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NOTICES

When Government drawings, specifications, or other data are used
for any purpose other than in connection with a definitely related Govern-
ment procurement operation, the United States Government thereby in-
cursnoresponsibility nor any obligation whatsoever; and the fact that
" the Government may have formulated, furnished, or in any way supplied
the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise as in any manner licensing the holder or
any other person or corporation,or conveying any rights or permission
to manufacture, use, or sell any patented invention that may in anyway
be related thereto.

The information furnished herewith is made available for study
upon the understanding that the Government’s proprietary interests in
and relating thereto shall not be impaired. It is desired that the Judge
Advocate (WCJ), Wright Air Development Center, Wright-Patterson
Air Force Base, Ohio, be promptly notified of any apparent conflict be-
tween the Government’s proprietary interests and those of others.
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FOREWORD

This report was prepared for the U,S.A.F. by the Cornell Aeronautical
Laboratory, Inc., Buffalo, New York, as Cornell Aeronautical Laboratory
Report No. TB=495-F-14, under U.S.A,F.Contract No, W33-038-ac-17003,
Supplemental Agreement No, 14, The contract was initiated under the
research and development project, identified by RDO No. 458-414C, Flight
Test on the Effects of Down-wash Lag and Aeroelasticity on Longitudinal
Stebility, and it was administered under the direction of the Aerodynamics
Branch, Aircraft Laboratory, Engineering Division, Wright Air Development
Center, with Major C. B, Westbrook, U.S.A.F., acting as project engineer,
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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
the F-80A, can be eliminated or explained, These discrepancies were evidenced
as (1) 2 tail load smaller than that predicted, (2) the measured aerodynamic
stiffness being significantly greater than that indicated by wind tunnel tests,
and (3) an unréasonably 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 aerocelasticity
and unsteady flow aerodynamies influence the tail loads and rigid body response
of the F-80A airvlane. It was found that (a) the failure of measured tail
loads to agrez with calculations is primarily due to an error in measurement
due to limitations in strain gage location, (b) the effect of aercelasticity 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 wind 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 evalusted 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
pe directed towards analyzing longitudinal response data assuming a complex
downwash.
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LIST OF SYMBOLS

(/,, True airspeed - fto/seco

w Incremsntal velocity along Z axis - ft./sec.
W Incremental acceleration along Z axis - f‘l:c./:sech.2
g» Pitching velocity - rad.,./sec.,

7 Dynamic pressure - lhb/sq.ft.

Iy Moment of inertia about axis = slug £t.2
b Wing span - ft.

C Mean aerodynemic chord = ft.

y Acceleration of gravity - 1‘1:.,/2590.,2

m Mass of airplane = slugs

S Wing area = £t.°

X Incremental angle of attack - rad. or deg.

5 Elevator deflection - rad. or deg.

3 Downwash angle

& Altitude smgle - rad. or deg.

6 Pitohing velocity - rad./sec.

= Mess density of air - slugs/ft.°

A Airplane density factor -

7 Asrodynamic time unit - sec.,

¢¢j Phase of # with respect to y

ow Angular frequency - rado/seco

D \ Non-dimensional differential operator - [ = 7- ;%/2-‘
é? Horizontal tail incidence - rad. or deg.

/7? Incremental normal accelsration

Ze Moment of inertia coefficient = ¢.Z;, mct
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Tail length - ft.

<

Tail volume coefficient - V= "

Horizontal tail area - ft.2
PA
C

Incremental tail angle of attack
Blevator effectiveness - A = -g—o—g-"-
Airplene 1lift coefficient

Airplane pitching moment coefficient

— /2 d('/ﬂ/dé ,‘l/rado or l/dego

Blevator power - /7§ = % = 1 rad, or 1/deg.

/775%% » 1/rad. or 1/deg.

Static longitudinal stsbility parameter

-24, d(m/((,_ , 1/rad, or 1/deg.
BC}/B le . 1/rad. or 1/deg.
2 /QA Com, AE/205¢ , Lfrad, or 1/deg.
9(,»/3%%, » 1/rad. or 1/deg.

Horizontal tail load = lbs.
N

N s o L e assarey ¥
Horizontal tail load coefficient; C,:/t % S. ‘//04

Aircraft thrust = lbs.

Nen-dimensional fixed control eirplame damping coefficient,

Non-dimensional fixed control airplane spring coefficient,
/4? = //3 (/77};“,—/%/7’7,‘,)
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INTRODUCTION

This report presents the results of a study program which was oriented
to explain the disorepancies encountered between calculated and measured
(longitudinal) responses cbtained from flight tests of the F-80A airplsne. The
study described herein is therefore a continuation of an extensive program which
weas designed to investigate the dynamic stebility and serodynemic 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 Asronsutical
Laboratory under the sponsorship of the Aerodynamic and Structure Branches of
the Airoraft 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 & 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 discrepencies 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 stebility derivatives from longitudinal response data, Since
certain investigators had predicted significent aeroelastic 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 discrepasncies existing between the
predicted and measured tail loads end 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 recommendationg for future aseroelastic research,
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BACKGROUND

Dynamic stability and control research by msans of direct measurement
of the aircraft response is & field in which the Flight Research Departmsnt of
the Cornell Aercnautical Laboratory hes been active for & number of years. The
development of the respcnse measurement technique in research programs carried
out in large, relatively slow speed aircraft ultimately led to an experimental
investigation which was designed to measure the responses and stsbility
derivatives of & fighter airplame at high subsonic Mach numbers. The purpose
of this program was twofold, namely == .

~

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

(2) to investigate the effects of the pertinent variables such as
lift coefficient, C.G. position, Mach number, etc. on the measursd responsez
eand stability derivatives for comparison with wind-tunnel results and the
appliceble theory.

By the time the F-80A flight program was about to get under way,
other orgenizations end investigators had become astively inlerested in the
problem of aircraft response prediction and measurement. One of the questions
which had been raised was: were the original simplifying assumptions made in
the earlier work at Cormsll still justifiable in view of the higher dynamie
pressures and Mach numbers which would be obteined with the F=80A. These
assumptions, which previous flight measursments indicated to be valid, were as
followss

(1) The effects of frequency upon the stability derivatives aie
unimportent in the range of frequencies normally considered, i.e. O<w=8
radisng per second.

(2) The downwash lag cen be spproximated by the time required for
the flow to travel from the wing to the tmil.

(3) The airplame is non-slastic, thus making rigid bedy dynemics
epplicable to the solution of the response prediction problem.

In an effort to obtain theoretical verification fer the first tws
-asgsumpticns, the study described in reference (1) was undertaken %to determine
whe ther the contribution of non-uniform flow effects is significant in the range
of frequencies ussed ir the flight test procedure. This study, which was made
in a rigorous snd thorough mamner and applied numsrically to an F-80A; indicated
that frequency effects and higher order aerodynamic derivetives are not im-
portent in the range of frequéncies that describe the flight path responss of
the rigid airplame. 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 g
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 aercelastic and non-
stationary flow effects. 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 large. In view
of the sagreement 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 resultes of the F=80A flight test program, ‘

Upon completion of the F=80A longitudinal flight tests it was seen
thet the normal acceleration and pitching velocity responses were basically in
agreement with what is predicted by rigid body and steady flow aerodynemic theory,
Certainly there were discrepancies, but they were in no wise comparable to the
results predicted in reference (2)., On the other hand, a sizable discrepency 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) i.e., & reduction of the pesk response, which resulted from treat=
ing the downwash lag in an exact menner., 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 eany
or all of the observed discrepancies between measurement and prediction caused
by these two phsnomena - was of basic importence at this time, Unfortunately,
the test progrsm end daté analysis had encountered & large number of deleys;
and time end money were not available to crrefully exasmine 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 resultas of these calcu-
lations did not explain the apparent discrepsncy between the measured tail
loads and the theoretical predictions.

The study program, presented herein, was developed primarily in an
attempt to resolvs the overall situation described above. Since the analysis
of the F=80A longitudinal data proved to be rather difficult and somewhat
disappeinting in certein 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 & completely open mind as to the causas of any and all
disagreements between measurement and theory. In & technical investigation,
such as this, very often the obvious causes are overlooked in & 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.

WADC-TR-562-130 -3 =




In accordance with this philosophy, it is believed that any failure
of theoretical predictions to agree with measurement is the result of ome or
more of the following three situationss

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

(b) experimental measurements are incorract;

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

These items are listed in the order in which they should logically bs
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 exemined 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 ssme. Consideration is also given to
meens of improving and/or simplifying the extraction of stability derivetives
from longitudlnal 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 in downwash at the teil is significantly airterent from
the manner in which it is treated in writing the simplified equations of motion,.

This discrepancy cen 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

end pitching velocity.

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—(/»do( 45-5‘—7/?+é§:/+/13 (1)

A, = t ZL

The normal acceieration is

/7;?%(7/”";) 2 T (2)
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On subsmtutlng (2) 'in (1), jw for &%—t » and dividing (1) by g s We
obtain

)5 (%ﬂ; L) - g o

(3)

Nl e " AE 38
Hi{w G 2 _}:’(—2:)5;+ ek

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

AY A
.Q/% = S égf_ ’ (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 (, , /’7;,/5 and ’E‘Jo S o These computations do require,

however, that numerical values be assumed for % s - dcfé//o(t, ;‘( .

and 3w o (A slightly different approach, using equation (1) directly, would

requite only the estimation of ££ , A , and oy /’,(Qgt ») TFor the

&

computed results shown plotted in figures 18 through 21, wind tunnel values
were used for all parameters except fw s 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 smeller 2, produces a larger tail load.
The real meaning of "conservative®™, as used here, will become evident later in
the section devoted to means of extractlng stability derivatives from flight
data.

Figures 18 through 21 preseht‘the amplitude and phase of the horis
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 eamplitudes 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 smalle.

This disagreement between the experimental tail load amnd that load
which is indicated by the observed responses is in no way aimilar t6 the effect
which wes 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 asrodynemical 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 respomsible
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 mesasurements, 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 %o increased dynamic
pressure, it appears that one possible explanation is a non-<linear relationship
between load emd strain gage output. Another possible cause, though an uncertain
faotor, is the relieving of tail load caused by fuselege bending or other asro-
slastio effects. This is amplified further in the following seotion 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 speoulation, but
in view of the fact that the phase angles agree at 0.76 Mach number while a 40
percent difference in amplitudes exists at low frequencies, it appears that a
measurement error, in possible conjunctior with aerocelastic effects, 1: the only
means of explaining this result.

The variation in percent amplitude difference with frequensy cen be
explained as a function of change in spemwise load distribution with frequency.
For example, reference 3 pointas out that incremental loads inboard of station 10
on the horizontel 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
meagured loading, contributed by 6 , o , 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 emplitude discrepancy with frequency by & measurement error
similar to that assumed above, sirce at the lower frequencies the greater
portion of the tail load is contributed by 6 » o , aad << while at the
higher frequencies the tail load is due mainly to elevetor deflection.
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AERCELASTIC EPFECTS
ON THE RESPONSE OF THE F-80A ATRPLANE

While the F=80A flight test data fail to corroborate the large sero-
elastic effeots reported in reference (2), there is suffiocient justification
for a quantitative asroelastic study to be made as a part of this overall
‘investigation., Such & study would indicate the actual magnitude of the effects
‘%o be expected for a relatively stiff airpleme. In addition, these data would
serve to substantiate the observed responses in demonstrating that the F-80A
airplane is not suitable as an asroelastic research test vehicle.

In performing these aerocelastic calculations, the assumption was
made (as was done in reference 2) that structural deflections of the wing would
be negligible and that only fuselage bending, stabilizer, snd elevator twist
need be considered., Stabilizer and elevator twist were not properly inoluded
as additional degrees of freedom in the rigid body equations of motion, as was
fuselage bending, because of the complexities involved. Rather the computed
statio reduction in elevator effeotiveness (stabilizer twist was found to be
negligible) was assumed to be valid over the entire frequency range since the
dynamios 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 ccuses the elevator to twist is caused by
elevator deflection, as is presumed to be the case. The method used in computing
the reduced zero frequency value of elevator effectiveness is that desoribed inm
reference (4). For the configuration selected for caloulation purposes (Mach
numbers .6, Altitudes 10,000 feet), & seven percent static reduction in elevator
effectiveness 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 fuselsge, it was assumed that
‘the fuselage bending was in phase with the asrodynamic and insrtia forces.
Stated differently, the dynamics of the fuselage structure were mneglected since
the fuselage bending modal frequenoy is presumably much highesr than the rigid
body frequency range under consideration. This simplifying assumption permits
the direct formulation of the fuselage bending equation:

') 7
3‘=57Ed/\/¢ +.29_;%d/}+%¢.§-¢£9 (5)

where f is the fuselage bending‘mgle measured as the change in angle of
attack of the horizontal stebiliser.
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,))—/%t is the coefficient of fuselage bending due to hori;f’onzﬁl'iﬁil load,

%% is the coefficient of fuselage bending dué to normal acceleration of the

CefZe
35- is the coefficient of fuselage bending due to pitching asceleration.

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

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 c.g. and subsequently determine the
coefficient of fuselage bending due to pitching scceleration. The results
obtained were as follows: :

25 4/ x007¢ *4y
2N, |

)

-3 /ﬂd.,,,
—5%%’/2/)’/0 /;

P

— PS5 X /0 sec.”

;

v Bquation (5) can be written in terms of the variables o, D&, 5,
and E by noting that

| c . 2
Ne =% &%{(/-—%ﬁ)«jt :4—97&%57/;—0'{ +:—gﬁ§*—5+§} (6)

%
and
-.:.é:z Y oo
/7? a(«z & L)
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On substituting equations (6) and (7) into (5), we obtain
= (aD ¢/ b)ot 4 (e Dte)po 4+ £5

where -

- ZCa
a__:%g'“k% _2_:{,'%_[_.‘}_ '%/5_;2%

A - o,
/-hesdls 2t U T TR 2

,5 = 2?5“ i./m/?g( ( _ /((:
- 2 -~ e
"t
JE

DE  ~ LC -
¢ = ”“fﬁ\:iéﬁ; o 7297‘%,_62.
- Se LLme - L
(e S [~ 7 S S
25 ” A C oy
7£ 2/%9§9 Lo 20(-#
/=5 el 5
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The longitudinal equations of motion, with the longitudinal (x) degree of free=-
dom neglected then becomse:

qrF -

 (D- 2.) - “gp || = ['%s

ey §

I

el -miy) (6 D-172) e /77| po

b—-(a&fb) ~(cDte) / T | —/S

where
() St
;y“'ZAXZM)t 5

and

_ 2Cm
777 = N

We find therefore, under the assumptions expressed in equation (5),
that the order of this systsm of equations is still two. This is as was %to be
expected since the structural transfer function cof 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 airplens 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=804 for both an elastio
and rigid body computation., Note that little or no difference in phase angle is
obtained in the responses of the elastic end non-elastic airplane. The reduction
in response amplitude appears to be similar to what would result from & 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 emplitudes does likewise., A
plot of the psrcent change in amplitude caused by the combined effect of re~
duced elevatoer effectiveness end fuselage bending is presented in figure 27
for the three responses shown in figures 23 through 25. Since at steady state
(zero frequency) & 7 perceat reduction is caused by elevator twist, the re-
maining 9 percent reductior in the pitching velocity and normal acceleration
responses is caused by fuselage flexibility,
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Experience indicates that it would be extremely difficult to detect
the above calculated aercelastic effects in the results of an actual experi-
mental flight program. The nature of the computed effect is such that for the
P-80 airplane, aeroelasticity acts more like a scalar factor instead of a
vector quantity. Moreover, the average value of this scalar factor £alls 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 aercelastic effects.
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CONSIDERATION OF MEANS OF IMPROVING THE AGREEMENT

BETWEEN PREDICTED AND MEASURED LONGITUDINAL RESPONSES

An exsminetion of the F-80A response plots presented in figures 1
through 17 indicates that the measured responses are representative of a
second order dynamic sysbtem. On the basis of this visual comparison betwsen
caloulation snd experiment, it cannot be determined whether this system
possesses oonstant derivatives or parsmeters which vary with the frequency of
excitation. It is pointed out in reference (1) that the differences in response
ealculations obtained with the use of the simple and exact, complex equations
of motion are so small, that the inaccuracies of using the time-lag oconcept of
downwask are no greater than those of the original theoretical essumptions or
the experimsntal data., Thus, comparison of response data is not a valid means
for eveluating the effects of certain phenomena when these effects are as small
or smeller than the errors which are introduced by faulty meeasurement or faulty
predioction. This resulting inability to detect these effects in this menner
does not say that they are not present, however. On the other hand, if ome
sattempts to mcocount for these phenomena in the analysis, which is performed to
dotermine the stability derivatives, one finds that one must deal with a com-
plicated system whose malysis is extremely difficult or perhaps impossible.

In the following section of this report consideration is given to the
snalysis 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 whieh
the longitudinal short period natural frequency and damping are originelly esti-
mted, Certain of the F-80A response -plots (particularly those for the 23 per-
oent and 27 percent c.g. positions) indicate that the serodynsmic stiffness of
the airplane is considerably different from what was originally predicited. If
there are differences between the flight measured and predicted valuss of demp-
ing for the airplane, the response plots indicate that these differences are
not as large or as significant as the discrepancies encountered between the
measured and predicted values of stiffness or natural frequency.

The above cbservations point out the necessity for accurately determin-
ing the static stability or neutral point of the airplane when attempting to
predioct ites longitudinel response. In the oase of the F-80A, these predictions
were based on wind tunnel data which were obtained from reference (5)., The
large variation in neutral point or ACm JA C. shom by the dashed line in
figure 28 is the result of the non-linearity found to exist in the pitching
moment date cbtained from the wind tunnel tests., This non-linearity necessi-
tated that the slope of the pitching moment curve be determined for the

WADC ~-TR~52~-150 - 13 =




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 calgulation purposes will automatically cause a small discrepancy in
/KM// (,, o The non-linearity of these pitching moment curves, therefore,
canplicates 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 stebility, in
conjunction with wind tunnel measured values of stebilizer effectiveness leads
to wind tumnel values of downwash which are in excellent agreement with downwash
theory, there is reason to believe that the tail-off static stability date is
primarily responsible for the observed disagreement in predicted eand mesdsured
stiffness,

This hypothesis is substantiated by the results obtained in statiec
flight tests made with the F-80A. Reference (6) shows that the neutral point
of the F-80A is significantly farther aft (at high lift coefficients) than what
was indicabted 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 thet the airplsne is considerably more stsble 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, /77§ , 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
instence, it is the variation of static stability with angle of attack that is
questionable. .

Note that static flight tests should be performed ir 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 airplene’s stability. It
does, however, contribute to the static stability when the speed is allowed to
very. This is demonstrated quite readily by writing the moment coefficient due
to the thrust acting at some vertical arm to the airplame's center of gravity.

where }é is the distance from the Cogo to the thrust line.
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If the airplane is considered in unaccelerated flight (i.e. (‘, varies with
speed) the dynamic pressure, i,)will be the following function of lift coef-

ficients
# 3

C, = L e ‘. (10)
g W oc

Equation (9) becomes

For & constant throttle setting, the thrust, 7 s 1s nearly independent of
airplene speed and can be considered a constant. The stebility contribution
oan be cbtained by differentisting (10) with respect to (. .

s - 7 %
AC pnrust W C

Although the direct thrust effect is not a factor, a jet power plant
does contribute to the dynamic longitudinal stability of an sirplane. These
contributions include (a) the direct normal force effects at the air duct imnlet,
(b) the effect of the induced flow at the tail due to the inflow to the jet
blast, and (c) sn increment in /?7g as given by Braun in reference (7). The
geometrical configuration of the F=804 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, B/W) e)

Je

is approximately constant with airspeed, the non-dimensionel derivative, )J'.,‘,
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

/777_)3@,c = =367
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For the same conditions (based on wind tunnel data),
) ,==-70
m;)frﬁ/

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, /7%p s
sheuld be carefully estimated by including all sources cof damping such as the
‘jet damping mentioned above.

In this discussion of means of improving the agreement between pre-
dicted and measured responses, it should be noted that the damping in pitch of
the F-8CA was assumed, for calculation purposes, to be caused only by the hori-
zontal tail. In other words; the tail off demping in pitch was assumed to be
zero, While this rough approach to the estimation of the derivatives may bve
considered oversimplified from the aerodynamicists’ point of view, it can be
Jjustified engineering-wise since the response predictions were desired pri-
merily for the purpose of instrumentation selection and to provide & check on
£light measurements,

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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EXAMINATION OF AND MEANS FOR IMPROVING AND/OR SIMPLIFYING THRE RXTRACTION

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 amd the
restriction to first order aerodynemic 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
equations, 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 bscomes 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 complexities 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 analysis at all. Finally, if the effects of
) these additional phenomena are small (as they certainly are for the F-804) 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 asroelastic effects, for example, are present to
a significant degree. If this evidence or knowledge is present, we soon discover
that sizaeble advancements must be made in the science of solving the reverse
dynemics 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 exemining 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.

WADC=-TR=52-=130 - 17 -




2. Analysis Methods.

In this section, discussion will be confined to techniques of analyz-
ing the short period longitudinal mode only, since the experimental flight data
ocover a frequency range of approximately 1 rad./peo. to 8 ro.d./seo. It will be
assumed that the motion of the airplane is represented by linear differential
equations,

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

Previous investigators have shown that extracting the cuustants, found
in the operational (longitudinal) equations, from response data obtained in
£iight is a relatively straightforward task. These constants are the transfer
function coefficients, such as A, and £, -~ the damping and stiffness para-
meters obtained from the characteristic or determinental equations of the ,
system. Stability enalysts have also determined that, in the case of a heavily
dsmped short period mode, the tremsfer function or operational constants cennot
readily be obtained from transient response time histories of the system. They
oan, however, be extracted from frequency response data (obtained either from
steady state oscillations or by harmonic analysis of trapsient responses) by
means of various curve fitting techniques, either numeriocal or graphical, The
grephical technique hes evolved from the methods of the servomechanism engineer
snd proves to be practicel when the system is only seoond order. Note that
these transfer function paramsters are combinations of the actual stability
derivatives and as such do not indicate the basic aerodynamic characteristios ‘
of the sirplane. In reference (3) an snalysis procedure was developed whersby
the tail load data could he used 1o break down the quantities, ,6, amd £, , ‘
intc their component derivatives. q

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

I, M, 7., m;} Fo 3

Since

:

?

N
i(\ |
D
A

x
3
™
o
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where the subscript "{ " denotes the tail-off derivative, it is evident that

the basic quantities to be evaluated are 775 Z""’ » ﬁ?w‘ s /77,__‘ » Cm"t »

and 5_6_ o The normal acceleration and pitching velocity responses were put
‘ oL

into the following operational form for convenience of analysis.

/7% = —(—ﬂ%m Cas(wﬁ-/— ¢7‘—A,¢)¢— :/ﬂwf:,
¢ c

), S5/77 ), ¢

where (11)

/d= fw?_/—/ﬁ—Lﬂ’ coz7)”

/éo e )7

A, ¢ =Zan -%

and
_ LU cosf ,
ﬁ; g =f< 60542% S//?((A Z %% Pavs ¢)
' (12)

where

A @ =tor [ BE - sz

Using the experimental values of (. , (; s 77 s and _#¢ and the measured
smplitudes and pheses of the acceleration amd pitching responses, reference (3)
presents an iterative procedure whereby the values of 2. , L, » and A, are.
evaluated for each frequency test point. The elevator’ effectiveness, /77y , is
determined from the slope of a straight line defined by points calculated at
all test frequencies.

To evaluate the remaining unknowns, this procedure wes repeated using
similar expressions based on tail-off equations of motion. 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 analysis, 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

RS LR Sy WA Y Aiad

[Ty, o+ [Ty, DO =24 Ny = [T}, DO ALY, Dol e T § # Ly D*O
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where the subsdript "¢ " denotes the horizontal tail contribution.

Since 2{
= P, X Fre Da—}waX " HEOET / C"’t
and ’ PTC:ﬂ
— ce /77w¢°< -/7?}‘06714/77,;, Dok —/4/73, ) =—tt ”,
~we cbtain on neglecting s the following two equations of motion in which

the horizontal tail load is now the forcing function instead of the elevator.

_ __ -V |
AT, oL 7*/77}' D6 -ty OB =7p&76}/£_ (14)

The normal acceleration and pitchlng velooity responses to sinu-
soidel tail loads can be written, similarly to equations (11) and (12), es
followss

/7 ’~— Fw, (05¢/ - s /nco
/N C’é/b s/nd¢ca‘s@f*%¥é’¢)# / ;_I

where (15)

¢ = Loy Lateez)”

, [75 B bt

A, 49/ Zon” 4é€;;;_;%j3

%}/ Zo goojf% 5’”(“’f7‘ &, %Ae%) (16)
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As indicated previously, use of the above equations, together with tho measured
responses and the quantities /5 , . s 75 8nd ec, permits the evaluation of
W, ® ,é, , sad /]’0, , for each fraquency test point., The tail-off deriva-
ves, /77, and /7)., , are then found from definitions of the tail-off damping
and stiffness parameters. Finally, the last two unimown parmmstors, (m,
and % , are obtained from & simultaneous solution of the following two

equations:

EPA
o‘“%.‘?ﬁ’(’?,*‘a“@e,*—-—zzf %) w

c m,, AL

A = /'[(?w[”z 4., /”[’”* NGE- [ a—

Values of the derivatives as obtaimed by this method were plotted against the
non-dimensional frequency, ¢cvu7~ , and averaged arithmetically. It was believed
that this point by point enalysis 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 stebility 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 veriables of motion which,
in the reverse dynamics problem, are the coefficients of the unknown derivatives.
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Mathematioally this means that & unique set of values for the derivatives camot
be cbtained since the determinsnt of the coefficients (in this case, the variables

of motion) proves to be zero. This iz readily demonstrated by writing the
equations of motion in a form adaptable to their inverse solution for the un-

known derivatives, vizs

[oc S De Dul.v _;w_ -’—[fb;—"/?;,]
3 ;

!}< < e px]& Eii’:;{-- _ [}'3 peé]‘.
7%

~t /7y |

The subscript " ([ " varies from 1 to /7 where /7 is equel to the total number of
unknowns. (In_this cass, four.) It is seen that, in the inverse solution, the
coefficients of the unknowns are the four varisbles of motion of s £ ,
md P& . Sinoe

%1/72, =pot- PO

o

7’»« ol 4 ?’J g + (%7"‘/)957“ (}w'/)Do{='0

which expression illustrates the linear dependency existing between the four
quantities (o , § , Do , DG )e It can then be shown that
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In reference (8), Schumacher suggests that the linear dependency
be removed from the longitudinal equations of motion by meking the following
substitutions for /77, end ;;, o

. o AHE v

;’“’:%7;

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

L ZE L
7% = ool mj’t A N

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

2 (De+§§po<)].r?w‘ -_-[6—/01/7,l (19)
7
7

= -
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e 5 (or o)

c

|t /77

e

M/77w

Nz

= [;} LDaé%]d

(20)

If the tail-off demping in pitch is not assumed to be zero, the above equations

~ ¢én be written more accurately as

Ex S pe (pe+fﬁ*0°§l 7“/-

Ex S Do (Dev‘;/f?Dd):l‘r

—

= [‘ﬁ ”:v]’.

A

(21)

= ll-fé p’@l (22)

¢

In this case there are four linearly independent coefficients, nasmelys

X, G 08w 06 r5% D
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Note thet the subscript "( ™ indicates that one substitutes 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 duta. In the latter case, each coefficient is
a vector or complex quantity snd must be treated as such when normeliszing the
equations written for a large number of frequency points to yield ths seme
number of equations as there are unknowns. In referensce (8), Schumacher
chooses the method of least squeres to average the data. This normalization
procedure is indicated in matrix notation, &8s follows:

| |:o<. § pe (befﬁoaglr ] o« _l: l.
§~ d e p)

p= -y

t=) =
»Le | =7 Lo
06+ GE0x| por 2 D
_ 47 . | 1

/7 = total number of test points

Solutions' of equations (19) through (22) by the above-indicated procedure
Yields values of & derivatives which are associated with the ertificially
creatsd motion varisble, D&+ %{ po. o 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 accurscy of these derivatives
is also a function of the assumed values of 45 » but Schumacher feels that

the effect of insccuracies in the assumed values of ﬁ/«f should be minor. Both

the analysis method presented in reference (8) end the modification suggested
sbove have been applied to soms of the F-804 flight date in an effort to explain
some of the discrepancies which are found to exist between the estimated and
measured derivetives., The significent results are presented in the following
section.
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3. Examination of Discrepancies Between Measured and Predicted

Derivatives - F-80A Airpleane.

Figures 28 &nd 29 present a comparison between the estimated derive-~
tives (based on wind tunnel data) and the measured derivatives as determined
from the flight test data by the analysis method which mekes use of tail load
measurements. Figure 30 shows estimated and flight test determined values of
the demping and stiffness parameters, b end £; . 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 msasured values of
the stiffness end demping of the airplane are greater than that predicted, with
the measured values of A being drasticelly larger, especially at 0.3 Mach
number. This discrepancy in stiffness is likewise reflected in figure 28,
where the static stability, d(m/%a is shown plotted versus Mach number.

The fact that the airplane is more stable then whet was indicated in the wind
tunnel tests is not 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 ig of the
order of 25 to 35 percent greater than those values of Cm“t_ yielded by the

wind tunnel tests reported in reference (5). Investigation showed that the
value of the tail 1lif't curve slope, corresponding to these values of stabilizer
effectiveness, would be aerodynamically impossible to achieve even if the tail
efficiency were assumed to be ome hundred percent.

Further examination of figure 29 indicates that the measured elevator
effectiveness, /77§ , is correspondingly higher than the value obtained in the
wind tunnel. The 1ift 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 unreesonably high. Since /77 and /77, were computed from the
flight measured values of Cm‘.t and pZZ » these dsrivatives are likewise

ol

larger than the original prediction.

In order to check thege discrepancies, efforts were first directed
towards an exeamination of the teil-on analysis, which as indicated above yields
values of 4, , 46 , +77f, smd Fw . 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 particuler recording chennel) would affect only the evaluation
of the derivatives /77y =nd 7w . Exemination of equation (11) reveals that
the tramsfer function constemnts, 4, and 45 s are & function only of the
phase engls, ﬁ + Further studies indicated that, whereas reforence (3) proposes
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an iterative procedure for determining ¢ after first assuming & value of /77,
the angle, /p, can be expressed empirically with excellent accuracy as

%34}0@/5 +a,¢ + 90° (23)

This empirical relation shows that the stiffness and demping parame ters, A%
and 4 , osn be established with the measurement of only one varisable,
which proves to be the phase angle, Y% /5 o 1If aircraft weight and
velocity is held reasonably constant, it becomes exceptionally convenisnt to
find A, and, 4, from the following rearrangement of the equation defining

the engle, ﬁ ;

o7 Lan % ="%ﬂz+ ZE— (24)

It is believed thet the normal acceleration response, both amplitude and

phase, was determined with good accuracy, end therefore it is possible to check
the previously obtained values of Ao and 4 in & relisble manner without
rasort to the pitching velocity measurements in any wey,

In the actual emalysis performed in reference (3), the paramsters, ,éo
and 4, , were calculated for each frequency test point in order to allow for
the variation in aircraft weight and velocity. BExamination of the results
showed that the scatter in the values of 4, and 4 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 A, and 4 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 scatiter with frequency, the originally deter-
mined values of 4, and 4 &re substantially correct.

During this study, it was found that a mechanicel haimonic enalyzer
could be used to significantly improve the accurecy with which amplitude
ratios and phase engles are msasured 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 & sine wave through the trace. Fairing was similarly required when &
certain amount of high frequency noise was encountered in the oscillation dats,
This fairing was dome by eye and nscessarily introdused certain errors into the
data, By using & harmonic analyzer to select the fundemental frequency of the
input and output trace, en 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 4
longitudinal flight test produced an output trace whose wave form was appre- )
ciably distorted with additional harmonics and at %times with high frequency hash
a3 well. These performence characteristics made it very difficult to obtein a
consistent calibration of the pitch rate channel and accordingly the accuracy of -
the- pitching velocity measurements must be considered somewhat questionsble,

Indication that there was a consistent error in the pitehing velocity phase
angle measurement is given by figure 31 where As @ is shown plotted versus the
non-dimensional frequency, «w? . From equation (12), we note that

A, ¢ =fdﬂ—,[%_m

Hence,

Mw
2 et

Since }w and m% ‘-é are constants, the term wrfanogdshould be constant
with frequency. The points shown on figure 31 are representative of the results
obtained at other Mach numbers amd indicate a consistent trend which is
probebly ceused by a amall phase error in the dynamic calibretion of the pitch
rate chamnel. Numericael studies indicated that static sensitivity errors in
the pitch rate measurement would produce opposite effects on the extraction of
the derivatives, /77§ end w o For example, if the piteh rate were assumed to
be 20 percent greater thaxd the correct theorsticel value, an approximate 16
percent decrease in 7‘.” end 24 percent increese in /7§ , would be obtained in
the reduction to derivative form. Note that the F-80A analysis did produce
results for 7. and /% which possess this qualitative trend with respect to
.the wind tunnel evaluation of these parémeters, In any event,; this investi-
gotion was somewhat over-simplified since the response of the pitch rate chamnel
was not perfectly flat over the frequency renge covered in the flight tests,

Zw = wrlona, § +

A recapitulation is now in order. The flight measured value of static
stebility is in drastic disagreement with the wind tunnel results, with the
flight value being approximetely one hundred percent greater at 0.3 Mach number.

WADC-TR-52-130 - 28 =




Since the original F-80A analysis showed the tail-off static stability to be in
substantial agreement with prediction, the increase in stebility weas explained
by & stebilizer effectivensss which was considerably larger than the effective-
ness cbtained in the wind tumnnel. Aerodynamic theory, however, refuses to
acknowledge the possible existence of these umisually large values of (m‘t and
therefore the flight measured paremeters shown on figures 28 and 29 should be
regarded as extremely questionsble. The only other possible explanation for
the flight observed values of stiffness is that (contrary %o the original
analysis) the tail-off static stability is different from that meagured 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 & tail load input, was outlined in the previous section. In the original
enalysis performed in reference (3), an attempt was made to correci for the
apparent errors in the tail load measurements, but in view of the results that
have been obteined in this investigation, it is believed that the derived
correction procedure was inadequate for the proposed task. HNo atismpt was mede
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 gives a better physical insight into the problem.

Schumacher's curve-fitting technique (i.e. equations of motion method)
was first epplied to the F-80A response deta to determine whether agreement
would be obtained between the two emalysis methods., Computations were made on
the basis bf three varisbles and also on the basgis of four varisbles, in the
hope that the teil-off demping in pitch oould be determined. The necessary
calculations showed that /7%, could not be extracted from the response date
because it was obtained as a small difference of two large quantities. Values
were obtained for 2w, /%”J and /7. , in the three variable solution, which agree
exceedingly well with the results obtained previously., These compubed results
are shown plotted on figures 28 and 29 for 0.3 and 0.7 Mach number. The damping
in pitch, /7?7, , was found to be quite large in this three variable solution,
but in view of the assumption that /774 = /7%, , it is believed that some
error is introduced into the determination of this quantity. The derivative, /W,,. »
is also plotted on figure 28. ‘

Note thet this equation of motion analysis can also be applied to the
tail-off equations of motion as given by equations (13) end (14). In this case,
values of M, , /g, » and %, could be determined without.the necessity of
assuming & value for f‘!//(a( s since Dol 1is not a variable and no linsar
dependency is present. This eanalysis 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 , is a small difference term and even when using supposecdly
perfect data a value of /g, = -/ S5# was obtained. This result re-emphasizes
the difficulty with which , 1is to be extracted from flight data, 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-
ments. On examination of equation (14) it is seen thet 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 1ift curve, measured tail loads should have besn 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 lcad based on the actual -airplane responses, it is im-
possible to justify the large positive values of /77,,, 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
C}_ s normal acceleration and pitching velocity. It was necessary, however, to
assume values for dcﬂ/t%{o(, s dﬁ%&, and ?,w o It will be recalled that

wind tunnel values were used for the first two parameters and a flight measured
value for 2, . On this basis the horizontal tail load was calculated for all
Mach numbers at the 20,000 feet, 27 percemt C.G. flight configuration. Using
the tail load computed for 0.3 Mach number (as presented in figure 18) /7,
was found to equel 0.411 or fr%‘) = 0.0853, This value of tail-off gtatic

v /¢

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, & value of /Nw, = 0,5061 or AL ) , = 0.084 was obtained.

_ ¢ /s
This numerical value is in agreement with that previously determined, but again
we note thet an increase in stability is accompanied by a similer decrease in
the instability of the tail-off configuration. In summery, it is seen that the
static stebility contribu¥ion of the teil now varies with Mach number in a

reasonable manner. Furthermore, the magnitude of & ¢ ) is in substential
agreement with wind tunnel results. a Cele

The breakdown of into values of C . and &€ is the
%dz e Ao

final step required in the analysis. Since
( 7 — _ / < '
i) = (1-Z) Can,
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we see that the large value of C”¢'¢ obtained in the original analysis, at
0.7 Mach number for example, is counteracted by a large value of & o+ It

is apparent that the results shown in figure 29 for (;""t and % are in

error., Given values of the transfer function constants, éo and /Z s it can
be demonstrated that /27, and /77, must be known before (.., @md &£
' & ¢ ol

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

. /&(’( lsl ée %Zﬂ Lgl 7‘/’7;, )
C — L& Lo F ey, i’iw %, 4 = Le /e
”7[{: 7

The sbove expression can be simplified without any significant loss in accuracy
to the following:

C:ﬂ' = le b5 Q’réﬁfzw)___ [, 17,
¢ E et FLer 2 AL/,

On inserting typical numerical values, we find that the two terms on the
extreme right are very importent. In the original analysis, /?7w; was generally
too large %pos:.tive) and /7?7g , was assumed to be zero. Both factors caused

the solution of this equaetién to yield values for Cm‘ which were too large.
In the equation for 2/{ s Viz, -

Az _ r,_,.g_é%w,
Aot 24t Com,,

it can likewise be ahown that f is far from being a negligible quantity.
Values for C'm:,_f and g can also be obtained from a solution of the

beliow two expressions for /77}%_ and /77.«* 8

)
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¢ ‘e

/Py, = (/'ﬁ)[:ﬂié

4

where

M;t = M? —/77;_,

and

P, = 177w = /77w,

¢

Agein it is seen that the tail-off derivatives must be known in order
to accurately compute the magnitude of (’""t and %‘5 « Unfortunately, the

extraction of /?7;, from flight date does not appear to be feasible with
presently aveilable techniques. No serious attempts have been made to com-~

ple tely re-analyze the flight data presented in reference (3), since the required
accurate tail load date 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 & revised numerical
analysis of the F=80 flight data.

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

Statler demonstrated, in reference (1), that & computed response will
be essentially the same if either all the derivatives are treated as frequency
dependent or just the downwesh is assumed to be frequency dependent. The net
result is such thet the complex downwash appears to cause more damping thean
what would be predicted by steaedy flow theory. Computations made in Appendix C
of reference (3) indicates that the frequency dependent damping constant, ,é.M s
is gemerally higher than the steady flow value of &, . This is particularly
true at higher Mach numbers. Therefore, if there is any evidence to show that
the 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 ,60 s
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based on & linear enalysis of the F-80A flight data, strongly indicate that
this evidence exists. Exemination of figure 30 shows that the measured damping
is significantly higher than prediction, even when allowance iz made for the
teil-off demping which was neglected in the original caloculations.

On the basis of this evidence, let us assume that the eircraft'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 4, and £5 which would be aa average of the
actual variation with frequency. The demping parameter, ,5..9 would then be
lerger than is normally defined by "steady flow" derivatives, Accordingly, we
should expect that the experimentally determined 1lift 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 experimentel determination of
all the basic aerodynsmic parameters. Based on the date 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 consists of all derivatives consteat with
frequency except /7% (& complex s (u) and which is devoid of the so-called
"time lag" term, /7%, , it appears that en approximate analysis technique may be
developed'which will handle the introduced complex term. In accordance with
these assumptions, the longitudinal moment equation becomes

/‘oL[m.:,-fém,;]oZ +(M’_—L:,D)De=-'/of//?¢;{ (25)

/
where /7], is the real part of /77w

»”’

and /77, is the imaginary part of /77,

Figure 32 presents a plot of /73., and /7., as @ function of the reduced
frequency, «v ¢ . These data were obtained from reference (1), If the

o ’
veriation in /7?7, is assumed to be linear with frequency and the curve of /77_:
is assumed to be of parabolic form, we may write

’

7. = A+ B0,

and

L= C 55+ E(’;"i)‘:
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Substituting the above into equation (25) we obtains
(e A+ Beor)ol + (C+E~§—"—U‘;) Dot 41 s 0)D&==ee 7%

Since the frequency, ¢¢ , appears in the coefficients of the variables, it
should be possible to cbtain & unique solution for the unknowns A, 5 , € , £ »
/7% s &and /77, using Schumacher's equation of motion &pproach. Theoretically
hfs method permits an spproximate determination of a complex /7?7, by means of
the constants A , £ , €, and £ . Practically, it may be found that the
constants 5 and & may be subject to the "small difference difficulty®, It

is seen that if we must assume 5 and £ equal to zero, we again have the
equivalent of the simple system with a time lag downwash term, where

A= 7w

and

C = e /1,

No efforts have been expended to apply this proposed analysis scheme,
since it was felt that the availeble time should be spent on the pitfalls amd
weeknesses of the anelysis of & non-complex lineer system. The above amalysis
method.is presented, primarily, to indicate the nature of the simplifications
required to transform the complex /7)), derivative into derivatives which are
independent of frequency,
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COMMENTS 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 deflectlon 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 foarces 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 gbove 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 affeect 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
aireraft rigid body response,

Although the influence of aeroelasticity on the dynamics of the F-80A
was quantitatively investigated, it should be realized that this configuration
does not provide an example of the third named aseroelastic effect in which
structural motions are found to couple dynamically with the motion of the air-
plane's center of gravity. Since the F-80A is a structurally stiff airplane,
it is seen that aeroelastic effects are esséntially scalar rather than dynamic,
Note, alsc, 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=80 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
an "aeroelastic" ailrplane 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 RECOMMERDAT IONS

On completion of the study described herein, it has been concluded |
thats

1. Whereas the determination of the short period longitudinal stiffness
and deamping parameters from dynamic flight data is a straightforward tesk, all
of the basic aerodynamic quantities cannot be determined (including dd/doc
and Crmr., ) unless means are available for determining the tail-off static
stability and damping in pitch.

2. The teil load discrepency observed in reference (3) is, to a 'lu-ge
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 scaler and therefore difficult to perceive in
the experimental msasuremsnts.

4. The lack of agreement, shown in reference (3), between predicted snd
msasured 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.

6. From the response prediction standpoint, the errors introduced by
the estimation of the first order asrodynamic derivatives are large enough to
oomple tely mask the effeots of the second order terms, the unsieady flow effects,
and the possible seroelastic effects for the F-80A airpleane.

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

7. There is evidence that the measured damping of the F-80A airplane is
significantly higher than what would be predicted by linear theory, giving
indication that the complex downwash does effect the responae in accordance
with the ocalculations made in reference (1).

8, The most significant dynamic aercelastic problem at this time is the
inoresasing ooupling between structural, automatic control system, and rigid
body modes resulting from present day aircraft design trends towerd more flex-
ible aircraft,

9. The F-80A airplane is not & suitable airplane for examining dynemio
asroelastic effects.

Additional or secondary conclusions may be stated asz follows:

WADC-TR-52-130 - 368 -




]
r
|

10, Since careful estimation of the static stability is necessary for
accurate prediction of the longitudinal response, it would seem advisable that
static flight tests be made to verify wind tunnel results.

1l. In the analysis of tail-on longitudinal response data, the demping
and spring constents, A, snd A4 , are defined by the msasured phase angle,
‘ Pﬂ o A static sensitivity orror in the elevator, pitching velocity, and
normsa acceleration traces, therefore, affects only the exirection of the

derivatives, ?’w and /%5,

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

13. It does not eppear possible to extract the tail-off damping in pitech,
/77;., » from longitudinal response datea 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 me thods 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 /77w (2 complex E/&{a( ) and which are devoid of the
so-called "time lag" term, M .

3. The feasibility of accurately predicting the response of an aero-
elastic airplane should be demonstrated by means of full scale flight tests
with a truly aeroelestic aircraft.
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F-80A DYNAMIC RESPONSE CURVES

ALTITUDE 10,000FT; CG POSITION 27 % MAC.
MACH MO0..30; GROSS WEIGHT 10,000 LBS.
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