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-ABSTRACT

Studies have been made to determine if discrepancies existing between
calculated and measured tail loads, responses, and derivatives, as obtained for
t*he F-8OA, can be eliminated or explained. These discrepancies were evidenced
as (1) a tail load smaller than that predicted, (2) the measured aerodynamic
stiffness being significantly greater than that indicated by wind tunnel tests,
and (3) an unreasonably large value of stabilizer effectiveness being obtained
in the analysis of the flight data. Certain of these results indicated that
investigations should be made to establish the manner in which aeroelasticity
and unsteady flow aerodynamics influence the tail loads and rigid body response
of the F-9OA airnlane. It was found that (a) the failure of measured tail
loads to agree with calculations is primarily due to an error in measurement
due to limitations in strain gage location, (b) the effect of aeroelasticity is
small and not of a dynamic nature, (c) the lack of agreement between predicted
and measured responses at low Mach numbers is due to prediction being based on
a wirnd tunnel evaluation of tail-off static stability which was different from
that obtained in flight, and (d) the stabilizer effectiveness and downwash
cannot be accurately evaluated unless the tail-off damping in. pitch is
determined. It is recommended that studies be made to develop additional
techniques for determining the tail-off stability derivatives and that efforts
be directed towards analyzing longitudinal response data assuming a complex
downwash.
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FOR THE CO[@SAND!NG GENERAL:

R. G. RUEGS V
Colonel, USAF
Chief, Aircraft Laboratory
Directorabe of Laboratories

WADC-TR-52-130 - iii -



TABLE OF C(WTTS

PaEe o.

Forword

Abstraot

List of Illustrations v

List of Symbols vi

Introduction 1

Background 2

Examination of the Discrepancy Existing Between Predioted 5
and Measured Tail Load

Aeroelastio Effeots on the Response of the F-80A Airplane 8

Consideration of Means of Improving the Agreement Between 13
Predioted and Measured Longitudinal Responses

Examination of and Means for Improving and/or Simplifying 17
the Extraction of Stability Derivatives from Longi-
tudinal Response Data

Comments on Future Aoroelastio Research 35

Conclusions and Reco ndations 36

References 38

WADC-TR-52-130 - iv -



.LIST OF ILLUSTRATIONS

Fig. Page
No. Title No.

1 Frequency Response 10,000 Ft. 27% MAC .3 Mach No. 39

2 Frequency Response 10,000 Ft. .27% MAC .5 Mach No. 40

3 Frequency Response 10,000 Ft. 27% MAC .7 Mach No. 41

4 Frequency Response 10,000 Ft. 27% MAC .75 Mach No. 42

5 Frequency Response 20,000 Ft. 23% MAC .5 Mach No. 43

6 Frequency Response 20,000 Ft. 23% MAC .7 Mach No. 44

7 Frequency Response 20,000 Ft. 23% MAC .75 Mach No. 45

8 Frequency Response 20,000 Ft. 27% MAC .3 Mach No. 46

9 Frequency Response 20,000 Ft. 27% MAC .5 Mach No. 47

10 Frequency Response 20,000 Ft. 27% MAC .7 Mach No, 48

11 Frequency Response 20,000 Ft. 27% MAC .75 Mach No. 49

12 Frequency Response 20,000 Ft. 31.5% MAC .5 Mach No. 50

13 Frequency Response 20,000 Ft. 31.5% MAC .7 Mach No. 51
14 Frequency Response 20,000 Ft. 31.5% MAC .75 Mach No. 52

15 Frequency Response 30,000 Ft. 27% MAC .5 Mach No. 53

16 Frequency Response 30,000 Ft. 27% MAC .7 Mach No. 54
17 Frequency Response 30,000 Ft. 27% MAC .75 Mach No. 55

18 Tail Load Response 20,000 Ft. 27% MAC .3 Mach No. 56

19 Tail Load Response 20,000 Ft. 27% MAC .5 Mach No. 57

20 Tail Load Response 20,000 Ft. 27% MAC .7 Mach No. 58

21 Tail Load Response 20,000 Ft. 27% MAC .75 Mach No. 59

22 Effect of Strain Gage Location on Tail Load Measurement 60
23 Aeroelastic Calculationss and vs. Frequency 61

24 Aeroelastic Calculationss and vs. Frequency 62

25 Aeroelastic Calculationasg C and • % vs. Frequency 63

26 Aeroelastic Calculationss and vs. Frequency 64

27 Percentage Reduction in Response Amplitude Due to Aeroelas- 65
ticity vs. Frequency

28 d~,~C) (/~C r~~vs. Mach No. 66

29 a/4, (@ , - /7- k vs. Mach No. 67

30 vs , s. Mach No, 68

31 and W7-or #vs. w7 69

32 /77 and M vs. Reduced Frequency 70

WADC-TR-52-130 - v -



LIST OF SYMBOLS

True airspeed - fto/seo0

W Incremental velocity along Z axis - ft./seeo

V Incremental acceleration along Z axis - fto/sec. 2

Pitching velocity - rado/seco

Dynamic pressure - lb/sqofto

ly Moment of inertia about axis - slug ft.2

A Wing span - ft.

C Mean aerodynamic chord - ft.

Y Acceleration of gravity - ft./seo0
2

/77 Mass of airplane - slugs

Wing area - ft.2

CX11 Incremental angle of attack - rad. or deg.

Elevator deflection - rad. or deg.

E Downwash angle

9Altitude angle - rad. -or deg.

Pitching velocity - rad./zeco

Mass density of air - slugs/fto3

I'a- Airplane density factor -

-7- Aerodynamic time unit - sec.,

Phase of X with respect to Y

Cc) Angular frequency - rad./seco

DNon-dimensional differential operator - -- -e

6•. Horizontal tail. incidence - rad. or deg,

Incremental normal acceleration

1, Moment of inertia coefficient - Cr

WADC-TR-52-130 - vi -



4 Tail length - ft.

S Horizontal tail area - fto2

V Tail volume coefficient -

Z• Ode Incremental tail angle of attack

Elevator effectiveness - ) 0_

Airplane lift coefficient

* ,• Airplane pitching moment coefficient

- /a a 6-/" , -i1/rad. or I/deg.

Elevator power - 1- rad. or I/deg,

/7-k e c.i/rad. or 1/deg.

dC'6CL Static longitudinal stability parameter

2 jw d C,.1  6-, ,1/rad. or 1/deg.

~67,,/ Zi , 1/rad. or 1/deg.

~ 4/ (i~L~.t~Y! ~ l/rad. or I/deg.

I 1/rad. or 1/deg.

/4 Horizontal tail load lbs.

Horizontal tail load coefficient,

Aircraft thrust - lbs.

14 Non=dimensional fixed control airplane damping coefficient,

A0 Non-dimensional fixed control airplane spring coefficient,

WADC-TR-52-130 - vii



INTRODUCTION

This report presents the results of a study program which was oriented
to explain the discrepancies encountered between calculated and measured
(longitudinal) responses obtained from flight tests of the F-80A airplane. The
study described herein is therefore a continuation of an extensive program which
was designed to investigate the dynamic stability and aerodynamic tail loads of
an F-80 at high subsonic Mach numbers. Execution of the program was the
responsibility of the Flight Research Department of the Cornell Aeronautical
Laboratory under the sponsorship 'of the Aerodynamic and Structure Branches of
the Aircraft Laboratory, Wright Air Development Center.

The reasons underlying the development of this theoretical investi-
gation are pertinent to the reporting of this study and are presented in a
following section of the report entitled "Background". This section also
includes a comprehensive statement of the problem together with a description
of the approach that was followed in obtaining a solution.

The contractual objective of the program was to make brief, but all
inclusive, studies directed towards determining if discrepancies existing
between calculated and measured responses and derivatives can be eliminated.
Accordingly, consideration has been given to means of improving the agreement between
predicted and measured responses and to means of improving or simplifying the
extraction of stability derivatives from longitudinal response data, Since
certain investigators had predicted significant aeroolastic and unsteady flow
effects on the response of the F-80A, an investigation was planned to determine
to what extent these phenomena would account for the observed discrepancies.
The resulting theoretical study examined the discrepancies existing between the
predicted and measured tail loads and in addition, required that calculations
be made to determine the effect of structural flexibility on the longitudinal
responses of the F-80A airplane. The above mentioned work is fully described
in this report, followed by recommendations for future aeroelastic research,
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BACKGROUND

Dynamic stability and control research by means of direct measurement
of the aircraft response is a field in which the Flight Research Department of
the Cornell Aeronautical Laboratory has been active for a number of years, The
development of the response measurement technique in research programs carried
out in large9 relatively slow speed aircraft ultimately led to an experimental
investigation which was designed to measure the responses and stability
derivatives of a fighter airplane at high subsonic Mach numbers. The purpose
of this program was twofoldj namely --

(1) to demonstrate that the response of a fighter airplane to a
sinusoidal forcing function can be measured with airborne instrumentation
without compromising measurement accuracies and

(2) to investigate the effects of the pertinent variables such as
lift coefficient, CoGo position, Mach number, etc. on the measured responses
and stability derivatives for comparison with wind-tunnel re3ults and the
applicable theory.

By the time the F-80A flight program was about to get under way,
other organizations and investigators had become actively interested in the
problem of aircraft response prediction and measurement. One of the questions
which had been raised wast were the original simplifying assumptions made in
the earlier work at Cornell still justifiable in view of the higher dynamic
pressures and Mach numbers which would be obtained with the F=8OAo These
assumptions, which previous flight measurements indicated to be valid, were as
followss

(1) The effects of frequency upon the stability derivatives are
unimportant in the range of frequencies normally considered, i.e. 0 •O 8
radians per second.

(2) The downwash lag can be approximated by the time required for
the flow to travel from the wing to the tail0

(3) The airplane is non-elastic. thus making rigid body dynamics
applicable to the solution of the response prediction problem.

In an effort to obtain theoretical verification for the first two
assumptions, the study described in reference (1) was undertaken to determine
whether the contribution of non-uniform flow effects is significant in the range
of frequencies used in the flight test procedure. This study, which was made
in a rigorous and thorough manner and applied numerically to an F-80A, indicated
that frequency effects and higher order aerodynamic derivatives are not in-
portent in the range of frequenoies that describe the flight path response of
the rigid airplane. Use of the exact unsteady flow theory did result in a
conception of downwash lag which is different from the time lag concept used in
the simple theory. Responses obtained with the use of this phase lag approach
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have a slightly reduced resonance peak and in effect look as if the damping is
somewhat greater than is predicted by the simple theory. It should be em-
phasized that this difference is small and that experimental verification should
be difficult to obtain. F-80A responses were also computed by Walkowicz (see
reference 2) in which he attempted to include both aeroelastic and non-
stationary flow effects0 These calculations do not indicate the effects of
each phenomenon separately but at zero frequency, where non-stationary flow is
non-existant, the effect of aeroelasticity is seen to be quite large0 In view
of the agreement which had been previously obtained between flight measurements
and the simple theory, considerable doubts were had as to the validity of these
calculations. Nevertheless, they would either be substantiated or disproved
by the results of the F-80A flight test program.

Upon completion of the F-80A longitudinal flight tests it was seen
that the normal acceleration and pitching velocity responses were basically in
agreement with what is predicted by rigid body and steady flow aerodynamic theory0

Certainly there were discrepancies, but they were in no wise comparable to the
results predicted in reference (2). On the other hand, a sizable discrepancy was
noted between the predicted tail load and the measured horizontal tail load.
Moreover, this difference appeared to be similar to the effect indicated in
reference (1) ioe. a reduction of the peak response, which resulted from treat-
ing the downwash lag in an exact manner 0 The resolution of this problem -
namely, to what extent does aeroelasticity and non-stationary flow influence
the flight path and tail load response of the F=80A and to what extent are any
or all of the observed discrepancies between measurement and prediction caused
by these two phenomena - was of basic importance at this time. Unfortunately,
the test program and dat& analysis had encountered a large number of delays;
and time and money were not available to c-srefully examine the experimental
results in light of the various theoretical predictions which had been made,
Calculations were made to check the influence of unsteady flow effects on the
horizontal tail load of the F-80A airplane , but the results of these calcu-
lations did not explain the apparent discrepancy between the measured tail
loads and the theoretical predictions.

The study progran, presented herein, was developed primarily in an
attempt to resol-v the overall situation described above. Since the analysis
of the F-80A longitudinal data proved to be rather difficult and somewhat
disappointing in certain respects, it was felt that a definite need existed for
examining the state of the art. In this respect, it was believed that the study
should be performed with a completely open mind as to the causes of any and all
disagreements between measurement and theory. In a technical investigation,
such as this, very often the obvious causes are overlooked in a search for more
sophisticated answers. It was felt that this tendency should be avoided and
that efforts should be made to establish that apparent discrepancies are real
and valid.
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In accordance with this philosophy, it in believed that any failure
of theoretical predictions to agree with measurement is the result of one or
more of the following three situations:

(a) stability derivatives used in the theoretical calculations
are not in sufficiently close agreement with actual derivatives;

(b) experimental measurements are incorrect;

(c) the assumption - that second order aerodynamic derivatives,
unsteady flow effects, and structural flexibility are negligible for the F-80A
is not valid,

These items are listed in the order in which they should logically be
eliminated as .possible causes of the discrepancies in question. In practice,
however, the process of elimination is not very orderly when the researcher
finds himself groping in the dark. In the ensuing discussion, the results of
this investigation are presented mainly in the order in which they were obtained,
although there has been some regrouping for the purpose of presenting a more
coherent argument.

The tail load discrepancy is examined first, followed by a calcu=
lation of the effects of. aeroelasticity on the response of the F-80A airplane.
This section is succeeded by a discussion of the factors which Caused the
observed disagreement between the estimated and measured response and con-
clusions are reached.regarding the necessity of including unsteady .flow and
aeroelastic phenomena in the prediction of the F=80A longitudinal response.
Finally, in the last and major part-of the theoretical.discussion, efforts are
directed towards examining the discrepancies existing between predicted and
measured derivatives and the reasons for same. Consideration is also given to
means of improving and/or simplifying the extraction of stability derivetives
from longitudinal response data.
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EXAMINATION OF THE DISCREPANCY EXISTING

BETWEEN PREDICTED AND MEASURED TAIL LOAD

As was indicated previously, the lack of agreement between the calcu-
lated and flight measured horizontal tail load was the particular discrepancy
which was primarily responsible for questioning whether

(a) there are significant aeroelastic effects on the F-80A airplane.

(b) the lag indownwash at the tail is significantly airlerent from
the manner in which it is treated in writing the simplified equations of motion.

This discrepancy can be seen in figures 1 through 17, which have been
taken from reference (3) for the purpose of supplementing this discussion.
Note that at those values of frequency where peak response is predicted, the
amplitude of the measured horizontal tail. load lies well below the calculated
curve whereas measured and predicted values of phase angle are generally in
excellent agreement. Note also that the measured normal acceleration and pitch-
ing velocity responses are often in disagreement with the predicted response,
especially at low frequencies. Since there is disagreement between the measured
and predicted motion responses, there should be similar disagreement between the
measured and predicted tail loads. This means that it is not relevant to com-
pare observed tail loads with predicted loads, but rather they should be compared
with the loads necessary to produce the observed responses of normal acceleration
and pitching velocity0

The horizontal tail loads can, in fact, be written as a function of
the normal acceleration and pitching velocity responses. The incremental change
in tail angle of attack can be expressed as

'W(1)

The normal acce-eration is

-T -5 -(2)
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On substituting (2)'in (1), jw for , and dividing (1) by , we
obtain

(3)

where the subscript "obso" designates the measured or observed value of the
response. The tail load is then given by

cN, /6; oe4 (4)

Examination of equations (3) and (4) indicates that the tail load
can be calculated for each frequency test point using the appropriate experi=
mental values for C- , , and S/S a These computations do require,

however, that numerical values be assumed for • At , / i • •

and -• o (A slightly different approach, using equation (1) directly, would
requ e only the estimation of 4e -C and •/4 ,jc4.) For the

computed results shown plotted in figures 18 through 21, wind tunnel values
were used for all parameters except ýv , which was assumed to be as obtained
in the analyses performed in reference (3). This latter assumption was made in
order to be conservative, in that a smaller lw produces a larger tail load.
The real meaning- of "conservative", as used here, will become evident later in
the section devoted to means of extracting stability derivatives from flight
data.

Figures 18 through 21 present the anplitude and phase of the hori-
zontal tail as. obtained experimentally and as computed by means of equations
(3) and (4). It is seen that, while there is excellent agreement in phase angle,
differences in computed and experimental amplitudes are significant and increase
appreciably with increase in Mach number. It is also seen that the percentage
difference between the computed and experimental amplitudes decreases with
increasing frequency of oscillation, except at 0.3 Mach number where the
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difference between experiment and calculation is relatively small.

This disagreement between the experimental tail load and that load
which is indicated by the observed responses is in no way aimilar to the effect
which was shown in reference (1) to be due to an exact treatment of the down-
wash lag. In fact this amplitude difference is so large at the high Mach num-
bers, that any attempt to seek a rigorous aerodynamical explanation appears to
be somewhat ludicrous. In view of the excellent agreement in phase angle, one
is inclined to conclude that incorrect measurement of the tail load is responsible
for this unusual situation, wherein incorrect amplitude values are obtained with
phase angles which are substantially correct. An error in static sensitivity
would produce the reduced amplitude measurements, but this would not explain the
observed variation in amplitude discrepancy with Mach number. On noting that the
dimensional load, in pounds, increases with Mach number due to increased dynamic
pressure, it appears that one possible explanation is a non-linear relationship
between load snd strain gage output. Another possible cause, though an uncertain
factor, is the relieving of tail load caused by fuselage bending or other aero-
elastic effects, This in amplified further in the following section where it is
demonstrated that the responses of the F-80A are somewhat reduced by aero-
elasticity. Since aeroelastic effects are a function of dynamic pressure, this
phenomenon may possibly be a factor here. Admittedly this is a speculation, but
in view of the fact that the phase angles agree at 0.75 Mach number while a 40
percent difference in amplitudes exists at low frequencies, it appears that a
measurement error, in possible conjunction with aeroelastio effects, is the only
means of explaining this result.

The variation in percent amplitude difference with frequency can be
explained as a function of change in spanwise load distribution with frequency.
For example, reference 3 points out that incremental loads inboard of station 10
on the horizontal stabilizer were not measured by the strain gage installation
on the F-80A airplane. The area inboard of station 10 is 15.9 percent of the
total horizontal tail area* If the assumption is made that the spanwise load
distribution contributed by the elevator is measured in toto and that the
measured loading, contributed by 6 , o0 , and & , is in error by sixteen
percent, we obtain the result shown in figure 22. Note that little change in
phase occurs but that a reduction in amplitude does result in a manner similar
to that obtained in the F-80A flight tests. It then becomes feasible to explain
the variation in amplitude discrepancy with frequency by a measurement error
similar to that assumed above, since at the lower frequencies the greater
portion of the tail load is contributed by J , ce , and & while at the
higher frequencies the tail load is due mainly to elevator deflection.

WADC-TR-52-130 - 7 -



AERCELA8TIC IFUOTO

ON TER RIsPonS 07P TU, F'-BOA AIRPLAN

While the F-80A flight test data fail to oorroborate the large aero-
elastic effects reported in reference (2), there in sufficient justification
for a quantitative aeroelastio study to be made as a part of this overall
inveutigation. Such a study would indicate the actual magnitude of the effects
to be expected for a relatively stiff airplane. In 3ddition, these data would
serve to substantiate the observed responses in demonstrating that the F-80A
airplane is not suitable as an aeroelastio research test vehicle.

In performing these aeroelastic calculations, the assmption was
made (as was done in reference 2) that structural deflections of the wing would
be negligible and that only fuselage bending, stabilizer, and elevator twist
need be considered. Stabilizer and elevator twist were not properly included
as additional degrees of freedom in the rigid body equations of notion, as was
fuselage bending, because of the complexities involved. Rather the computed
static reduction in elevator effectiveness (stabilizer twist was found to be
negligible) was assumed to be valid over the entire frequency range since the
dynamics of the elevator structure are far removed from the frequency range of
interest. This assumption of constant effectiveness is substantially correct,
if the major part of the loading that oruses the elevator to twist is caused by
elevator deflection, as is presumed to be the case. The method used In oomputing
Uhe reduced sero frequency value of elevator effectiveness is that described in
reference (4). For the configuration selected for calculation purposes (Mach
numbers .6, Altitudes 10,000 feet), a seven percent static reduction in elevator
effeotiveness was found for the F-80A airplane.

In introducing the additional degree of freedom into the equations of
motion for the purpose of representing a flexible fuselage, it was assumed that
-the fuselage bending was in phase with the aerodynamic and inertia forces.
Stated differently, the dynamics of the fuselage structure were neglected since
V fuselage bending modal frequency is presumably much higher thasi the rigid
body .requency range under consideration. This simplifying assumption permits
the direct formulation of the fuselage bending equations

d-Al +Mdt +2Zd (5)

whore f is the fuselage bending angle measured as the change in angle of
attack of the horizontal stabilizer.
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is the coefficient of fuselage bending due to horizebnu tail load*

SLis the coefficient of fuselage bending due to normal acceleration of the

is the coefficient of fuselage bending due to pitching acceleration.

The coefficient of fuselage bending due to horizontal tail load was cheoked
experimentally and found to agree exceedingly well with the value computed in
reference (2). In view of this excellent agreement 1 .a value for 3

was also taken directly from this source. By working backwards from the bend-
ing moment curve due to fuselage dead weight, the fuselage weight distribution
curve was found. It was then possible to compute the fuselage bending moment
due to angular acceleration about the e.g. and subsequently determine the
coefficient of fuselage bending due to'pitching acceleration. The results
obtained were as follows:

- -/2/ x/D- ,,d/ .

-• --- ..2•X / "'•.5ec."

Equation (5) can be written in terms of the variables o D& 8 •
and by noting that

A/+ (6)

and

1-2 (7)
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On substituting equations (6) and (7) into (5), we obtain

e(e

whe re

"6- , 
,0 

4a

1-



The longitudinal equations of motion, with the longitudinal (x) degree of free-
dom neglected then becomes

(D- , -/ -- -

who re

anid

We find therefore, under the assumptions expressed in equation (5),
that the order of this system of equations is still two. This is as was to be
expected since the structural transfer function of the fuselage has been assumed
to be unity, which assumption is believed to be in accordance with the facts.
Use of the above equations of motion permit the comparison of responses obtained
for both a rigid airplane and one possessing a flexible fuselage. Figures 23
through 25 present the amplitude and phase of the pitching velocity, normal
acceleration and horizontal tail load responses of the F-BOA for both. an elastic
and rigid body computation. Note that little or no difference in phase angle is
obtained in the responses of the elastic and non-elastic airplane. The reduction
in response amplitude appears to be similar to what would result from a straight
reduction in elevator effectiveness. This is not actually the case, however,
since the fuselage deflection response varies with frequency (see figure 26)
and therefore the percentage reduction in response amplitudes does likewise. A
plot of the percent change in amplitu de caused by the combined effect of re-
duced elevator effectiveness and fuselage bending is presented in figure 27
for the three responses shown in figures 23 through 25. Since at steady state
(zero frequency) a 7 percent reduction is caused by elevator twist, the re-
miaining 9 percent reduction in the pitching velocity and normal acceleration
responses is caused by fuselage flexibility.
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Experience indicates that it would be extremly difficult to detect
the above calculated aeroelastic effects in the results of an actual experi-
mntal flight program. The nature of the computed effect is such that for the
7-80 airplane, aeroelasticity acts more like a scalar factor instead of a
vector quantity. Moreover, the average value of this scalar factor falls into
the region of prevailing prediction and measurement errors. A careful exam-
ination of the response plots presented in figures 1 through 17 fails to produce
any positive verification of these computed aeroelastic effects,
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CONSIDBRUTION OF MEANS ( IMPROVING THE AGRAMDEUT

BNTWN PRIDICTD AND MeASURED LNGITUDINAL RISPONSIS

An examination of the F-80A response plots presented in figures 1
through 17 indicates that the measured responses are representative of a

second order dynamic system. On the basis of this visual comparison between

calculation and experiment, it cannot be determined whether this system

possesses constant derivatives or parameters which vary with the frequency of

excitation. It is pointed out in reference (1) that the differences in response
calculations obtained with the use of the simple and exact, complex equations
of notion are so small, that the inaccuracies of using the time-lag concept of

dowuwash are no greater than those of the original theoretical assumptions or

%he experimental data. Thus, comparison of response data is not a valid means

for evaluating the effects of certain phenomena when these effects are as small

or smaller than the errors which are introduced by faulty measurement or faulty
prediction. This resulting inability to detect these effects in this manner
does not say that they are not present, however. On the other hand, if one
attempts to account for these phenomena in the analysis, which is performed to

determine the stability derivatives, one finds that one must deal with a com-

plicated system whose analysis is extremely difficult or perhaps impossible.

In the following section of this report consideration is given to the
analysis part of the above-mentioned problem. As far as improved agreement

between response prediction and measurement is concerned, it appears that major
attention should be first directed towards increasing the accuracy with which

the longitudinal short period natural frequency and damping are originally esti-
mted. Certain of the F-80A response plots (particularly those for the 23 per-

cent and 27 percent e.g. positions) indicate that the aerodynamic stiffness of
the airplane is considerably different from what was originally predicted. If
there are differences between the flight measured and predicted values of damp-
ing for the airplane, the response plots indicate that these differences are
not as large or as significant as the discrepancies encountered between the
masured and predicted values of stiffness or natural frequency.

The above observations point out the necessity for accurately determin-
ing the static stability or neutral point of the airplane when attempting to
predict its longitudinal response. In the case of the F-80A, these predictions
were based on wind tunnel data which were obained from reference (5). The
large variation in neutral point or dC-p shown by the dashed line in
figure 28 is the result of the non-linearity found to exist in the pitching
moment data obtained from the wind tunnel tests, This non-linearity necessi-
tated that the slope of the pitching moment curve be determined for the
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particular lift coefficient and Mach number configuration at which it was in-
tended to test the airplane in flight. It is seen that any deviation in
airplane weight and resulting lift coefficient in flight from that selected
for calpulation purposes will automatically cause a small discrepancy in

The non-linearity of these pitching moment curves, therefore,
cauplicates the task of accurately predicting the flight neutral point.
Examination of the wind tunnel data shows that this non-linearity is due en-
tirely to the pitching moment characteristics of the model minus the horizontal
tail. Since the contribution of the horizontal tail to the static stability, in
conjunction with wind tunnel measured values of stabilizer effectiveness leads
to wind tunnel values of downwash which are in excellent agreement withi downwash
theory, there is reason to believe that the tail-off static stability data is
primarily responsible for the observed disagreement in predicted and mea~sured
stiffness.

This hypothesis is substantiated by the results obtained in static
flight tests made with the F-=8OA. Reference (6) shows that the neutral point
of the F-80A is significantly farther aft (at high lift coefficients) than what
was indicated by the above-mentioned wind tunnel tests. This result intimates
that the extreme non-linearity noted in the wind tunnel test data is in error
and that the airplane is considerably more stable at high angles of attack than
is shown by the dashed line in figure 28, Since it has been noted that knowledge
of the static stability is critical for an accurate prediction of the longitudinal
frequency response, it would seem advisable that static flight tests be made,
whenever possible, to check wind tunnel results. These static tests would per-
mit the accurate evaluation of the elevator power, /799 , in addition to the
location of the neutral point. Admittedly, flight tests are not a convenient
means of investigating the effects of Mach number, but in this particular
instance, it is the variation of static stability with angle of attack that is
questionable.

Note that static flight tests should be performed in the glide config-'
uration, in order to prevent the direct thrust effects from contributing to the
static stability. In constant speed flight, which is the case for the short
period mode, the jet thrust does not contribute to the airplane's stability. It
does, however, contribute to the static stability when the speed is allowed to
vary. This is demonstrated quite readily by writing the moment coefficient due
to the thrust acting-at some vertical arm to the airplane's centc-r of gravity,

C -7(9&

where is the distance from the e.g. to the thrust line.
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If the airplane is considered in unacoelerated flight (ioe. CL varies with
speed) the dynamic pressure, )will be the following function of lift coef-
ficient:

Equation (9) becomes

K0" (10)

For a constant throttle setting, the thrust, - , is nearly independent of
airplane speed and can be considered a constant* The stability contribution
can be cbtained by differentiating (10) with respect to C o

= -= 7-" 1-,.
ýC4.rst 0/ C

Although the direct thrust effect is not a factor, a jet power plant
does contribute to the dynamic longitudinal stability of an airplane. These
contributions include (a) the direct normal force effects at the air duct inlet,
(b) the effect of the induced flow at the tail due to the inflow to the jet
blast, and (c) an increment in /MI as given by Braun in reference (7). The
geometrical configuration of the I-80A airplane is such that the first two
effects are found to be negligible. The damping effect of the jet stream is
also quite small but it can be a significant portion of the damping due to the

-fuselage and the wing. Since the dimensional damping moment, 'h11-1

is approximately constant with airspeed, the non-dimensional derivative,/,1,2,
is found to vary inversely with airspeed at a given altitude. For an altitude
of 20,000 feet, M = 0.3, it was computed that

/,?)jet= t367
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For the same conditions (based on wind tunnel data),

These numerical results are presented for the purpose of indicating the relative
magnitude of the damping caused by the jet stream. In order to predict the
damping of the short period as accurately as possible, the derivative, /51
should be carefully estimated by including all sources of damping such as the
jet damping mentioned above.

In this discussion of neans of improving the agreement between pre-
dicted and measured responses, it should be noted that the damping in pitch of
the F-BOA was assumed, for calculation purposes, to be caused only by the hori-
zontal tail. In other words, the tail off damping in- pitch was assumed to be
zero. While this rough approach to the estimation of the derivatives may be
considered oversimplified from the aerodynamicists' point of view, it can be
justified engineering-wise since the response predictions were desired pri-
marily for the purpose of instrumentation selection and to provide a check on
flight me asurements.

It is believed that the above discussion sufficiently emphasizes the
point which was made earlier, namely - the errors introduced by the estimation
of the first order aerodynamic terms are large enough to completely mask the
effects of the second order terms, the unsteady flow effects, and the possible
aeroelastic effects for the F-80A airplane. From the response prediction
standpoint, consideration of these latter items for the F-80A airplane appears
to be purely academic.
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EXAM~INAT ION OF AND MEANS FOR IMPROVING AND/OR SIMPLIFYING TBE FxRAOTI6N

OF STABILITY DERIVATIVES FROM LONGITUDINAL RESPONSE DATA

1. General Considerations.

Before proceeding to analyze response data obtained in flight it is
necessary to assume equations of motion which adequately describe the dynamics
of the system. Past experience has shown that linear, second order differential
equations mathematically represent the short period longitudinal mode of a
rigid airplane with excellent accuracy even when the limitation of infinitesimal
displacements is violated. In this case, the assumption of linearity and the
restriction to first order aerodynamic and inertia forces not only eases the
prediction problem but simplifies greatly the problem of analysis, which has as
its objective the extraction of stability derivatives from experimentally
obtained flight data. Often there is some question whether these linear
eq uations, containing a limited number of terms, are valid for certain aircraft
configurations and flight conditions. This question is prompted by any analy-
sis in which the experimental scatter is found to be large or the derivatives
appear to vary with the frequency of oscillation, Disregarding for the moment
the possibility of measurement error, it becomes incumbent upon the analyst to
consider other phenomena which conceivably might influence the aircraft response.
At this point, considerable engineering judgement must be exercised in select-
ing the additional comp:lexities to be introduced into the equations of motion.
If these additional complexities cause the problem to become non-linear, it may
not be possible to perform an anailysis at all* Finally, if the effects of
these additional phenomena are small (as they certainly are for the F-80A) it
will be very difficult to accurately extract the pertinent parameters describ-
ing these effects.

'Since increasing the rigor with which the dynamical system is represented
simultaneously increases the complexity of the analysis, it appears that it would
be wise to use the simplest approach in the analysis unless there is substantial
evidence that unsteady flow or aeroelastic effects, for example, are present to
a significant degree. If this evidence or knowledge is present, we soon discover
that sizable advancements must be made in the science of solving the reverse
dynamics problem in order that these more complicated systems may be successfully
analyzed. In this section of the report some consideration will be given to a
possible means of performing an analysis of longitudinal response data when the
equations of motion are written in terms of the complex downwash rather than
the time lag concept.. The method will be indicated, rather than applied, for
reasons to be given later. Before examining the results obtained 'in the original
F-80A analysis, consideration is given below to the peculiar problems encountered
in the analysis of longitudinal response data.
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2. Analysis Methods.

In this section, discussion will be confined to tchniques of analyz-
ing the short period longitudinal mode only, since the experimental flight data
cover a frequency range of approximately 1 rad./eo. to 8 rad./sec. It will be
assumed that the motion of the airplane is represented by linear differential
equati ons.

a. Operational Analysis Using Tail Load Data to Determine Basic Derivatives

Previous investigators have shown that extracting the oaugslants, found
in the operational (longitudinal) equations, from response data obtained in
flight is a relatively straightforward task. These constants are the transfer
function coefficients, such as b. and k, - the damping and stiffness para-
meters obtained from the characteristic or determinental equations of the
system. Stability analysts have also determined that, in the case of a heavily
damped short period mode, the transfer function or operational constants cannot
readily be obtained from transient response time histories of the system. They
can, however, be extracted from frequency response data (obtained either from
steady state oscillations or by harmonic analysis of transient responses) by
means of various curve fitting teocniques, either numrioal or graphical, The
graphical technique has evolved from the methods of the servomwehanim engineer
and proves to be practical when the system is only second order. Note that
these transfer function parameters are combinations of the actual stability
derivatives and as such do not indicate the basic aerodynamic characteristics
of the airplane. In reference (3) an analysis procedure was developed whereby
the tail load data. could be used to break down the quantities, 60 and ed #
into their component derivatives.

On neglecting speed changes and non-stationary terms, it was assmned
in the original F-80A analysis that the pertinent derivatives were as follows:

Since

WADC-TR-52-130 - 18 -



where the subscript "i " denotes the tail-off derivative, it is evident that
the basic quantities to be evaluated are 1776 , , /77
and The normal acceleration and pitching velocity responses were put

into the following operational form for convenience of analysis.

where (11)

and

(12)

where

Using the experimental values of 1, , , 7, andA- and the measured
amplitudes and phases of the acceleration and pitching responses, reference (3)
presents an iterative procedure whereby the values of W , , and A• are.
evaluated for each frequency test point. The elevatoK effectiveness, %Tj , is
determined from the slope of a straight line defined by points calculated at
all test frequencies.

To evaluate the remaining unknowns, this procedure was repeated using
similar expressions based on tail-off equations of motion0 The derivation of
these equations is given below and it is seen that the horizontal tail load
must be measured in order to carry out this analysis0  On writing the longi-
tudinal equations of motion in terms of the aerodynamic forces contributed by
the horizontal tail and the airplane minus the tail, we have
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where the subscript "t" denotes the horizontal tail contribution.

Since

and

we obtain on neglecting o the following two equations of motion in which
the horizontal tail load Isnow the forcing function instead of the elevator.

, +D L9 - D 0 V •'• (13)

/77 z4/7 D 99~z = 4 (14)

The normal acceleration and pitching velocity responses to sinu-soidal tail loads can be written, similarly to equations (11) and (12), as
follos:

where (15)

7t (16)

40T 2, Co0s "-z
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where

As indicated previously9 use of the above equations, together with the measured

responses and the quantities eg , *, 7-, and le--, permits the evaluation of

I ta, 9 lbt , and /Ao, , for each frequency test point. The tail-off deriva-

yes 9 /7ý' and 179, , are then found from definitions of the tail-off damping

and stiffness parameters. Finally, the last two unknown parameters, e
and ja/ are obtained from a simultaneous solution of the following two

equations:

0 ~ ~ ~ # - C~ (17)

Values of the derivatives as obtained by this method were plotted against the
non-dimensional frequency, ' and averaged arithmetically. It was believed
that this point by point analysis adequately accounted for the variations in
aircraft weight and velocity which occurred during the test runs.

b. Equation of Motion Analysis

In order to extract stability derivatives directly from response data
obtained in flight, it becomes necessary to curve-fit the data on the basis of
the original equations of motion. Unfortunately, the longitudinal equations
are such that a linear dependency exists between the variables of motion which,
in the reverse dynamics problem, are the coefficients of the unknown derivatives.
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Mathematically this means that a unique set of values for the derivatives cannot
be obtained since the determinant of the coefficients (in this case, the variables
of notion) proves to be zero. This is readily demonstrated by writing the
equations of notion in a form adaptable to their inverse solution for the un-
known derivatives, vizi

The subscript "A's varies from 1 to /? where /7 is equal to the total number of
unknowns. (In.this case, four.) It is seen 'that, in the inverse sol tion. the
coefficients of the unknowns are the four variables of motion oe , , O
and *-. Since

w find that

which expression illustrates the linear dependency existing between the four
quantities (0o * D &). It can then be shown that
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* e • *"--

In.reference (8), Schumacher suggests that the linear dependency
be removed from the longitudinal equations of motion by making the following
substitutions for 1"4 an o

Note that this is an approximation which assumes that the tail-off damping in
pitch is zero, since accurately expressed within the limitations of the time
lag concept of downwash

With the approximate expression for /77,, the longitudinal equations of motion
(in the form suit-ble for their inverse solution) are reduced to three unknowns
and three linearly independent coefficients, viz;

(DAi- Doe)- 2/ - (19)
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1 /'7•(20)

If the tail-off damping in pitch is not assumed to be zero9 the above equations
can be written more accurately as

•g (21)

[C>/- (22)

In this case there are four linearly independent coefficients, namelys

& $ / and P e-L -v

.1 24

W-,ADC=TR.=B2-l3.O = 24



Note that the subscript j indicates that one subs-itutes values for the
coefficients obtained at different time intervals, if he is dealing with
transient data, or values obtained at disorete intervals of frequency, if he is
working with frequency response data. In the latter case, each coefficient is
a vector or complex quantity and ost be treated as such when normaliing the
equations written for a large number of frequency points to yield the sam
number of equations as there are unknowns* In reference (8), Schumacher
chooses the method of least squares to average the data. This normalization
procedure is indicated in matrix notation, as follows:

PL

Do (Do 4.0

/7-total number of test points

Solutions' of equations (19) through (22) by the above-indicated procedure
yields values of 9 derivatives which are assooiated with the artificially
"created motion variable, ; 0 These derivatives will be

slightly in error when the assumption is made that the tail-off contribution to
the pitching velocity derivatives is zero. The accuracy of these derivatives
is also a function of the assumed values of ,but Schumacher feels that

the effect of inaccuracies in the assumed values of dlshould be minor. Both

the analysis method presented in reference (8) and the modification suggested
above have been applied to sor of the F-stA flight data in an effort to explain
some of the discrepancies which are found to exist between the estimated and
measured derivatives. The significant results are presented in the following
section.
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3,Examination of Discrepancies Between Measured and Predicted
Derivatives -F-80A Airplane.

Figures 28 and 29 present a comparison between the estimated deriva-=
tives (based on wind tunnel data) and the measured derivatives as determined
from the flight test data by the analysis method which makes use of tail load
measurements. Figu~re 30 shows estimated and flight test determined values of
the damping and stiffness parameters, h. and 4o . These curves represent
only one altitude and C.G. configuration of the total flight configurations
represented by figures 1 through 17. They are,, however, more than sufficient
to indicate that significant differences exist between prediction and flight
test results.

Examination of figure 30 shows that the flight measured values of
the stiffness and damping of the airplane are greater than that predicted, with
the measured values of A'ro being drastically larger, especially at Q..3 Mach
number. This discrepancy in stiffness is likewise reflected in figure 28.,
where the static stability, is shown plotted versus Mach number.

The fact that the airplane is more stable than what was indicated in the wind
tunnel tests is n-ot the major cause for concern. What is disturbing, however,
is that figures 28 and 29 indicate that this increase in stability is caused
primarily by an increase in stabilizer effectiveness. This increase is of the
order of 25 to 35 percent greater than those values of C>yielded by the

wind tunnel tests reported in reference (5). Investigation showed that the
value of the tail lift curve slope, corresponding to these values of stabilizer
effecItiveness, would be aerodynamically impossible to achieve even if the tail
efficiency were assumed to be one hundred percent,

Further examination of figure 29 indicates that the measured elevator
effectiveness, /771ý , is correspondingly higher than the value obtained in the
wind tunnel. The lift curve slope obtained from flight data is approximately
7..5 percent less than the estimated value, while the slope of the downwash
appears to be unreasonably high. Since ~1- and M&:,were computed from the
flight measured values of (,,~ and ~i1 ,these derivatives are likewise

larger than the original prediction.

In order to check these discrepancies, efforts were first directed
towards an examination of the tail-on analysis, which as indicated above yields
values of 6. , e*, *Wf ,f and fv * The possible effects of measurement
errors as they would influence results of this analysis were considered in this
phase of the investigation. These studies indicated that errors in static
sensitivity (for a particular recording channel) would affect only the evaluation
of the derivatives /;"# and Yv Examination of equation (11) reveals that
the transfer function constants, and k. , are a function only of the

phaseangle Further studies indicated that, whereas reforence (3) proposes
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an iterative ,procedure for determining after first assuming a value of # ,
the angle, •, can be expressed empirically with excellent accuracy as

4- 4 700(23)

This empirical relation shows that the stiffness and damping parameters, kl,
and ho , can be established with the measurement of only one variable,
which proves to be the phase angle, / S If aircraft weight and
velocity is held reasonably constant, it becomes exceptionally convenient to
find 6o and e, from the following rearrangement of the equation defining
the angle, 9j I

/606

It is believed -that the normal acceleration response, both amplitude and
phase, was determined with good accuracy, and therefore it is possible to check
the previously obtained values of 4 and 4 in a reliable manner without
resort to the pitching velocity measurements in any way.

In the actual analysis performed in reference (3), the parameters.
and /A , were calculated for each frequency test point in order to allow for
the variation in aircraft weight and velocity. Examination of the results
showed that the scatter in the values of A• and L was considerably larger
than the variation in speed and weight encountered in flight. The experimental
scatter is seen to be a function of the accuracy of phase angle measurement.
This result serves to emphasize the point that phase angle measurements are as
important or even more important than amplitude measurements. The resultant
scatter in 4 and k-, was likewise reflected throughout the remainder of the
analysis, since these two parameters are basic to the calculation of the rest of
the derivatives. Subsequent computations based on equations (23) and (24)
proved that, regardless of the scatter with frequency, the originally deter-
mined values of 6, and k,' are substantially correct.

During this study, it was found that a mechanical ha:monic analyzer
could be used to significantly improve the accuracy with which amplitude
ratios and phase angles are measured on the oscillograph records. If low fre-
quency harmonic distortion is present in the record, it was formerly necessary to
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fair a sine wave through the trace. Fairing was similarly required when a
certain amount of high frequency noise was encountered in the oscillation data.
This fairing was done by eye and necessarily introduced certain errors into the
data. By using a harmonic analyzer to select the fundamental frequency of the
input and output trace, an accurate amplitude ratio and phase angle*can be
obtained and the necessity for arbitrary fairing procedures is thereby elim-
inated,

It should be pointed out that the pitch rate gyro used in the F-80A
longitudinal flight test produced an output trace whose wave form was appre-
ciably distorted with additional harmonics and at times with high frequency hash
as well. These performance characteristics made it very difficult to obtain a
consistent calibration of the pitch rate channel and accordingly the accuracy of
the--pitching velocity measurements must be considered somewhat questionable.
Indication that there was a consistent error in the pitching velocity phase
angle measurement is given by figure 31 where 6e A is shown plotted versus the
non-dimensional frequency, , o From equation (12), we note that

Hence,.

Since and are constants, the term W - 4hould be constant
with frequency. The points shown on figure 31 are representative of the results
obtained at other Mach numbers and indicate a consistent trend which is
probably caused by a small phase error in the dynamic calibration of the pitch
rate channel. Numerical studies indicated that static sensitivity errors in
the pitch rate measurement would produce opposite effects on the extraction of
the derivatives, /IW and * o For example, if the pitch rate were assumed to
be 20-percent greater thazf the correct theoretical value, an approximate 16
percent decrease in $;- and 24 percent increase in /l1I , would be obtained in
the reduction to derivative form. Note that the F=80A analysis did produce
results for g and A"; which possess this qualitative trend with respect to
.the wind tunnel evaluation of these parameters. In any event, this investi-
gation was somewhat over-simplified since the response of the pitch rate channel
was not perfectly flat over the frequency range covered in the flight tests.

A recapitulation is now in order. The flight measured value of static
stability is in drastic disagreement with the wind tunnel results, with the
flight value being approximately one hundred percent greater at 0.3 Mach number.
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Since the original F-80A analysis showed the tail-off static stability to be in
substantial agreement with predictions the increase in stability was explained
by a stabilizer effectiveness which was considerably larger than the effective-
ness obtained in the wind tunnel. Aerodynamic theory, however, refuses to
acknowledge the possible existence of these unusually large values of and
therefore the flight measured parameters shown on figures 28 and 29 should be
regarded as extremely questionable. The only other possible explanation for
the flight observed values of stiffness is that (contrary to the original
analysis) the tail-off static stability is different from -chat measured in the
wind tunnel. Further examination of the problem proved that this was the case.

The method of evaluating the tail-off derivatives using the responses
to a tail load input, was outlined in the previous section. In the original
analysis performed in reference (5), an attempt was made to correct-for the
apparent errors in the tail load measurements, but in view of the results that
have been obtained in this investigation, it is believed that the derived
correction procedure was inadequate for the proposed task. No attempt was made
in this study to duplicate the original techniques developed for analyzing the
responses to tail loads. Instead the equation of motion method has been used,
since it -gires a better physical insight into the problem.

Schumacher's curve-fitting technique. (i.eo equations of motion method)
was first applied to the F-80A response data to determine whether agreement
would be obtained between the two analysis methods. Computations were made on
the basis bf three variables and also on the basis of four variables, in the
hope that the tail-off damping in pitch could be determined. The necessary
calculations showed that /77f, could not be extracted from the response data
because it was obtained as a small difference of two large quantities. Values
were obtained for 1 /iW and /M. , in the three variable solution, which agree
exceedingly well with the results obtained previously. These computed results
are shown plotted on figures 28 and 29 for 0.3 and 0.7 Mach number. The damping
in pitch, /PI, was found to be quite large in this three variable solution,
but in view rf the assumption that 01  - * , it is believed that some
error is introduced into the determination of this quantity. The derivative, 1W,
is also plotted on figure 28.

Note that this equation of motion analysis can also be applied to the
tail-off equations of motion as given by equations (13) and (14). In this case,
values of 1, , 17t, , and jW, could be determined without-thp necessity of
assuming a value for oi/,'?o , since PaL is not a variable and no linear
dependency is present. This analysis scheme was first tried with theoretical
data in which the tail-off damping in pitch was assumed to be zero. Again it
was found that M. is a small difference term and even when using supposedly
perfect data a value of M -/ 634 was obtained. This result re-emphasizes
the difficulty with which is to be extracted from flight data0  The tail-
off static stability, however, is obtained very conveniently by this method and
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of course will possess the same accuracy as that inherent in the tail measure-
menta. On examination of equation (14) it is seen that for a given total
static stability, an increase in tail load (meaning an increased stability
contribution from the tail) will result in larger values of negative (unstable)
static stability being obtained for the tail-off airplane. Since the analysis
performed in reference (3) produced an extremely large value for the slope of
the tail lift curve, measured tail loads should have been correspondingly
higher than the theoretical prediction. Just the opposite was found, however.
It therefore becomes necessary to show that, when using the measured tail load
data or a calculated load based on the actual airplane responses, it is im-
possible to justify the large positive values of w,, , obtained at M = 0.3 in
the original analysis.

In performing the tail=off equation of motion analysis, the tail
loads computed in examining discrepancies between predicted and measured tail
load have been utilized. These tail loads were based on the measured values of
CL , normal acceleration and pitching velocity. It was necessary, however, to

assume values for r C•,•/OW .9 a , and * It will be recalled that

wind tunnel values were used for the first two parameters and a flight measured
value for * . On this basis the horizontal tail load was calculated for all
Mach numbers at the 20,000 feet, 27 percent C.Go flight configuration. Using
the tail load computed for 0.3 Mach number (as presented in figure 18) MI.,
was found to equal 0.411 or a0o853. This value of tail-off ptatic

stability is shown plotted on figure 28. Note that the difference between this
point and the estimated tail-off stability is approximately equal to The total
increase in stability exhibited by the airplane in flight over that indicated
by the wind tunnel. At a Mach number of 0.7, using the computed tail load shown
in figure 20, a value of tnw, = 0.5061 or dC m\, 0.084 was obtained.

This numerical value is in agreement with that previously determined, but again
we note that an increase in stability is accompanied by a similar decrease in
the instability of the tail-off configuration. In summary, it is seen that the
static stability contribution of the tail now varies with Mach number in a
reasonable manner. Furthermore, the magnitude of •( is in substantial
agreement with wind tunnel results.

The breakdown of into values of and d is the

final step required in the analysis. Since
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we see that the large value of obtained in the original analysis, at
0.7 Mach number for example, is counteracted by a large value of 4< . It

is apparent that the results shown in figure 29 for and 4 are in

error. Given values of the transfer function constants, A and . , it can
be demonstrated that t#1w, and tV must be known before (.v and &e-

can be correctly evaluated. On solving the two equations (17) and (18), it is
found that

The above expression can be simplified without any significant loss in accuracy
to the followings

On inserting typical numerical values, we find that the two terms on the
extreme right are very important. In the original analysis, /flW, was generally
too large (positive) and / was assumed to be zero. Both factors caused
the solutign of this esuatitn to yield values for C•t which were too large.
In the equation for • viz. t

it can likewise be shown that • is far from being a negligible quantity.
Values for and can also be obtained from a solution of the

below two expressions for /11 and /
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where

'.-177~~

and

Again it is seen that the tail-off derivatives must be known in order
to accurately compute the magnitude of Cnr. and *6 Unfortunately, the

extraction of W, from flight data does not appear to be feasible with
presently available techniques. No serious attempts have been made to com-
pletely re-analyze the flight data presented in reference (3), since the required
accurate tail load data are not available. For the purpose of this study, it
was deemed sufficient to establish the causes of the subject discrepancies and
to indicate methods for their removal rather than present a revised numerical
analysis of the F-80 flight data.

4.o An Equation of Motion Analysis Incorporating a Complex Downwash.

Statler demonstrated, in reference (1), that a computed response will
be essentially the same if either all the derivatives are treated as frequency
dependent or just the downwash is assumed to be frequency dependent. The net
result is such that the complex downwash appears to cause more damping than
what would be predicted by steady flow theory. Computations made in Appendix C
of reference (3) indicates that the frequency dependent damping constant, ,6, ,
is generally higher-than the steady flow value of 160 o This is particularly
true at higher Mach numbers. Therefore, if there is any evidence to show that
'he complex downwash does affect the response in accordance with the theory
present in reference (1), it should be noted as increased damping over and
above that which would be.'predicted by the simple theory. Values of
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based on a linear analysis of the F-80A flight data, strongly indicate that

this evidence exists. Examination of figure 30 shows that the measured damping

is significantly higher than prediction, even when allowance is made for the

tail-off damping which was neglected in the original calculations.

On the basis of this evidence, let us assume that the aircraft's

dynamics are more accurately represented by equations of motion containing the

complex form of downwash rather than the time lag concept. What are the

implications of analyzing such a system as if it were non-complex? Presumably,

values would be obtained .for A, and .4 which would be an average, of the

actual variation with frequency. The damping parameter, A., would then be

larger than is normally defined by "steady flow" derivatives. Accordingly, we

should expect that the experimentally determined lift curve slope of the tail

will be greater than that indicated by the wind tunnel for steady flow con-

ditions. This result, of course, will affect the experimental determination of

all the basic aerodynamic parameters. Based on the data which have been

examined in this study, it is believed that the above situation actually exists
and has influenced to an uncertain degree the analysis of the F-80A flight
measured responses.

If we use a theory which coasists of all derivatives constant with

frequency except /77v (a complex d-tAeit4 ) and which is devoid of the so-called

"time lag" term, 1.k, it appears that an approximate analysis technique may be
developed which will handle the introduced complex term. In accordance with

these assumptions, the longitudinal moment equation becomes

V-jLD),+ mjd + (25)

where /72w is the real part of /72,
.,,

and Mw is the imaginary part of /171,

Figure 32 presents a plot of /M?, and /n` as a function of the reduced

frequency, 40 C These data were obtained from reference (1). If the

variation in /1'4 is assumed to be linear with frequency and the curve of

is assumed to be of parabolic form, we may write

and
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Substituting the above into equation (25) we obtains

Since the frequency, W , appears in the coefficients of the variables, it
should be possible to obtain a unique solution for the unknowns A , 8 , C ,
/ , and /W,(r using Schumacher's equation of motion approach. Theoretically
th8 method permits an approximate determination of a complex /M1v by means of
the constants A , L , C , and ! . Practically, it may be found that the
constants 8 and 6 may be subject to the "small difference difficulty", It
is seen that if we must assume I and 6 equal to zero, we again have the
equivalent of the simple system with a time lag downwash term, where

A M/7?

and

No efforts have been expended to apply this proposed analysis scheme,
since it was felt that the available time should be spent on the pitfalls and
weaknesses of the analysis of a non-complex linear system. The above analysis
method-is presented, primarily, to indicate the nature of the simplifications
required to transform the complex /79, derivative into derivatives which are
independent of frequency.
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COMAENTS ON FUTURE AEROELASTIC RESEARCH

The subject of aeroelasticity can logically be divided into three
separate topics. The first of these might properly be called "static" aero-
elastic effects and would include such items as loss and reversal of aileron
control, wing and wing-aileron divergence, loss and reversal of elevator
control, and stabilizer-elevator divergence, and the less spectacular but
sometimes important effects of deflection on various derivatives. These phen-
omena may be observed on stiff as well as elastic aircraft and are primarily
functions of the dynamic pressure or the aerodynamic loading. The second topic
is the well known phenomenon called "flutter" which results from the dynamic
coupling existing between the unsteady aerodynamic forces and the combined
structural bending and torsion modes of an aerodynamic surface or control. This
phenomenon is a function of true airspeed and the natural frequency of the
structural flutter mode and generally occurs at frequencies far above the natural
frequency of the aircraft's rigid body motions. The third topic consists of
the relatively newer phenomenon in which the structural dynamics have been
observed to significantly affect the rigid body response of the airplane. This
aeroelastic effect is a function of the natural frequencies of the aircraft.
structure and increases in magnitude as these frequencies approach those of the
aircraft rigid body response.

Although the influence of aeroelasticity on the dynamics of the F-SOA
was quantitatively investigated, it should be realized that this configuration
does not provide an example of the third named aeroelastic effect in which
structural motions are found to couple dynamically with the motion of the air-
plane's center of gravity. Since the F-9OA is a structurally stiff airplane,
it is seen that aeroelastic effects are essentially scalar rather than dynamic.
Note, also, that the structual motion (fuselage bending) is very small as is
indicated by figure 26. These considerations lend weight to the argument that
the F-90 airplane is not a suitable aeroelastic research test vehicle.

As aircraft continue to become larger and more flexible, coupling
between the structural and rigid body modes will naturally become more pronounced.
This trend has already been dramatically demonstrated by difficulties en-
countered in present day aircraft in which structural modes have coupled with
various types of automatic control systems. The problem then arises of being
able to theoretically predict the response of the flexible airplane which has a
large number of structural degrees of freedom. This situation is further com-
plicated by the introduction of the swept wing since wing bending then produces
changes in the span-wise load distribution, These facts would indicate that
the demonstration of the feasibility of accurately predicting the response of
bn "aeroelastic" airplane is certainly in order. Such a demonstration should
certainly involve the full scale flight tests of a truly aeroelastic aircraft.
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CONCLUSIONS AND RECOMFM ATIONS

On completion of the study described herein, it has been concluded
that:

1. Whereas the determination of the short period longitudinal stiffness
and damping parameters from dynamic flight data is a straightforward task, all
of the basic aerodynamic quantities cannot be determined (including de7doc
and C".:* ) unless means are available for determining the tail-off static
stability and damping in pitch.

2. The tail load discrepancy observed in reference (3) is, to a large
degree, due to an error in measurement due to limitations in possible strain
gage locations.

3. The effects of fuselage bending and elevator twist on the response
of the F-80A are predominantly scalar and therefore difficult to perceive in
the experimental measuremnts.

4. The lack of agreement, shown in reference (3), between predicted and
measured responses at low Mach numbers is due to prediction being based on a
wind tunnel evaluation of tail-off static stability which is different from
that obtained in flight.

5. From the response prediction standpoint, the errors introduced by
the estimation of the first order aerodynamic derivatives are large enough to
completely mask the effects of the second order terms, the unsteady flow effects,
and the possible aeroelastio effects for the F-80A airplane.

6. The numerical results obtained in the original 7-80A analysis for
stabilizer effectiveness and slope of the downwash are in error due to incorrect
values of tail-off static stability and tail-off damping in pitch being used
in the analysis.

7. There is evidence that the measured damping of the F-BOA airplane is
significantly higher than what would be predicted by linear theory, giving
indication that the complex downwash does effect the response in accordance
with the calculations made in reference (1).

8. The most significant dynamic aeroelastic problem at this time is te
increasing coupling between structural, automatic control system, and rigid
body modes resulting from present day aircraft design trends toward more flex-
ible aircraft.

9. The F-80A airplane is not a -suitable airplane for examining dynamic
aeroelastic effects.

Additional or secondary conclusions may be stated as follows:
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10. Since careful estimation of the static stability is necessary for
Iaccurate prediction of the longitudinal response, it would seem advisable that
static flight tests be made to verify wind tunnel results.

11. In the analysis of tail-on longitudinal response data, the damping
and spring constants, 4. and lec & are defined by the measured phase angle,

aA static sensitivity error in the elevator, pitching velocity, and
normal acceleration traces, therefore, affects only the extraction of the
derivatives, 9,and /4V 0

12. A mechanical harmonic analyzer can be used to significantly improve
the accuracy with which amplitude ratios and phase angles can be measured from
sinusoidal oscillation data in which a disturbing amount of harmonic distortion
is present.

17413. It does not appear possible to extract the tail-off damping in pitch,
I"from longitudinal response data with any of the analysis techniques

tried to date,

The investigation reported on herein, together with the above-stated
conclusions, has led to the following recommendations.

1. Further studies should be made to develop methods which would simplify
and expedite the measurement of horizontal tail loads. These studies should be
accompanied by the development of additional analytical techniques for deter-
mining the tail-off stability derivatives.

2. Efforts should also be directed toward analyzing longitudinal response
data on the basis of equations of motion consisting of all derivatives constant
with frequency except tn,~. (a complex Oell- and which are devoid of the
so-called "time lag" term, tVj.

3. The feasibility of accurately predicting the response of an aeor-
elastic airplane should be demonstrated by means of full scale flight tests
with a truly aeroelastic aircraft.
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