, = 8,

4.3 The pilot's handling qualities rating of an airplane must consider both
the response to his control inputs and the response of the airplane to external
inputs such as wind gradients and atmospheric turbulence, For the confi-
gurations evaluated in this program, the pilot comments indicated that the
most objectionable characteristic was the pitch response to airspeed vari-

ations caused by wind shear and turbulence.
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The pitch response to airspeed variations is described by the

following approximate transfer function.

My My +Zy M -2 M;
u 52+ u U " ur 2 S+/]
6(s) Zy My ZyeMy 2o Myr = Zur Mu
e Rl . .
7 f—r#—ﬁé’sd][—iz—,c—gysﬂ]
“Wp Ap Wsp g s

This transfer function shows that the pitch response of the uncontroclled
airplane to airspeed disturbances is a function of the short-period and
phugoid roots together with a forcing function involving M, , M, M. /M .
Z id and £ wre

4,4 For positive values of 7/7;7 , the pilot accepted (i,e. P.R, = 6.5)
!
unstable phugoid configurations with times to double amplitude of 7, = 12 sec

for &, = .32 rad/secand 7; =17 sec for &, = .15 rad/sec.

It must be remembered that attitude stabilization with the elevator is
a very powerful way to increase the closed-loop phugoid damping and that the
procedure used in this test program permitted the pilot to operate in a
continuous closed-loop manner when required. That is, there were no other
tasks such as map reading, radio manipulation or extensive check list
reading required which would prevent the pilot from closing an attitude-to-
elevator loop as required. The level of instability that a pilot can tolerate
in the open-loop airplane is closely related to the amount of closed-loop
attention that he can devote to the loops required to stabilize the unstable
mode. It is also related to the level of external disturbances existing, The
pilot rating improved as the phugoid mode was made more stable; however,
increasing the phugoid damping ratic beyond ;’F = .15 did not further

increase the pilot rating for the landing approach task.
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4.5 The following observation made by the authors of Reference 6 has been

verified by the results of this experiment,

"The pilot's acceptance of a certain level of speed stability must be
colored by the overall difficulty of controlling the aircraft, which determines

the amount of attention he can devote to the speed control problem. "

In this experiment, for an otherwise good configuration, the pilot
accepted (P,R. = 6.5) a value of V)f,’g-, = -0.085 1/sec or a time to double
amplitude of 7, = 8.2 sec, See Figure 10a. However, for a configuration
with an unstable phugoid and a low short-period frequency, the pilot considered

f/?}’ = -0.02 0or 7, =235 sec to be marginally acceptable., See Figure 10b.

Although definitive absolute limits on the value of the parameter 7/7,‘21
cannot be specified independent of other handling qualities parameters, the
results of this experiment have confirmed that when ’/T/J, is negative it
becomes a primary handling qualities parameter for the landing approach
task,

d(7w) /

In the literature the parameter T0 " Kt has been used as a

measure of speed stability or degree of '"backside'" operation. This param-
eter can be related to //.T;,, by the following expression which is included
for the readers convenience:

/. g (%) PR

7, L e e

4.6 The optimum longitudinal control gain values selected by the pilot
have been found to be the result of a compromise which is influenced by the
initial pitch response, the steady forces in turns, and the steady forces
required to maintain attitude when airspeed changes from the trim speed

occur.
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