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ABSTRACT

Wind tunnel oscillatory tests itch, roll, and yaw were performed on a 19%-scale
model of the X-31A aircraft. These tests werased to studythe aerodynamic
characteristics of the X-31 in response to harmonic oscillations at six frequencies. In-phase
and out-of-phase componentstbé aerodynamic coefficientgere obtained over a range
of angles ofattackfrom 0° t0 90°. Toaccountfor the effect of frequency on thdata,
mathematical models with unsteady terms were formulateasbyof twodifferentindicial
functions. Data from a reduced set of frequencies were usstinttate modgbarameters,
including steady-state static and dynamic stabddyivatives. Both modekhowed good
prediction capability and thability to accurately fit the measurethta. Estimated static
stability derivatives compared well with those obtained fetaticwind tunneltests. The
roll and yaw rate derivative estimates were compared with rotary-balandg¢unnel data
and theoretical predictions. The estimates thedretical predictions/iere inagreement at
small angles of attack. The rotary-baladegashowed, in generagcceptable agreement

with the steady-state derivative estimates.
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1. INTRODUCTION

wind tunnel tests have long beesed as aneans of analyzing the aerodynamic
characteristics of aircraft. These tests are necessary not ardidatetheory, but also to
extend it where it is incomplete. Even with advancements in computational fluid
dynamics, wind tunnels remain prominent in the effort to oldagurate aerodynamaata
for aircraft. Various methods of wind tunnel testing are currently in use, each with its own
focus. Throughthese differentkinds of tests, anoverall survey of anaircraft's
aerodynamic characteristics can be pietmggether. While the differentwind tunnel test
methods providelatafor avariety of conditions,they can create difficulty in comparing
results. As test methods continue to evolve, so must the methodologies by whidhttheir
are analyzed.

The simplest wind tunnel test method is static testing, wtherenodel remains fixed at
selected angles of orientationThe resulting measuredata are aerodynamic force and
moment coefficients that are functions of anglettdéickandsideslip,and are independent
of time. Fromthesedata, angle-of-attack and sideslip stability derivatiwgpically are
estimated. Derivatives related to control surface deflectanalso be found usingtatic
tests. The angle-of-attack derivatives are usually determined by numerical differentiation of
the measuredlata. The sideslip derivativesre found usingdatameasured at different
sideslip angles.The angle-of-attack ansldeslip derivativesire sometimes referred to as
staticderivatives.

While the derivatives measured using static wind tunnel tests are important, they provide
no information about the aircraft's response to motion. To compefwsatias deficiency,
dynamic wind tunnel test methods have been developed. Dynamic tests arevadiddteo
the static test results and provide information about an aircraft in flight regimes stégre

data are no longer sufficient to describe its characterfstibgpically, the model is moved



through a specific kind of motiathat depends orthe desired type aflata. In contrast to
static tests, the resultirdpta are oftemot only dependent othe model’sorientation, but
also on how itreached thabrientation. As withstatic testing, the measurediata are
analyzed to find aerodynamiterivatives. In this case, howevehe results include
dynamicderivatives, such as translation or rotation rate derivatives.

One type of dynamic wind tunnel testing is rotary-balance testing. madsiecommon
type of rotary-balance test, the model rotates at a constant rate about the freestream velocity
vector. Such #est could beused, forexample, todetermine an aircraft's aerodynamic
characteristics during spin. The measured aerodynamic coefficientsfaretions of the
model’s rotatiorrate. The derivatives of these datath respect to rotatiomate are then
computed and used for analysis.

Another dynamic wind tunnel test method is forced-oscillagsting. While different
types of oscillatory testare used,the most commorconsists otharmonic one-degree-of-
freedom motion about either the pitebll, or yaw axis. The measuredatafrom forced-
oscillation tests are time histories of the aerodynamic force and moment coefficients. These
data are used to determine aerodynamic coefficients described by in-phase and out-of-phase
components. Typically, the in-phase component is comprised sfatic derivative and a
rotational derivative, whilethe out-of-phase component features a rotaerivative
combined with a translatioaccelerationderivative?> The equationdor the in-phase
components explicitly account for frequency effects, while the out-of-phase equations used
to determine damping rate derivatives do not. As a result, the estimated stability derivatives
are determined as functions of frequency.

Traditionally, it is assumeithat the effect ofrequency on the forced-oscillatiatata is
negligible. This assumption is valid in sorresesput not for moderdighter aircraft, as
demonstrated by the strong frequency dependence of forced-oscillatiaghalatanoted in
references 3 and 4. Modern fightare designed to routinely operate at high angles of

attack, where this frequency effect is more pronounddek frequency dependence makes



forced-oscillation data difficult to compare with other types of data, such as datatétom
or rotary-balanceests. Italso is in conflict withthe assumptionthat thevalues of the
stability derivatives do not change with tirhe.

Various methods fodealing withthe frequency effect on oscillatodata have been
suggested. One approach implemented in referencesar8l 4 usesindicial functions to
accountfor the unsteady behavior ofthe aerodynamic stabilitcoefficients.  From
postulated forms of thimdicial functions, mathematicamodels are developed anded to
fit the measured data. The resulting estimated model parameters ewsedbepredict in-
phase and out-of-phasitafor a given frequency. More importantly, they provide a
means of obtaining steady-stétiene and frequency independent) static aate stability
derivatives from forced-oscillatiodata. By removinghe dependence dinequency, the
estimated static derivatives are easier to compatie static wind tunnel testdata.
Estimated pitch, roll, and yaw rate derivatives can #isa be compared more easily with
other kinds of dynamic test data, when available.

The purpose of this report is to prestm stability derivatives estimatétbm wind
tunnel oscillatory datdor the X-31A aircraft andevaluate the mathematicalodelsthat
were used. First, drief description of theX-31A is given. This is followed by a
description of the wind tunnel tests used to obtain data for this study. The data from forced
oscillations in pitch, roll, and yaw are presented, along with data measuredstasingnd
rotary-balancetests. The traditional, steady moddbr analyzing oscillatory data is
developed. Twandicial functionsare then introduced angsed todevelop mathematical
models with unsteady terms. Nekie parameter estimation procedused in this study
is described. Following that, the results from usingmthghematicamodels are presented
and discussed. This includée fit and prediction capabilities bbth models, agell as
the individual modeparameters. Comparisoase drawnbetween théwo models. The
accuracy of the estimated angle-of-attack aittbslip derivativesare assessed through

comparisons with thetaticwind tunnel tesdata. The estimategbitch, roll, and yawrate



derivatives argresented, as well. Asmaeans of evaluating their accuracgmparisons
with rotary-balancedata aremade. Rate derivatives predictedsing two theoretical
methods are included to provide another means of compar&un presented information

is then summarized, followed by some recommendations for future work.



2. WIND TUNNEL MODEL AND EXPERIMENT

2.1 X-31A Description

The X-31A is a single-seakperimental fighter developddr the Enhanced Fighter
Maneuverability program? It features all-moving canards and a double-deliag
planform. The wing is equipped with leading and trailing-edge fiapsontrol purposes.
Control can also be provided by thrust vectoring. dinerafthas nohorizontal tail, and a
single vertical tail. It also features leading-edgese,and aft-mountedtrakes. Figure 1
shows a three-view of the X-31 from reference 5. Geometric parameters for the X-31 (also
from ref. 5) can be found ifable 1. Thewving area,S, of the full-scale aircraft i226.3
ft*> (21.0 nf). Thewing span,b, is 22.83 ft (6.96 m).The full-scale aircraftsmean
aerodynamic chord;, is 12.35 ft (3.76 m).

The numerous control surfacestlod X-31 providemany possibilitiegor controlling
the aircraft. For thisstudy, howeverpnly one configuratiorwas analyzed. All data
presented in this thesssefor a symmetrical canard deflection e40° (i.e., 40° canard
leading-edgaelownward). The leading edgéaps were set at 463own inboardand 32°
down outboard. There was no trailing edge flap deflection. Also, all data are for a sideslip

angle of zero and are referred to body axes.

2.2 Wind Tunnel Test Setups

2.2.1 Forced-Oscillation Testing

Oscillatory datavere gatheredising a one-degree-of-freeddiarced-oscillation rig in
NASA Langley Research Center’s 30 x 60-Foot wind tunnel. thestesting, a 19%-scale

model of theX-31A wasused. Three separate experiments were dimmedscillations in



pitch, roll, andyaw. Figure 2 showshe model mounted on the forced-oscillatiog.
(Although the figureshows the modelwith its vertical tail removed, all of the data
presented in this thesis were obtained with the vertical tail attached.) The tests were run at a
dynamic pressure of 10 poungdsr square foofpsf), which corresponds at séavel to a
velocity of approximately91.7 ft/s (28 m/s), aMach number of about0.08, and a
Reynolds number of 1.37x3,Mased on the€ of the 19%-scale modelThe amplitude of
the oscillationswas +5° about an offseangle ofzero. Forthe aforementioned control
surface deflections, measurements wteen atsix different oscillation frequencies.
These frequencies were nondimensionalimedanalysispurposes. Tables 2 and 3how
the relationship between the frequencfe@;iz), and the reduceftequenciesk, given by
the equation:

k=Lo=2m L (1)
Y, V

where/ is the characteristic length aNdis thewind velocity. Forthe longitudinalcase,
the characteristic length is half of the mean aerodynamic chord woifirige Forthe lateral
case, the characteristic length is the semi-span of the Wihg,

When analyzinghe oscillatory data it imssumedthat the longitudinal aerodynamic
coefficients are linearly dependent on angle of attack, pitchefarity, and their rates of
changefor a small change from a referencendition? Following the development in

reference 4, the change in the normal-force coefficiétit respect to itsnean value is

written as
A
AC, =Cy Aa+VC a+ Nq+D\/D q (2)
where
Ao =a,snwt
0 =(Q=wa, coswt (3)

a = Q= -wa,sinwt



From this, it can be found that

_ _ (4)
= GA(CN,, sinat + kCNq comx)
where the in-phase and out-of-phase componentseafiormal-force coefficient are given

by the equations

ENq =Gy, Gy, (6)

These parameters can be determinsthg the orthogonality condition to integrate the
measuredime histories ofthe aerodynamic coefficientsver n, cycles. The resulting

integrals are written as

- 2 ™ .

Cy, = anT ! AC, (t)sinwt dt (7)
. 2 n.T

Cy, = kT ‘([ AC,(t)cosat dt (8)

For pitch-axis oscillations, thiglevelopment caralso be used for liftdrag, pitching
moment, and axial force.
A similar analysis can be used for the roll and yaw-axis oscillatidhe. resulting out-

of-phase equations used for the roll axis are of the form
G, =G, +G, sina 9)
with similar equationgor the yawing-moment and side-forceefficients. Forthe yaw-

axis oscillations, the out-of-phase equations are of the form
G, =G, -G cosa (10)
All of the remaining expressions for this type of analgsis befound inTable 47 While

the equations accouribr some frequency dependendbey do not model anyime-

dependent (ounsteady effects.



The measuredime histories of the aerodynamic coefficients of the-31A were
integratedusing egs. (7)and (8) andsimilar equationsfor other coefficients. The
computed in-phase and out-of-phase data are contained in Tables 5-13. These data can also
be seen in Figure3-11. Forclarity, only four frequencies weiacluded in eaclgraph.
Typically, the frequencies omitted from the graphs were the third and fifth. For the yawing
moment calculatetom yaw oscillations, howevethe third andourth frequencies were
not included. This was due to bad datakfe0.1186 (f=0.8 Hz). Itan beseen from the
figures that, in someasesthe data are independentfaéquency at angles @fttack less
than approximately20°. This trend isshown more often by then-phase components.
Overall, however, the figures show that the aerodynamic coefficients are very dependent on

frequency.

2.2.2 Static Testing

Static windtunnel tests orthe X-31A configuration were done using a 13.3%-scale
model in NASA Langley’sl2-Ft. wind tunnel. The controlsurface deflections were the
same as those used in the forced-oscillation tests, as was the dynamic pressure of the tunnel
(10 psf). The measured normal-force, axial-force, and pitching-moment coefficients can be
found in Figure 12. These curves were numerically differentiated to determine the angle of

attack derivatives shown in Figui@. Lateral stabilityderivatives were determinaging

runs af3=+5°. These parameters are shown in Figure 14.

2.2.3 Rotary-Balance Testing

To determine the high-angle-of-attack rotational aerodynamic behavior ¥f3hé,
anotherl3.3%-scalenodelwastested in Langley’20-Ft SpinTunnel using the rotary-
balancetechniqué’. The controlsurface deflections werde same ashose used in the
other wind tunnel tests. Various types of rotary-balancgetupsare currently inuse,

including some that allow the inclusion of oscillatory mofioReference 9 contains an in-



depth look at rotary-balance testing. The rig used for the X-31 tests generates aofiteady
about thewind axis, which ighe most common type of rotary-balantsst. A thorough
description of the test procedure used for the X-31A can be found in referefbe &sts
were done at a freestream velocity of 25 ft/sec (7.62 m/s), which correspondgnanac
pressure of onl).74 psf. Figure 15 showshe measured rolling and yawing-moment

coefficients at zero sideslip as a function of the spin coefficientqiedimensionatotation

rate), Qb/2V, whereQ is the rotation rate iradians pesecond. Using thesedata, the

rotation rate(also known agotary) derivatives were determined. Sinte moment
coefficients are typically non-linear functions of the rotation rate, it is necesslargaze
themover a small range approaching a rotatiate ofzero™ Figure 16 showshat the

estimated rotary derivatives are very dependent on the range tissdigocalculatethem.

The smallest range was selected, uslatafor Qb/2V=+0.05!° For thisstudy, only the

rolling and yawing moment data were considered. Itis possible, howeyeediot pitch

damping using measured pitching-moment coefficients from different sideslip séttings.



3. MATHEMATICAL MODELS FOR OSCILLATORY DATA

3.1 Model I

Data from forced-oscillation tests demonstrate a frequency dependence, which
contradicts the assumption that the stability derivativesimezinvariant This frequency
effectfor the X-31A wasdemonstrated byigures 3-11. Taccountfor the frequency
dependence, aerodynamic models have Ipgeposedthat includeunsteady terms. By
using theseterms, the frequency effect can be extracteaim the dataand steady-state
stability derivatives can be estimated. Tinghase and out-of-phase components of the
aerodynamic coefficients are then represented asutimeof asteady-state (either static or
rotational) stability derivative and a term containing uhsteadyeffects!* Such unsteady
mathematical models are developed through the use of indicial funétibhsse functions
are characterized by a response that damps to a steady-state mhegrageases. Some
applications of indicial functions are discussed by Tobak in reference 13.

Reference 4 presentise development of a mathematical mottal oscillatory data

where, for pitch oscillations, the equation for the normal-force coefficient can be written as

€)= [ (t=1) ra(e)dr + Oy ft=1) Calo)ar 1)

where g representghe angular pitching velocity in radians psecond. The indicial
functions are represented Iy, (t) and C, (t). In reference 4, the effect @ft) on the
lift is neglected. In the analysis presented here, its effettteonormal force will similarly
be neglected. Thoughdicial functions have been studied extensively in aerodynamics,

their proper analytical forms are not obvidéisTo achieve a model with a small number of

parameters, one form of indicial function can be postulated as
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Cy, (1) = a(l— e'blt) +c (12)
which can be rewritten as

Cy, () =Cy, () ~ae™ (13)
Using the Laplacetransform on equatiorill), aset of steady-state equations can be
determined, as is done in refered@ Usingthis approachthe resultingmathematical

model is found to be

- Tk’
= —aq__1"
Cy, =Gy, () -ag; e (14)
C, =C, (o)-a—2L (15)
Noo M 1+ 12K

wherek is the reduced frequency angd is a nondimensional parameter given by the

equation

-V
= b

For pitch oscillations, the same form will applytte equationgor lift, drag, axial force,

T, (16)

and pitching moment. The value®f however, will generally differ for each aerodynamic

coefficient.
This model, whichwill be called Model I, camlso be extended to roll and yaw

oscillations. Adetaileddescription caralso be found imeferencel2. Foroscillations in

roll, the rolling-moment coefficient is considered to be a function of tmyroll angle,,

and the angular rollingelocity, p.*> From referencel2, the resulting equations can be

written as
— . 15 G
= - 17
C, =G, (x)sina a1+rfk2 sina (17)
— 1, .
= - sna 18
Clp C'p (00) 1+ Tsz ( )
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The sirx terms in equationgl?7) and (18)comefrom the relationship between sideslip

angle and rolling velocity. The equations for side-force and yawing-monwfficients
are of a similar form. The rolling-moment equations for yaw oscillations are determined to

be

— 2k°
C, =C (o) cosa - a1+lr2k2 cosa (19)
1
- T
G, =G (w)+ a1+ lekz cosa (20)
1

wherethe cost terms arefrom the relationship betweesideslip angle andhe angular

yawing velocity,r.*> As beforethe side-force and yawing-moment equatitoiow the
same form. All of the expressions for this model can be found in Table 14.
To simplify thenotation, the in-phase and out-of-phase equationsMufdel | can be

rewritten in the form
Uji = ui fq - a1zuJ fq (21)
Vi =V, —az,f, (22)
whereu, andv, represent the steady-state static aae derivatives. Thesare time-

independent coefficients that afenctions of angle of attack. Ithe case of pitch

oscillations, for the normal force:

U =Cy(oa) v =Cy(oa)

In all oscillation cases, the functiopsandz, represent the frequency-dependent terms

21,2
T,k T

i 1
Z

=— 1 23
R 23)

KT

The functiond, andf, in equations (21) and (22ye dependent on the type of oscillations

that the model represents. For oscillationpitoh, bothare equal to onéor all values of

angle of attack. For roll oscillations,

12



and for yaw

In all of theseequationsj=1,2,...n andj=1,2,...m wheren is the number of values of

angle of attack anaohis the number of frequencies to be used for analysis.

3.2 Model I1

As mentionedbefore, the proper forms forindicial functionsare not readilyjknown.
Using different indicial functions to develop othaathematicamodels provides a way to
determine the best form. The response of the indicial function uséddel | is bounded
by its steady-state valuthatis, the responsecurve nevercrossesthe steady-statgalue.
The indicialresponsegpresented by Tobak in reference 13 demonstrate a tendency to
overshoothe steady-state value before returning to itiae approaches infinity. The
inability of the Model | indicialfunction to accountfor this type of behavior could
potentially affect the accuracy of the model. A more accurate model can possibiateel
by using an indicial function with a response that resembles those of reference 13.

One way ofdeveloping anew modelwould be to adanother time-dependent term to
the indicial function used for Model I. This extra term should be bounded with tinhatso
the responsewill reach a steady-state value e approaches infinity. Asuitable new

indicial function would then be

C,,(t)= a(l— e‘blt) +¢, —C, S%Eftze‘blt (24)

which can be rewritten in the form

v f

Cy, (t) = Cy, (o) —ae™ ~c, A70 t%e™ (25)

a

where thec term in the previous model has been renacped he parametes, is a function

of angle of attack similar ta. Thet? term needs to be multiplied by thé/()* term so that
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the vectorc, will be nondimensional. This form of indicial function will allow the value of
the aerodynamic derivative to cross the steady-state value, though it will not always do so.
The shape of thadicial responsewill depend on the aerodynamic parameteteiscribes,
and the angle of attack. The mathematical model based on the ifwhician of equation
(25) will be called Model II.

Usingthe indicial function of equation25), asteady-state set of equations can be
derived, as was done for Model I. Following the development in refefghdbe Laplace

transform of equation (11) for the new model becomes

[ 2 U
N e A CHC,

whereq(s) was replaced bysa(s). As in referencel2, the expression fom(t) can be
written in complex form as

a(t) = a,e” = a,(cos(at) +isin(at)) (27)
and by replacing with iw, the steady-statsolution forthe in-phase and out-of-phase

equations is found to be

_ O 2(3-12Kk?)0
CNa = CNa (oo) - §1+ 1]:12k2 +2c, T(11(+ 1_12112)3) gsz (28)
_ 0 3 rf(l— C:’.rsz)D

C, =C, (w)- +
n, = C, () gﬂlﬂsz c, L+ i) T,

(29)

The equations for the other aerodynamic coefficiesitsw a similar derivation. As with
Model 1, the rolland yaw-axis equationsill include sine and cosingerms. All the

equations for Model Il can b®und inTable15. Thetwo modelsare somewhat similar,
but the extra time-dependetarm in thesecondindicial function causeshe steady-state

solution to be more complex.

"Note: The Model Il presented here is different than the one presented in reference 4.
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The equations fdvliodel Il can berepresented in a simplified form as were those of

Model I. The in-phase and out-of-phase equations are now

o =uf, —az f, —cw,f, (30)

Vi =vi—az, f, —cw, f, (31)

wheretheu, v, a, andf represent the same terms asMadel I. Also, the frequency-

dependent termsg, and z, remain thesame. The only change inthe new model is the
addition of thew, andw, terms, where

"o 213k?(3-12k?) . 2t3(1- 312k?)

uj (1+ Tfkf)s by, = W (32)

While the nomenclature used by Models | and Il is similar utiiemownmodel parameters

will take on different values due to the different model structures.
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4. PARAMETER ESTIMATION METHOD

To determine the valuésr the unknown model parametersthe nonlinear estimation
technique of referencew8as used.Due to thedifferent structure of théwo mathematical

models, the application of the estimation method diffetigghtly. Fordata atn angles of

attack, Model | hasrg1 unknown parametersi, v, a, andt,. The addition of the extra

term in Model lladdsn unknowns to this ithe form of c, . For both models, aost

function was defined thatdescribesthe sum of the squared differences between the
measured and estimated in-phase and out-of-phase data. The cost functiorMozad in
was

2
+

J = S z ﬂaﬁ - fui (ui _ainj) \_/ji _(Vi _a1zvJ fvi )]Zﬁ (33)

and that of Model Il was

=111

- 0

Vi _(Vi -1 (312\/j +CG W, ))] z (34)

Using the appropriateost function, dinearizedleast-squares approaetas initially used

to determine the value af that generates tHewestcost? Oncethis valuewas found, a

Modified Newton-Raphson method was used to find the final parameter estimates based on
the initial, least-squares values. The standard errors of the parameters were also computed.

The variance estimate for this problem is given by the eqdation

2__J(0)
> 2nm-ny, (35)

where0 is the set of parametestimatesm is the number of reduced frequenciesed,

andn, is the number of unknown model parameteéfbe Zm representshe totalnumber

of data points used, as there wenepoints for each set of in-phase and out-of-phase data.
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Estimation using the mathematicaimodels for roll and yaw-axis oscillations is
complicated by their trigonometric terms. For angleati@ick thatause these terms to be
zero, the in-phase component will be zoall frequencies. Alsothe out-of-phasepart
will be frequency independent at these angles of attack. Considering measwesment
the datafrom the X-31 testsindicate that theseonditions may be physically accurate.
During the estimation procedure, however, they c#lussystem of equations used in the
linearizedleast-squares approach to be ill-defined. In otherds, there will be more

unknown parameters thaequations, andhe estimation technique will natork. To

eliminate this problem, data @t0° were not used for analyzing roll-axis oscillations. For

yaw-axis oscillations, data at=90° were not used.

Duringthe estimatiorprocess,datawere omitted atone frequency f€0.6 Hz) and
reserved for checking the ability of the model to predict frequency-depenegamise and
out-of-phase data. For the yawing-moment coefficient measured using oscillatyas, in
one additional frequencyf£0.8 Hz) waseliminateddue to irregulardata. The four
frequenciesthat remainedwere sufficientfor the estimationprocess. Equation (35)
indicates that th@umber of measuredatapoints must be greater than equal to the
number of unknown3. Using only fourfrequencies will satisfy this requirement, but the

smaller number of points may negatively affect the estimation accuracy.
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5. RESULTS AND DISCUSSION

5.1 Fit to the Measured Data and Prediction Capability

Before analyzinghe estimated model parametdiemselves, it is necessary desess
the ability of the mathematical models to fit the measdegd. Bothmathematicamodels
were used tdit datafrom three different experiments: oscillationsratl, yaw, or pitch.
Figures 17-22compare theresults ofthe estimationwith the measurediata for key
aerodynamic coefficients at selecteelquencies. Results wesanilar for the coefficients
that are not shown in the figures. This can be seen in Table 16, whichtekosgtimated
variances andcosts of both models foall of the aerodynamic coefficients. This
information is alsgpresented, irgraphicalform, in Figures 23and 24. Fromthe cost
comparisons anthe graphs, itcan beseenthat the estimateth-phase and out-of-phase
components of the aerodynamic coefficients agreed well with the experimental data for both
mathematical models.

From Figures 17-22, dan beseenthat thein-phase estimates &odel Il were very
similar to those of Model |, and it is not apparent whed#itlier modelas more accurate
in modeling in-phase dataModel II, however,demonstrated better accuracy in modeling
out-of-phase data. This ghown mostclearly by the oscillatory roll dampingesults
shown in Figure 20.According to equatioii35), the estimated variances of the models
will be dependent on the number wiknown parametersSince Model Il consists ofn
more unknownsthan Model I, it will produce higher variance®r the samecost.
Therefore, a comparison tfe finalcosts ofeach model isiseful. The tableshowsthat
Model Il produced smaller costs and standard erroralf@erodynamic coefficientwhen

fitting the measured data.
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After the parametarstimation the mathematicahodels were used toredict in-phase
and out-of-phasédatafor a frequency 00.6 Hz, forwhich measurediatawere omitted
during the estimatiorprocedure. These predictions ashown forthree selectedases in
Figures 25-27. Comparisobhgtween Models | and Il in this casee difficult to make
using the graphs, as both shovibd ability to accurately predict the oscillatory force and
momentcoefficients. In someases,Model | showed superioprediction capabilities.
Other times, however, the second model appearedhetter suited to predict thextreme
nonlinearity of thedata. Table 17shows acomparison of thesum of the squared
differences (residuals) between the measured and predicted in-phaset-afigphasedata

atf=0.6 Hz for both models. The squared residu3lsyere found using the equation
n
2 = Z(yi -5) (36)
=
wherey, represents either the in-phase or out-of-phase compandntas before; is the
number of angles-of-attack. In mastsesthe predictions oModel | produced slightly
smaller residuals than those of Model II.

The minor increase in prediction erfoar Model Il may be indicative of a more
substantial problem. It is possible that the extra term in Model Il improved the accuracy of
the fit to the data, but its high-order frequen@ependence createsbme errors in
prediction. This notion is supported by Figures 28 a8dwhich show anexample of
predicted in-phase and out-of-phase data over a range of frequencies just beyond the values
that were used experimentally. The in-phase components predicted by both models were in
agreementith eachother, and appeared well behaved owlee entire frequencyange.

These characteristics did not hold true for the out-of-phase component predictions shown in
Figure 29. The out-of-phase componentpredicted by Model llwere somewhat

inconsistent with those dflodel | as the reduceflequency approachesro,and seemed

to be erratic.
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The prediction results suggest that Model | is a parsimonious model and should be used
when more conservative predictions adesired, particularly at very small values of
reduced frequency. To improviee overall prediction quality of Modél, it would likely
be necessary to measufata at mordrequencies. The oscillation frequenciesould also
need to be spaced closely to reduce the tendendjod€l Il to overpredict inregions
wherethere is no measuregata. While thesetwo changesnight improve Modelll’s
prediction capability, they may do so at twst of losing some dhe improvement in fit
accuracy. Gatherindata at the additiondtequencies would alsmcrease théime (and,

therefore, money) spent on the wind tunnel test itself.

5.2 Estimated Parameters

The individual parametetisatcomprise themathematicalmodels provide information
about the aircraft’'s aerodynamic behavior. The most important of these are the estimates of
the static and dynamic stability derivatives, srendv terms in the models, but it is also of

interest tostudy the otherunknown parameters in thenodels. Tables18-19 show the

estimated values of, and calculated timeconstants foreach model alongvith their

standarderrors. Itcan beseenthat the values of 1, differed between themodels,

sometimes significantly. Their values also were very dependertheraerodynamic
coefficientfor which they wereused. Also,neither model produced consistently lower
standard errors than the other.

The effect of indicial function form on estimated parameters is evident in the differences
between their predicted indicisésponse curvesTheseresponsexan be determined by
substitutingthe estimated model parameters into the inditiaction definitions. For

example, Figure 38hows acomparison ofndicial response curvesredictedfor C,, ~ at

different values of angle of attacklere, the influence of the extrime term isapparent,
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especially ati=80°. There did not appear to be a discernible trend descti@rsipape of

the indicial response for either model, however.

Key to the shape of the aerodynamic derivative indicial response curvesavetha's
in both models, and theg vector in Model II. These parameters eglated to thainsteady
effects on the aerodynamaoefficients, but their physical significance is retident?
Plots ofthese parameters ashown in Figures 31-36.Included are the 2confidence
intervals for the estimates affrom Model |, and thec, estimates of Moddl. As can be
seen, the shape and values of these parameters varied dependirtfyeomparticular
aerodynamic coefficient the moddescribed. In mostases,there was not a large
difference between the estimatedectors of Models | antl. The difference in théme
response of the two modelsas due to the inclusion of, in Modelll. It is important to
note that thee, term in the model is multiplied by/(¢)?, which istypically much greater
thanone. This is whyc, is significant even though its valuese very small. It is not
evident whether the small size of tlog parameters had any adverse effects on the
estimation procedure.

The estimated steady-state static derivativgere compared to thosdetermined
experimentallythrough static wind tunneltests. These are the stability derivatives with
respect to angle adttackand sideslip. The comparison between the statetaand the
estimates fronthe two modelsare shown in Figures 37-39. Faimplicity, only the
standard errors for the Model | estimaéesincluded. The static derivatives estimated by
both models were very similar.The angle-of-attack derivatives estimatdm pitch
oscillation data agreed well overall with the static test data, partictdartiie normal-force

coefficient. The estimated values @&, showedthe largest discrepancfrom the

measured data.
The sideslip derivative estimates also showed, in general, good agreement with the static

testdata. The estimates oCYE, in particular, correlated well witthe measuredalues.
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The estimates o[:nﬁ differed substantially fronthe measurediata atangles ofattack

between 50° and 70° ite roll case. Due to theform of the mathematicahodels,either
roll or yaw oscillatory data can be used to estimate the sideslip derivatives. Figures 40 and
41 show comparisonsetween thgzaw-axis and roll-axigstimatesor Models | and II.
Both oscillation cases produced similar derivative estimates.

Many factors contribute to the discrepancies between the stability deristivested
from forced-oscillation tests with those sifatic tests. Some of thesare related to the
experimental procedures. Though for identical configurations, a differentriXe8#l was
used for each kind of test, which can create differences in their results. Some discrepancies
may be due to thase ofdifferentwind tunnels. Also, @otentialsource of error is the
measured forced-oscillatiatataitself. No statement can be madegarding the accuracy
or repeatability of the data. Error may also be induced byintfeehistory integrationused
to calculate the in-phase and out-of-phase data used in this study.

Estimates of thpitch, roll, and yawrate derivativege.g., Cmq, C,p, C,) from each

model areshown in Figures 42-44. Agaithe standard error batsave beershown for
only the Model lestimates. As opposed toe staticcase, noexperimental datavere
availablefor a direct comparison, whictmade it difficult toassesghe accuracy of the
estimates. Though in agreement, there was more of a difference b#teeeo models’
estimated dynamic derivatives than was shown with the static derivatRags. derivatives
are closely related to thmut-of-phase component dfe oscillatorydata. The differences
between theesults ofthe two modelsindicate that the extra term in Model Il primarily
influenced the modeling of out-of-phase phenomena, which is also suggestedfibyo
the measured data.

The influence othe f, and { terms in themathematicalmodels can beseen by the

behavior of the standard errors of the estimated stability derivativeshoan before, the

roll-axis equations feature the siterms. Consequently, datacatO’ were not used in the
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estimationprocessbecause the modelould not bevalid at that angle ofttack. For the

static derivatives,the standard errors werargest nean=0° for the roll-axis case and

decreased as angle of attack increased. The opposite was true for the yaw-axis case, where

the sine termsare replaced by cosinerms. Heregdata atn=90° werenot used,and the

standard errors increased witHor the sideslip derivativeestimates. The behavior of the

standard errors suggests that roll and yaw estimates be used togethayitoaneutralize

the problems at=0°" and 90°. This would mean emphasizihgyaw-axis predictions for

small angles of attack, and the roll-axis predictions for large angles of attack. The standard
error trends shown fahe sideslip derivative estimates did not extendhi roll and yaw

rate derivatives. The standard errors fothe angle-of-attack derivativewere nearly
independent of angle of attack, especiétlythe normal and axial-forceoefficients. As

with theresults fromthe othertwo oscillationaxes, this trend did not extend tthe rate
derivatives.

In addition to theerror barsincluded in thegraphs,the minimum and maximum
standard errors for the estimated parameters can be found in Tables 2D afk tables
show that the extrema of Model II's standard errors were often smaller than tHdseebf
|. The errors for tha vectors varied between the two models, but comparisons are skewed
slightly by the different model forms. Fdfodel Il, the standard errors fahe c, vectors

were very small, as were the valuespthemselves.

5.3 Comparison with Rotary-Balance Data

To help evaluate the estimated retzivatives, comparisons weraade with data
measured usinghe rotary-balance tesnethod. Due to thedifferences in the two
techniques, however, such comparisanssuspect. As withthe comparison between

forced-oscillation and statiesting, differences ithe X-31 wind tunnel models and the
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wind tunnelsthemselves can lead &ome discrepancies. Alsthe rotary-balanceests
were done at a much lower dynamic pressure than the forced-oscilésgtisnwhichcould
also changehe results. One maindifference between thevo methods isthat rotary-
balance data are measured at a constant rotation rate, as opposed to the harmonic motion of
forced-oscillationtesting. A result of this ighat thetwo testsmodel differentflow
phenomena. Therefore, comparisons witiary-balance data caprovide a general
assessment of the forced-oscillation results, but not any significant conclusionshalvout
accuracy.

Traditional comparisons between rotary-balance and oscilldtiey havealso been

complicated by the oscillatory derivativelsequency dependence. This problean be

reduced by usinghe steady-state roll ariw rate derivative estimate€; (), C, (),

G, («), and C, (»). Though this makefor atruer comparison, it does na@bmpensate

for the substantial differences in tesethods. Since the derivativefom rotary-balance
testing arebasedthe rate of rotation about theind axis, it is necessary tmonvert the
derivatives estimated from the oscillatatsta. The relationship between tivo is given

by the equations
G, =G, (w)cosa +C, ()sina (37)

Cry = Gy, ()cosa +C, (o)sina (38)

No
whereG_andC, are the rotary derivatives.
The comparison betwedine estimated derivativelsom rotary-balancedata and the
steady-state estimates from forced-oscillatiata isshown in Figure 45. The figure
shows that the two types of data do not correlate well overall. The estimated rotary rolling-
momentderivative, C_, varied fromthe rotary-balance data tmeost at angles oattack
between approximately 35° and 60°, but showed good agreement at small angles of attack.

The estimated rotary yawing-moment derivatives follotvedsame trend as the measured

data, but individual data points did not agree as well as in the rolling-maasait Due to
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the limitations ofthis comparisonthese discrepancies do not necessamgan that the

estimated derivatives from oscillatory data were in error.

5.4 Comparison with Theoretical Predictions

There are several methodsailable for the analytical prediction of an aircraft's
aerodynamic qualities. These can be limited in their ability to model aiscretit aghe X-
31, but provide a way to quickly estimate desired parameters. One commonly used tool for
stability derivative prediction is the USAF Datcom handbook, reference 14, which has been
integrated into a computer prograralled Digital Datcom?> The normal limitations of
Datcom’s analytical methods are accentuated by the configuration ¥f3he The canard
must be input as a wing and the wing as a horizontal tail, which the program nedjects
computing the lateral-directional dynamic derivatite3he methodsised bythe program
allow for the superposition of the results, sofihal predictionsfor canard configurations
must be assembled from sepamaies’® Digital Datcomdoes nothave the ability to
precisely match the leadirand trailing-edge flap configuration of the31. Italso does
not take into account the effect sfrakes. These problemsan beoffset by the input of
experimental data when it is available.

Another way to predict an aircraft’'s stability and control characteristics is the use of strip
theory. Onecomputer progranthat predominantlyuses striptheory to determingitch,
roll, and yaw rate derivatives @lledDYNAMIC.'" For this programexperimental data
are required for all surfaces. The load distributiongHerlifting surfacesare to benput,
as well as the normal and axial-force coefficients as a function of angle of attack. It is
sufficient to use panel methods to generate the inpiiten experimental data are not
available!” The program hathe capability to approximate the normal force ciforethe

fuselage, as well as i@Yg curve. ltcanalso approximatéhe aerodynamic characteristics

of the verticaltail. The outputfrom DYNAMIC is primarily the roll andyaw rate
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derivatives foIC_ andC,. The computedtatic derivativedor the fuselage andertical tail
can also be output.

Forthe prediction of theX-31's dynamicderivatives,the geometry input datevere
scaled t019% tomaitch thewind tunnel modelused inforced-oscillationtests. The fore
and aft strakes were neglected due to the limits optbgrams. Taccountfor the wing
strakes and control surface deflections, a panel method was used totheetificturve of
the wing. This prediction was then usedrgsut for the programs inlieu of experimental
data. The flight conditions inputor the theoretical predictionserethe same athose of
the oscillatory tests, as well.

It is also possible to predittte lateral-directional stability derivativesing acombined
methodusing rotary-balance antheoreticaldata’® Here, the spin rate derivativefrom
rotary-balance testing atesed inconjunction withanalyticalpredictions, such aBatcom
or DYNAMIC. To make thes@redictions,the relationship between the rotary dratly-

axis roll and yaw rate derivatives is manipulated to give the following equétions

G, —G sna
G = (39)
' cosa
C, -C, sna
o = (40)
p.pred cosa
C_ -G cosa
— Q,rb p 41
C. e e (41)
C, -—-C, cosa
o = (42)
"o sina

Theresultsare roll andyaw rate derivatives that can be compareith the analytical or
forced-oscillation predictions. The inclusion of rotary-balance data may improve the results
by accounting for nonlinear behavi@r.

A comparison of the predictions from Digital Datcom and DYNAMIC with the estimated
derivatives from oscillatory data can be found in Figures 46 and 4@n Ibeseenthat the

estimated derivatives agreed well with the theoretical predickmrmsmall angles of attack.
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The X-31’s aerodynamic parameters are hightynlinear, particularly at angles oéttack
greater than approximate®6°. The theoretical predictions ar®t capable of modeling

such nonlinearities. The predictions pr, however, showed goaahreement at slightly

larger angles of attack, while the other predicted derivativesndid Combining the
predictions with rotary-balance data improved the results for higher angles of attack, as was
also notedor adifferentstudy inreferencel0. Theresults forthe X-31 are shown by
Figures 48 andl9. Figure 50 shows @omparison of theheoretical predictionsvith
rotary-balance datand the oscillatory estimates in tfeem of the rotaryderivatives. As
before, theory provides resultthat concurred withthe wind tunnel data estimates for
moderate angles of attack. The predicted value§ oftended to be in better agreement
with the estimatediata. Atsmall angles of attack, ttieeoretical predictiongdicated, in
general, that the oscillatory estimates were reasonable with respleebty. Due to their
limitations, however, the theoretical predictions cannot bsed to draw anymajor

conclusions about the accuracy of estimated derivatives from oscillatory data.
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6. CONCLUDING REMARKS

Three types of windunnel tests--static, rotary-balance, and forced-oscillation--were
performed on models of the-31A configuration. Three separate forced-oscillation tests
were performed, one each for oscillations in pitch, aollyaw. The resultingdatawere
shown to be dependent time frequency of thenotion. Two unsteady modeteveloped
usingindicial functions were used taccountfor this frequency effect. Both functions
were formulated sdhat the estimated aerodynamic coefficieruld approach a steady-
state value afime increases. The second function featured an addedn that made it
possible for the value of the coefficient to cross its steady-state value.

The unsteady models were usedittthe measuredataand estimate theX-31's static
and dynamic stabilityderivatives. Both modelshowed goodaccuracy in fitting the
measured dataModel 1l produced a closdit, especiallyfor the out-of-phase data. The
two models alsshowed goodorediction capability. In comparison to te&perimental
data, the predictionsfor both models were similar, wittModel | appearing to have
produced a moraccurate predictiomverall. Results based on a range of frequencies
indicated that Model Il is likely to overpredict in-phase and out-of-phase data.

Both models were used ®stimate steady-state stabilitferivatives, which were
compared with static and rotary-balameied tunneldata. The estimated static derivatives
showed good agreement, in general, with those trarstatic testlata. Noexperimental
data were available for direct comparison with the estimated rate derivafieesageneral
assessment of the resultise estimated roll angaw rate derivativedrom oscillatorydata
were compared with rotary-balandata. The estimated derivativdsllowed the overall
trend of the rotary-balance data, but showed substantial disagreement iarsasjkely

due to differences in the wind tunnel test methods.
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Two analytical methods were also used for comparison of roll andayaderivatives.
Thoughthe configuration of theX-31 limited their effectivenessthe analyticaimethods
provided useful theoretical predictions of stability parameters at small angles of attack. The
accuracy of these predictions was improved slightly by combining them with rotary-balance
data. Overallthe theoretical predictiongdicate that the estimated rate derivatives have
reasonable values at small angles of attadRue to their limitations, however, no
conclusive statements could be madgarding the accuracy of the oscillatodata
estimates.

There were many potential sources for error in the comparisons usedsiudlyis The
three wind tunnel test methods described diffeflemt phenomena, whicinfluenced the
results even thouglthe estimated derivativefom oscillatory data were frequency
independent. Alsowhile the unsteadymathematicalmodels showed the ability to
accurately fit the measurethta, nostatement can be made as to the accuracy afatze
Inaccuracies in the measured data might have lead to inaccurate deastthates.Also,
the in-phase and out-of-phaskataused for this study were not measured directly, but
computed from the measured data. This also could have introduced error into the results.

The formulation of the indicial functiamsed inthe mathematicahodelswas shown to
have an influence on the parametstimates. The inclusion of anotheterm into the
indicial function slightly improved the overall accuracy of the model in fitting the
experimentaldata. The predictionproblems shown by Model I, especially when
predicting out-of-phasdata at certaifrequenciesmight have been due to itsgh-order
frequencyterms. In generaModel 1l seemed to haveoorer predictiorcapabilities than
Model I. Both ofthe modelgproduced similaresults wherestimating the angle aittack
and sideslip derivatives.The standard errors produced odel Il, however, were
typically smaller. This held true even in some areas wther@stimates of Modelwere
closer to the static tediata, whichmay be related to the accuracy of the measdedd.

The dynamic stability derivatives estimated with both models agreed overall, but sometimes
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differed notably. It is possible thte extra term in Model Iprovidedbetter modeling of
out-of-phase effects, which are related to the rate derivatives. The improved fit accuracy of
Model Il was offset byits increased complexity ammbssiblepredictionerrors,and could
not be directly linked to moraccurate steady-state stability derivatagtimates. Overall,

the results suggested that Model | was the better unsteady mathematical model.
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7. RECOMMENDATIONS FOR FUTURE RESEARCH

While the use of models with unsteady terms to analyze oscillatory data is effective, it is

possiblethat some improvementsan bemade. Notneglecting the effect ot’.?Nq (or the

comparable term$or the other coefficients) in thenathematical modetlerivation may
improve the estimatioresults. While the criteriaused to justify its omission were valid,
conditions may existvherethe term's influence issubstantial. Taking this effect into

account could make the stability derivative estimates more accunaiesion ofthe Cy,

term mayalsoalleviate theproblems caused hipe sine and cosine ternisr the roll and
yaw axisoscillation models. The trigonometric terms might not apply to thew term
whenthe model isderived. Alsothe type of indiciafunction may be studied further to
determine what is the best form to use.

Anotheritem to bestudied is the extension of thdicial function approach to other
types of dynamic wind tunnel testing. For example, reference 9 describes a rotary-balance
test rig that features the addition of oscillatargtion. Other differenttypes of oscillatory
testing are also in use. It may be possible to extemdndicialfunction approach to these
test methods. This potentially could provide maceurate stability derivative estimates or
estimates of parameters not included in the madel®ne-degree-of-freedoroscillatory

motion.
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Table 1. Basic geometric characteristics of the X-31A. (Ref. 5)

Center of Gravity:
FS (inches)
BL (inches)
WL (inches)
Wing:
Span (ft)
Mean Aerodynamic Chord (ft)
Reference Area (sq. ft)
Aspect Ratio
Sweep, inboard (deg)
Sweep, outboard (deg)
Vertical Tail:
Height (ft)
Reference Area (sq. ft)
Sweep (deg)
Volume Coefficient
Fuselage:
Length (ft)
Canard:
Span (ft)
Reference Area, Total (sqg. ft)
Aspect Ratio
Sweep (deg)

Full Scale

269.2
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Table 2. Frequencies used in analysis for longitudinal cases.

f, hz w, rad/sec K

0.25 1.5708 0.0201
0.40 2.5133 0.0322
0.60 3.7699 0.0483
0.80 5.0265 0.0643
1.00 6.2832 0.0804
1.19 7.4770 0.0957

Table 3. Frequencies used in analysis for lateral-directional cases.

f, hz w, rad/sec K

0.25 1.5708 0.0371
0.40 2.5133 0.0593
0.60 3.7699 0.0890
0.80 5.0265 0.1186
1.00 6.2832 0.1483
1.20 7.5398 0.1779
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Table 4. Expressions for aerodynamic coefficients with no unsteady terms.

In-phase Out-of-phase
Pitching
Cr, —K*C, Cr, +Cin,
Cy, —k°Cy, C, + Gy,
2
Cp, —k (;A_q CA“ +Cy,
Rolling
CYBsina—kZCYp Cy, +Cy, sina
C,, sina -k*C,, Cy, * Gy, sina
C,ﬁsina—kzclp G, +G, sina
Yawing
Cy, cosa + k?Cy, Cy, =Gy, cosx
C,, cosa +k°C, Gy, —Cy, cosa
G,, cosa + k*C, G, -G, cosa
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Table 5a. Measured in-phase components of normal-force coefficient. Pitch-axis
oscillations.

Componentfa, deg/k=0.0201 k=0.0322 k=0.048B k=0.0643 k=0.0804 k=0.0957

0.0 2.9644 | 3.0093 | 3.0388 | 3.0308 | 3.0675 | 3.0679
10.0 | 3.0490 | 3.0784 | 3.0853 | 3.1155 | 3.1086 | 3.1656
15.0 | 3.0512 | 3.0192 | 3.0459 | 3.0456 | 3.0631 3.0755
20.0 | 2.9015 | 2.9257 | 2.9651 2.9853 | 2.9931 2.9935
25.0 | 2.2512 | 2.3124 | 2.4025 | 2.4988 | 2.5567 | 2.6446
27.5 | 1.5669 | 1.7688 | 2.0242 | 2.2276 | 2.4063 | 2.5900
30.0 | 1.0503 | 1.2950 1.6580 | 2.0583 | 2.3847 | 2.5579
32.5 | 0.7645 | 1.0451 1.4478 | 1.8572 | 2.1304 | 2.4222
35.0 | 0.8624 | 1.1175 1.4762 1.8220 | 2.1189 | 2.3325
37.5 | 1.1976 | 1.3905 1.6922 | 2.0048 | 2.2077 | 2.3455
40.0 | 1.3744 | 1.5706 1.8226 | 2.0318 | 2.2169 | 2.3848
EN 42.5 | 1.4045 | 1.6117 1.8757 | 2.1219 | 2.2684 | 2.4686

45.0 | 1.5323 | 1.7273 1.9445 | 2.1456 | 2.2837 | 2.4480
47.5 | 1.6601 1.8429 | 2.0133 | 2.1694 | 2.2989 | 2.4273
50.0 | 1.5299 | 1.6314 1.8398 | 1.9920 | 2.1101 2.1813
55.0 | 1.0131 1.2205 1.4974 | 1.7007 | 1.8115 | 1.8694
60.0 | 0.5689 | 0.8753 1.1776 | 1.4707 | 1.6047 1.6987
65.0 | 0.4255 | 0.7035 | 0.9406 | 1.1898 | 1.3275 | 1.4235
70.0 | 0.3566 | 0.5232 | 0.7302 | 0.9407 | 1.0250 1.2002
75.0 | 0.2487 | 0.3801 0.5411 0.6791 0.7615 | 0.8197
80.0 | 0.2082 | 0.2219 | 0.3848 | 0.4526 | 0.5065 | 0.6488
85.0 | 0.1377 | 0.2112 | 0.2306 | 0.3070 | 0.3176 | 0.3969
88.0 | 0.0485 | 0.1537 | 0.1425 | 0.1899 | 0.2449 | 0.2600
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Table 5b. Measured out-of-phase component of normal-force coefficient. Pitch-axis

oscillations.

Component

a, deg

k=0.0201

k=0.0321%

P k=0.048

3 k=0.064

3 k=0.08

4 k=0.09

0.0

7.3819

7.2324

6.4397

5.7717

5.2901

4.9654

10.0

3.5563

4.7111

4.5399

4.5419

4.7022

4.6821

15.0

4.1972

4.2075

4.4031

4.4406

4.3294

4.3789

20.0

4.8884

5.9337

5.2135

4.8264

4.8108

4.6280

25.0

12.3860

11.8060

11.4250

9.9515

9.4749

8.8731

27.5

28.3080

23.0710

19.5670

16.4900

14.6790

12.5730

30.0

37.9760

34.8380

29.1800

22.9610

19.1410

16.4260

32.5

43.5530

39.3970

33.0350

27.5990

22.8270

18.9270

35.0

37.8140

33.6610

27.2840

22.0400

19.0870

16.3390

37.5

29.5150

25.5790

21.0190

18.0890

15.3390

13.4850

40.0

25.7460

24.4820

19.3410

16.7250

14.3390

11.9340

42.5

26.7710

23.3050

19.1120

15.1560

12.6090

10.8170

45.0

23.9680

20.5280

16.9760

13.5630

11.4260

9.6863

47.5

21.1640

17.7510

14.8400

11.9700

10.2430

8.5554

57

50.0

18.4510

16.7520

14.0670

11.8780

10.5180

9.2547

55.0

28.2390

22.9380

17.9190

13.3160

11.3750

10.1080

60.0

36.1080

27.9480

21.6920

15.8220

12.9350

10.5460

65.0

28.9460

25.5880

19.4510

15.1780

12.2360

10.0320

70.0

25.7800

20.3700

16.3080

12.9660

10.4530

8.8396

75.0

16.0550

15.3680

12.1220

9.7379

8.8626

7.5955

80.0

9.1150

10.7460

9.4733

7.8003

6.9229

6.4940

85.0

5.8386

6.6643

5.8922

5.0492

5.2447

4.2496

88.0

7.5967

5.9899

5.5013

4.5757

3.6865

3.8332
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Table 6a. Measured in-phase component of axial-force coefficient. Pitch-axis oscillations.

Componentfa, deg/k=0.0201 k=0.0322 k=0.048B k=0.0643 k=0.0804 k=0.0957

0.0 -0.2795 | -0.2746 | -0.2849 | -0.2762 | -0.2862 | -0.2848
10.0 | -0.5876 | -0.5936 | -0.5937 | -0.5980 | -0.5970 | -0.6121
15.0 | -0.6041 | -0.5968 | -0.6055 | -0.6011 | -0.6067 | -0.6092
20.0 | -0.5488 | -0.5526 | -0.5593 | -0.5639 | -0.5665 | -0.5711
25.0 | -0.3228 | -0.3394 | -0.3539 | -0.3729 | -0.3914 | -0.4197
27.5 | -0.1274 | -0.1595 | -0.2051 | -0.2429 | -0.2852 | -0.3264
30.0 | 0.0014 | -0.0398 | -0.0922 | -0.1672 | -0.2316 | -0.2701
32.5 | 0.0498 | 0.0074 | -0.0593 | -0.1195 | -0.1711 | -0.2281
35.0 | 0.0072 | -0.0269 | -0.0701 | -0.1169 | -0.1628 | -0.1949
37.5 | 0.0304 | 0.0021 | -0.0546 | -0.0919 | -0.1206 | -0.1402
40.0 | 0.0668 | 0.0258 | -0.0202 | -0.0506 | -0.0877 | -0.1177
C_:Aa 42.5 | 0.0644 | 0.0223 | -0.0284 | -0.0735 | -0.1076 | -0.1487

45.0 | -0.0019 | -0.0381 | -0.0938 | -0.1492 | -0.1914 | -0.2346
47.5 | -0.0682 | -0.0985 | -0.1592 | -0.2249 | -0.2751 | -0.3205
50.0 | -0.1617 | -0.1839 | -0.2166 | -0.2739 | -0.2945 | -0.3143
55.0 | -0.2576 | -0.2957 | -0.3348 | -0.3761 | -0.4129 | -0.4089
60.0 | -0.1808 | -0.2437 | -0.3071 | -0.3972 | -0.4028 | -0.4289
65.0 | -0.0745 | -0.1645 | -0.1965 | -0.3171 | -0.3077 | -0.3165
70.0 | -0.0336 | -0.0724 | -0.1309 | -0.1820 | -0.2308 | -0.2731
75.0 | -0.0377 | -0.0660 | -0.1169 | -0.1708 | -0.2095 | -0.2248
80.0 | -0.1320 | -0.1487 | -0.1878 | -0.2056 | -0.2217 | -0.2473
85.0 | -0.1280 | -0.1429 | -0.1456 | -0.1519 | -0.1644 | -0.1893
88.0 | -0.0984 | -0.1155 | -0.1057 | -0.1137 | -0.1138 | -0.1145
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Table 6b. Measured out-of-phase component of axial-force coefficient. Pitch-axis
oscillations.

Componentfa, deg/k=0.0201 k=0.0322 k=0.048B k=0.0643 k=0.0804 k=0.0957

0.0 -0.9875 | -0.9834 | -0.8656 | -0.7448 | -0.7206 | -0.6713
10.0 | -0.4132 | -0.5735 | -0.5488 | -0.6012 | -0.5803 | -0.5987
15.0 | -0.6099 | -0.5959 | -0.5128 | -0.5913 | -0.5528 | -0.5624
20.0 | -0.8181 | -0.9397 | -0.7487 | -0.6911 | -0.6851 | -0.6618
25.0 | -2.6108 | -2.3402 | -2.3286 | -2.0070 | -1.8101 | -1.6532
27.5 | -5.3939 | -4.6436 | -4.0475 | -3.4463 | -3.0479 | -2.5955
30.0 | -6.8789 | -6.3442 | -5.3223 | -4.3288 | -3.6972 | -3.1630
32.5 | -7.1502 | -6.4088 | -5.2353 | -4.4113 | -3.4749 | -2.8161
35.0 | -5.4894 | -4.6579 | -3.6305 | -2.9303 | -2.5670 | -2.1387
37.5 | -4.7378 | -4.1495 | -3.2195 | -2.6751 | -2.1803 | -1.8402
40.0 | -5.3772 | -4.7622 | -3.6626 | -2.9736 | -2.4837 | -2.1142
C 42.5 | -5.6872 | -4.9292 | -3.9794 | -3.0719 | -2.5298 | -2.1806

O

45.0 | -5.5565 | -4.7180 | -3.9154 | -2.8889 | -2.3280 | -1.8982
47.5 | -5.4259 | -4.5068 | -3.8513 | -2.7060 | -2.1261 | -1.6159
50.0 | -2.9475 | -2.6133 | -2.1813 | -1.6834 | -1.4784 | -1.2031
55.0 | -2.9148 | -2.1853 | -1.3904 | -0.6488 | -0.3670 | -0.3806
60.0 | -4.8699 | -3.8305 | -2.6422 | -1.5768 | -1.1129 | -0.6621
65.0 | -4.8362 | -4.4163 | -3.2913 | -2.1396 | -1.7411 | -1.2413
70.0 | -4.5385 | -3.4046 | -2.7931 | -2.1076 | -1.5282 | -1.2472
75.0 | -3.4333 | -3.3004 | -2.4056 | -1.8296 | -1.5997 | -1.3912
80.0 | -1.5134 | -1.5978 | -1.3987 | -0.8530 | -0.7322 | -0.5955
85.0 | -0.4405 | -0.5961 | -0.6032 | -0.5116 | -0.4688 | -0.4299
88.0 | -0.8655 | -0.8608 | -0.8479 | -0.6208 | -0.6558 | -0.6157
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Table 7a. Measured in-phase component of pitching-moment coefficient. Pitch-axis
oscillations.

Componentfa, deqk=0.0201 k=0.032P k=0.048[3 k=0.0643 k=0.08p4 k=0.09)57

0.0 | -0.0805 | -0.0712 | -0.0743 | -0.0836 | -0.0468 | -0.0661
10.0 | -0.0105 | -0.0190 | -0.0086 | -0.0151 | 0.0222 | -0.0026
15.0 | 0.1116 | 0.1101 0.1077 | 0.1047 | 0.1381 0.1116
20.0 | 0.2564 | 0.2455 | 0.2363 | 0.2345 | 0.2633 | 0.2399
25.0 | 0.2046 | 0.2078 | 0.1921 0.1763 | 0.1932 | 0.1593
27.5| 0.1063 | 0.1095 | 0.0929 | 0.0736 | 0.0903 | 0.0637
30.0 | 0.0521 0.0598 | 0.0353 | 0.0092 | 0.0283 | -0.0164
32.5| 0.0827 | 0.0797 | 0.0688 | 0.0332 | 0.0432 | -0.0015
35.0| 0.1043 | 0.0889 | 0.0579 | 0.0189 | 0.0149 | -0.0432
37.5| 0.0938 0.0661 0.0321 | -0.0235 | -0.0319 | -0.0735
40.0 | 0.0698 0.0492 | -0.0021 | -0.0506 | -0.0490 | -0.1055
42.5 | 0.0662 0.0310 | -0.0291 | -0.0974 | -0.0982 | -0.1714

O

45.0 | -0.0199 | -0.0476 | -0.1063 | -0.1537 | -0.1607 | -0.2117
47.5| -0.1060 | -0.1261 | -0.1835 | -0.2099 | -0.2233 | -0.2521
50.0 | -0.0546 | -0.0808 | -0.1308 | -0.1590 | -0.1887 | -0.2153
55.0 | 0.0846 0.0361 | -0.0445 | -0.0951 | -0.1289 | -0.1585
60.0 | 0.0098 | -0.0476 | -0.1042 | -0.1613 | -0.1985 | -0.2229
65.0 | -0.1508 | -0.1814 | -0.2210 | -0.2589 | -0.2937 | -0.3072
70.0 | -0.3168 | -0.3213 | -0.3448 | -0.3603 | -0.3490 | -0.3590
75.0 | -0.3905 | -0.3987 | -0.4062 | -0.4004 | -0.3851 | -0.3655
80.0 | -0.3371 | -0.3135 | -0.3358 | -0.3431 | -0.3509 | -0.3650
85.0 | -0.3841 | -0.3929 | -0.3932 | -0.4122 | -0.4148 | -0.3996
88.0 | -0.4106 | -0.4162 | -0.4315 | -0.4420 | -0.4575 | -0.4395
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Table 7b. Measured out-of-phase component of pitching-moment coefficient. Pitch-axis
oscillations.

Componentfa, deg/k=0.0201 k=0.0322 k=0.048B k=0.0643 k=0.0804 k=0.0957

0.0 -1.3311 | -1.3257 | -1.2309 | -1.3829 | -1.3414 | -1.3496
10.0 | -1.4057 | -1.3000 | -1.4350 | -1.3010 | -1.3959 | -1.4256
15.0 | -2.2334 | -1.9633 | -1.8958 | -1.8188 | -1.8282 | -1.8942
20.0 | -2.6677 | -2.6009 | -2.6323 | -2.5487 | -2.5324 | -2.4871
25.0 | -3.4637 | -3.1751 | -3.0431 | -2.9947 | -2.8638 | -2.8015
27.5 | -2.7033 | -2.7150 | -2.8446 | -2.7941 | -2.7511 | -2.7952
30.0 | -3.4375 | -3.5230 | -3.2897 | -3.1202 | -2.8808 | -2.8039
32.5 | -4.3033 | -4.0930 | -4.2917 | -3.7993 | -3.8028 | -3.6685
35.0 | -5.3307 | -5.0833 | -4.7723 | -4.3824 | -4.1151 | -3.9903
37.5 | -6.3114 | -5.6738 | -4.8771 | -4.3377 | -3.9514 | -3.7483
40.0 | -6.6859 | -6.1380 | -5.3756 | -5.0104 | -4.5129 | -4.0015
C 42.5 | -6.8577 | -6.4663 | -5.7257 | -4.9542 | -4.3354 | -3.9234

O

45.0 | -6.3878 | -5.8314 | -4.9620 | -4.3785 | -3.9751 | -3.5760
47.5 | -5.9178 | -5.1965 | -4.1984 | -3.8029 | -3.6149 | -3.2286
50.0 | -6.0593 | -5.7958 | -5.0830 | -4.3470 | -3.9861 | -3.6628
55.0 | -9.2338 | -8.0336 | -6.9525 | -5.9864 | -5.2790 | -4.8483
60.0 | -9.4763 | -7.5477 | -6.2749 | -5.2536 | -4.6959 | -4.1613
65.0 | -6.4440 | -5.5953 | -5.0093 | -3.9720 | -3.7720 | -3.3335
70.0 | -4.3785 | -3.9715 | -3.1556 | -2.9936 | -2.6346 | -2.6024
75.0 | -1.8598 | -2.1815 | -1.9029 | -2.0292 | -2.0935 | -2.0749
80.0 | -2.3493 | -3.2793 | -2.9855 | -2.9844 | -2.9938 | -3.1111
85.0 | -2.4780 | -2.7302 | -2.8948 | -2.6485 | -2.7628 | -2.5395
88.0 | -3.5091 | -2.6139 | -2.7245 | -2.4417 | -2.2283 | -2.2611
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Table 8a. Measured in-phase component of rolling-moment coefficient. Roll-axis
oscillations.

Componentfa, deg/k=0.0371 k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.1779

0.0 | -0.0003 | 0.0111 0.0005 | -0.0020 | 0.0045 | 0.0009
10.0 | 0.0094 | 0.0100 | -0.0020 | 0.0023 | -0.0020 | -0.0074
15.0 | -0.0096 | -0.0082 | -0.0163 | -0.0103 | -0.0131 | -0.0203
20.0 | -0.0275 | -0.0242 | -0.0273 | -0.0293 | -0.0300 | -0.0329
25.0 | -0.0682 | -0.0545 | -0.0594 | -0.0590 | -0.0454 | -0.0493
27.5 | -0.0272 | -0.0237 | -0.0276 | -0.0208 | -0.0189 | -0.0129
30.0 | -0.0567 | -0.0461 | -0.0542 | -0.0431 | -0.0373 | -0.0351
32.5 | -0.1485 | -0.1118 | -0.0981 | -0.0705 | -0.0703 | -0.0740
35.0 | -0.1899 | -0.1756 | -0.1647 | -0.1343 | -0.1257 | -0.1129
37.5 | -0.2003 | -0.1724 | -0.1578 | -0.1350 | -0.1132 | -0.1024
C_:'B 40.0 | -0.1722 | -0.1634 | -0.1431 | -0.1235 | -0.1123 | -0.0937

42.5 | -0.1005 | -0.1022 | -0.1149 | -0.1178 | -0.1140 | -0.1102
45.0 | -0.0895 | -0.0819 | -0.0865 | -0.0811 | -0.0863 | -0.0828
47.5 | -0.0761 | -0.0695 | -0.0806 | -0.0726 | -0.0651 | -0.0703
50.0 | -0.0692 | -0.0609 | -0.0622 | -0.0664 | -0.0577 | -0.0559
55.0 | -0.0742 | -0.0760 | -0.0669 | -0.0750 | -0.0688 | -0.0613
60.0 | -0.0858 | -0.0697 | -0.0751 | -0.0771 | -0.0791 | -0.0758
65.0 | -0.0725 | -0.0679 | -0.0801 | -0.0801 | -0.0823 | -0.0794
70.0 | -0.0810 | -0.0742 | -0.0851 | -0.0733 | -0.0828 | -0.0844
80.0 | -0.0978 | -0.0918 | -0.0965 | -0.0954 | -0.0928 | -0.0887
90.0 | -0.1030 | -0.1002 | -0.1070 | -0.1055 | -0.1046 | -0.1093
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Table 8b. Measured out-of-phase component of rolling-moment coefficient. Roll-axis
oscillations.

Componentfa, deg/k=0.0371 k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.1779

0.0 -0.1783 | -0.1344 | -0.2939 | -0.2711 | -0.2319 | -0.2205
10.0 | -0.3405 | -0.1882 | -0.3277 | -0.3053 | -0.2755 | -0.2416
15.0 | -0.3075 | -0.1498 | -0.1880 | -0.2643 | -0.2049 | -0.2347
20.0 | -0.0190 | -0.1332 | -0.2368 | -0.1913 | -0.2164 | -0.2177
25.0 | 0.0211 | 0.0145 | -0.0650 | -0.1395 | -0.0997 | -0.0959
27.5 | -0.0336 | 0.0850 | -0.0506 | -0.1414 | -0.1461 | -0.1817
30.0 | 0.3584 | 0.2553 | 0.0670 | 0.0264 | -0.0250 | -0.0907
32.5 | 1.3111 | 0.8771 0.6045 | 0.4370 | 0.2905 | 0.1561
35.0 | 1.0869 | 1.0373 | 0.7485 | 0.6641 0.5410 | 0.4028
37.5 | 1.4454 | 1.3413 | 0.9794 | 0.7022 | 0.5476 | 0.4890
40.0 | 1.2772 | 0.9859 | 0.8215 | 0.5501 0.4889 | 0.4715

Ol

42.5 | -0.2458 | -0.0548 | 0.0232 | 0.1746 | 0.2380 | 0.2241
45.0 | 0.0829 | 0.1436 | 0.0532 | 0.0938 | 0.1147 | 0.1494
47.5 | 0.2477 | 0.1610 | 0.1182 | 0.1300 | 0.1131 0.0907
50.0 | 0.1679 | 0.0852 | 0.0199 | 0.0610 | 0.0372 | -0.0546
55.0 | 0.0468 | 0.0183 | -0.1580 | 0.0532 | 0.0404 | 0.0035
60.0 | 0.0981 | 0.1520 | -0.0294 | 0.0468 | -0.0940 | -0.0377
65.0 | -0.0260 | -0.1666 | -0.0587 | -0.1005 | -0.1703 | -0.1021
70.0 | -0.0542 | -0.0051 | -0.0881 | -0.0987 | -0.0981 | -0.1070
80.0 | -0.0179 | 0.0308 | 0.0809 | -0.1409 | -0.1250 | -0.1156
90.0 | -0.1670 | -0.0884 | -0.1284 | -0.1718 | -0.0578 | -0.0660
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Table 9a. Measured in-phase component of yawing-moment coefficient. Roll-axis
oscillations.

Componentfa, deg/k=0.0371 k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.1779

0.0 0.0028 | 0.0034 | 0.0022 | 0.0014 | 0.0010 | 0.0007
10.0 | 0.0300 | 0.0303 | 0.0256 | 0.0331 0.0306 | 0.0217
15.0 | 0.0254 | 0.0238 | 0.0210 | 0.0285 | 0.0245 | 0.0213
20.0 | -0.0012 | -0.0004 | 0.0040 | -0.0024 | -0.0048 | -0.0010
25.0 | -0.0156 | -0.0155 | -0.0212 | -0.0124 | -0.0180 | -0.0228
27.5 | -0.0388 | -0.0472 | -0.0535 | -0.0485 | -0.0476 | -0.0438
30.0 | -0.0170 | -0.0322 | -0.0476 | -0.0607 | -0.0486 | -0.0362
32.5 | 0.0529 | 0.0349 | 0.0031 | -0.0110 | -0.0095 | 0.0091
35.0 | 0.1027 | 0.0883 | 0.0784 | 0.0614 | 0.0574 | 0.0543
37.5 | 0.1235 | 0.1120 | 0.0814 | 0.0612 | 0.0567 | 0.0453
C 40.0 | 0.1552 | 0.1402 | 0.1359 | 0.0908 | 0.0864 | 0.0593

42.5 | 0.1226 | 0.1266 | 0.1284 | 0.1270 | 0.1052 | 0.1191
45.0 | 0.0852 | 0.0876 | 0.0807 | 0.0763 | 0.0779 | 0.0672
47.5 | 0.0591 | 0.0607 | 0.0586 | 0.0405 | 0.0429 | 0.0480
50.0 | 0.0832 | 0.0819 | 0.0700 | 0.0675 | 0.0786 | 0.0794
55.0 | 0.1511 | 0.1587 | 0.1420 | 0.1432 | 0.1362 | 0.1262
60.0 | 0.1885 | 0.1866 | 0.1826 | 0.1704 | 0.1811 0.1491
65.0 | 0.0429 | 0.0553 | -0.0262 | 0.0477 | 0.1198 | 0.0003
70.0 | -0.2327 | -0.2326 | -0.2350 | -0.2393 | -0.2377 | -0.2256
80.0 | -0.2377 | -0.2342 | -0.2224 | -0.2253 | -0.1962 | -0.2217
90.0 | -0.0760 | -0.0610 | -0.0623 | -0.0711 | -0.0687 | -0.0539
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Table 9b. Measured out-of-phase component of yawing-moment coefficient. Roll-axis
oscillations.

Componentfa, deg/k=0.0371 k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.1779

0.0 0.0383 | 0.0699 | 0.0260 | 0.0082 | 0.0179 | 0.0056
10.0 | -0.0698 | -0.0034 | -0.0079 | -0.0087 | -0.0098 | 0.0073
15.0 | -0.0523 | -0.0352 | -0.1034 | -0.0653 | -0.0497 | -0.0691
20.0 | -0.0522 | -0.0493 | -0.0754 | -0.0116 | -0.0597 | -0.0719
25.0 | -0.2142 | 0.0117 | -0.0492 | -0.0324 | -0.0089 | 0.0049
27.5 | -0.0014 | -0.0975 | -0.0676 | 0.0012 | -0.0429 | 0.0222
30.0 | -0.4294 | -0.3884 | -0.1247 | -0.0572 | -0.0575 | -0.0044
32.5 | -1.2851 | -0.8479 | -0.6237 | -0.4568 | -0.2925 | -0.2671
35.0 | -1.0604 | -0.8571 | -0.7261 | -0.6674 | -0.5516 | -0.5299
37.5 | -1.4513 | -1.4141 | -1.0624 | -0.9252 | -0.7200 | -0.6794
40.0 | -2.0667 | -1.6895 | -1.4713 | -1.1341 | -1.0936 | -0.9697

Ol

>

42.5 | 0.2998 | -0.0644 | -0.3285 | -0.4958 | -0.8048 | -0.6602
45.0 | -0.9418 | -0.5928 | -0.6890 | -0.7208 | -0.7447 | -0.6437
47.5 | -0.4427 | -0.6524 | -0.5456 | -0.4521 | -0.4571 | -0.4236
50.0 | -0.2813 | -0.5183 | -0.4425 | -0.4725 | -0.4357 | -0.4101
55.0 | -0.7189 | -0.8262 | -0.7097 | -0.8586 | -0.7045 | -0.7565
60.0 | -1.2318 | -1.2808 | -1.2629 | -1.0405 | -0.7069 | -0.8855
65.0 | -0.6309 | -0.8584 | -0.6628 | -0.8312 | -0.5580 | -0.7496
70.0 | -0.0168 | -0.0628 | -0.0628 | -0.0362 | -0.1187 | -0.0365
80.0 | 0.1713 | 0.3604 | 0.0200 | 0.2448 | 0.1940 | 0.1797
90.0 | -0.0734 | -0.1218 | -0.0325 | -0.0953 | 0.0737 | 0.2000
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Table 10a. Measured in-phase component of side-force coefficient. Roll-axis oscillations.

Componentfa, deg/k=0.0371 k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.1779

0.0 -0.0277 | 0.0014 | 0.0242 | 0.0027 | -0.0149 | -0.0164
10.0 | -0.2574 | -0.2595 | -0.2254 | -0.2514 | -0.2355 | -0.2049
15.0 | -0.2988 | -0.2785 | -0.3038 | -0.3120 | -0.2887 | -0.3063
20.0 | -0.3285 | -0.3283 | -0.3277 | -0.3131 | -0.3165 | -0.3299
25.0 | -0.4019 | -0.3663 | -0.3802 | -0.3819 | -0.3908 | -0.3745
27.5 | -0.4285 | -0.3977 | -0.3946 | -0.3952 | -0.4189 | -0.4065
30.0 | -0.3945 | -0.3909 | -0.3821 | -0.3809 | -0.4072 | -0.4200
32.5 | -0.2217 | -0.2489 | -0.2656 | -0.2817 | -0.3092 | -0.3450
35.0 | -0.1525 | -0.1540 | -0.1803 | -0.2387 | -0.2651 | -0.2700
37.5 | -0.0308 | -0.0653 | -0.1377 | -0.1743 | -0.2318 | -0.2494
40.0 | -0.0420 | -0.0728 | -0.1366 | -0.1720 | -0.2098 | -0.2480

42.5 | -0.2023 | -0.1681 | -0.1466 | -0.1320 | -0.1144 | -0.1184
45.0 | -0.0072 | -0.0226 | 0.0290 | 0.0367 | 0.0522 | 0.1221
47.5 | 0.2368 | 0.2445 | 0.2914 | 0.3295 | 0.3378 | 0.3236
50.0 | 0.4275 | 0.4521 0.4640 | 0.4584 | 0.4287 | 0.5053
55.0 | 0.1839 | 0.2256 | 0.1881 0.3133 | 0.3044 | 0.3310
60.0 | 0.2909 | 0.3691 0.4116 | 0.4608 | 0.4038 | 0.5307
65.0 | 0.2953 | 0.3584 | 0.2844 | 0.4873 | 0.4188 | 0.5164
70.0 | 0.1061 | 0.1440 | 0.1572 | 0.1770 | 0.1506 | 0.1372
80.0 | 0.1232 | 0.1094 | 0.1039 | 0.0593 | 0.0213 | 0.0556
90.0 | 0.0586 | 0.0404 | 0.0418 | 0.0140 | -0.0198 | -0.0046
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Table 10b. Measured out-of-phase component of side-force coefficient. Roll-axis
oscillations.

Componentfa, deg/k=0.0371 k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.1779

0.0 0.2293 | -0.3053 | 0.0658 | 0.0759 | 0.1364 | 0.1447
10.0 | 0.1480 | 0.1000 | 0.2558 | 0.0677 | 0.2342 | 0.1866
15.0 | 0.4670 | 0.2649 | 0.4995 | 0.2518 | 0.2951 0.2616
20.0 | 0.5192 | 0.0985 | 0.1672 | 0.1182 | 0.1526 | 0.1761
25.0 | 0.1770 | -0.1940 | -0.0282 | -0.0974 | -0.0810 | -0.0212
27.5 | 0.1599 | 0.2469 | 0.2740 | 0.0501 0.1228 | 0.0408
30.0 | -0.5858 | -0.1358 | -0.2439 | -0.1524 | -0.0638 | -0.1919
32.5 | -1.0657 | -1.3661 | -0.9983 | -0.7950 | -0.6163 | -0.4033
35.0 | -1.5901 | -1.0848 | -1.2104 | -0.9084 | -0.7216 | -0.6148
37.5 | -2.4393 | -2.4381 | -2.0775 | -1.5656 | -1.1642 | -0.8205
40.0 | -2.3031 | -1.9522 | -2.0344 | -1.3683 | -0.8929 | -0.7866

Iel

42.5 | 0.5250 | 0.5444 | 0.3402 | -0.1301 | -0.0809 | -0.0744
45.0 | 1.4551 | 0.9332 | 0.6810 | 0.4220 | 0.3758 | -0.0086
47.5 | -0.2069 | 0.3485 | 0.0101 | -0.8433 | -0.4764 | -0.5636
50.0 | -0.6460 | -0.0776 | -1.2388 | -1.2086 | -1.4195 | -1.0678
55.0 | 1.1938 | 0.7093 | 0.4900 | 0.0150 | -0.0336 | 0.0604
60.0 | 0.7729 | 0.8654 | 0.2764 | 0.1047 | -0.1630 | -0.4845
65.0 | 0.6884 | 1.2056 | 0.0519 | -0.1131 | -1.3147 | -0.6338
70.0 | 0.0819 | -0.1974 | -0.1726 | -0.0998 | -0.0748 | -0.3628
80.0 | -0.7640 | -1.4649 | -1.1196 | -1.2360 | -0.9720 | -1.0373
90.0 | -0.1028 | -1.0847 | -0.9980 | -0.6591 | -1.6847 | -2.0007
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Table 11a. Measured in-phase component of rolling-moment coefficient. Yaw-axis
oscillations.

Componentfa, deg/k=0.0371 k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.1779

0.0 0.0557 | 0.0571 0.0594 | 0.0542 | 0.0559 | 0.0527
10.0 | -0.0188 | -0.0223 | -0.0217 | -0.0209 | -0.0197 | -0.0288
15.0 | -0.0967 | -0.0993 | -0.1069 | -0.1036 | -0.1070 | -0.1083
20.0 | -0.1024 | -0.1039 | -0.1021 | -0.1063 | -0.1110 | -0.1122
25.0 | -0.1283 | -0.1293 | -0.1299 | -0.1365 | -0.1393 | -0.1480
27.5 | -0.1381 | -0.1383 | -0.1266 | -0.1299 | -0.1255 | -0.1230
30.0 | -0.1614 | -0.1310 | -0.1072 | -0.1049 | -0.0957 | -0.0942
32.5 | -0.1975 | -0.1746 | -0.1559 | -0.1281 | -0.1211 | -0.1195
35.0 | -0.2748 | -0.2586 | -0.2381 | -0.2196 | -0.1992 | -0.1789
37.5 | -0.2872 | -0.2662 | -0.2476 | -0.2039 | -0.1901 | -0.1832
40.0 | -0.2696 | -0.2743 | -0.2355 | -0.2185 | -0.1939 | -0.1882
C_:Iﬁ 42.5 | -0.1459 | -0.1656 | -0.1764 | -0.1707 | -0.1744 | -0.1535

45.0 | -0.1222 | -0.1296 | -0.1318 | -0.1336 | -0.1343 | -0.1215
47.5 | -0.0931 | -0.1001 | -0.1004 | -0.1114 | -0.1066 | -0.1023
50.0 | -0.0795 | -0.0850 | -0.0888 | -0.0849 | -0.0889 | -0.0894
55.0 | -0.0489 | -0.0489 | -0.0485 | -0.0561 | -0.0557 | -0.0542
60.0 | -0.0517 | -0.0483 | -0.0473 | -0.0533 | -0.0457 | -0.0450
65.0 | -0.0408 | -0.0409 | -0.0366 | -0.0390 | -0.0371 | -0.0372
70.0 | -0.0276 | -0.0284 | -0.0291 | -0.0329 | -0.0302 | -0.0351
75.0 | -0.0238 | -0.0239 | -0.0239 | -0.0254 | -0.0244 | -0.0253
80.0 | -0.0170 | -0.0178 | -0.0183 | -0.0169 | -0.0118 | -0.0120
85.0 | -0.0145 | -0.0118 | -0.0129 | -0.0101 | -0.0121 | -0.0151
90.0 | -0.0051 | -0.0074 | -0.0009 | -0.0007 | 0.0017 | -0.0028
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Table 11b. Measured out-of-phase component of rolling-moment coefficient. Yaw-axis
oscillations.

Componentfa, deg/k=0.0371 k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.1779

0.0 0.1038 | 0.0528 | 0.1009 | 0.1529 | 0.1248 | 0.0929
10.0 | 0.2514 | 0.2463 | 0.2284 | 0.1923 | 0.2267 | 0.2573
15.0 | 0.2275 | 0.1868 | 0.1560 | 0.1997 | 0.2096 | 0.2040
20.0 | 0.2844 | 0.3813 | 0.3296 | 0.3901 0.3739 | 0.3842
25.0 | 0.2547 | 0.2512 | 0.3751 0.3634 | 0.4274 | 0.3910
27.5 | 0.0975 | 0.1210 | 0.2094 | 0.3197 | 0.3235 | 0.4137
30.0 | -1.2594 | -0.7124 | -0.1764 | 0.0339 | 0.2694 | 0.3344
325 | -1.1117 | -0.9104 | -0.3248 | -0.1709 | 0.0107 | 0.2229
35.0 | -1.5339 | -1.0524 | -0.6853 | -0.5322 | -0.4036 | -0.2989
37.5 | -1.2108 | -1.2361 | -0.9612 | -0.6479 | -0.4567 | -0.2928
40.0 | -1.2149 | -0.9945 | -0.6646 | -0.5499 | -0.4130 | -0.3221
42.5 | 0.5155 | 0.1485 | -0.0047 | -0.1399 | -0.2439 | -0.2865

O

45.0 | 0.3472 | 0.1234 | 0.0197 | -0.0711 | -0.1014 | -0.1212
47.5 | 0.0197 | 0.0755 | 0.0321 0.0135 | -0.0084 | -0.0374
50.0 | 0.2216 | 0.2434 | 0.1267 | 0.1154 | 0.0560 | 0.0740
55.0 | 0.0790 | 0.0676 | 0.2428 | 0.1899 | 0.1855 | 0.1428
60.0 | -0.0412 | -0.0102 | 0.0441 0.0187 | 0.1092 | 0.0885
65.0 | 0.0079 | 0.0378 | 0.0154 | 0.0197 | 0.0518 | 0.0351
70.0 | 0.0555 | 0.0680 | 0.0803 | 0.0762 | 0.0764 | 0.0344
75.0 | 0.0791 | 0.0449 | 0.0248 | 0.0230 | 0.0280 | 0.0393
80.0 | 0.0677 | 0.0703 | 0.1038 | 0.0495 | 0.0421 0.0570
85.0 | 0.0988 | -0.0173 | 0.1675 | 0.0948 | 0.1335 | 0.0996
90.0 | 0.1090 | 0.0351 0.0469 | 0.0407 | 0.0691 0.0613
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Table 12a. Measured in-phase component of yawing-moment coefficient. Yaw-axis

oscillations.

Component|la, deg|k=0.0371 k=0.0593 k=0.089p k=0.11g6 k=0.1483 k=0.17
0.0 0.0686 | 0.0756 0.0784 0.0817 0.0774 0.0971
10.0 | 0.0957 | 0.0985 0.0997 0.1083 0.1059 0.1164
15.0 | 0.0886 | 0.0928 | 0.0889 | 0.0991 | 0.0905 | 0.1104
20.0 | -0.0169 | -0.0073 | -0.0107 | 0.0015 | -0.0033 | 0.0042
25.0 | -0.0738 | -0.0685 | -0.0575 | -0.0611 | -0.0404 | -0.0295
27.5 | -0.0643 | -0.0598 | -0.0628 | -0.0468 | -0.0499 | -0.0308
30.0 | -0.0379 | -0.0682 | -0.0789 | -0.0901 | -0.1089 | -0.0932
32.5 | 0.0485 | 0.0189 0.0026 | -0.0286 | -0.0604 | -0.0455
35.0 | 0.0955 | 0.0856 | 0.0575 | 0.0444 | 0.0217 | 0.0066
37.5 | 0.0990 | 0.0842 | 0.0586 | 0.0166 | -0.0197 | -0.0247
40.0 | 0.1347 | 0.1083 | 0.0900 | 0.0434 | -0.0055 | -0.0281

_n,3 42.5 | 0.1912 | 0.1802 0.1593 0.1347 0.0830 0.0428
45.0 | 0.1262 | 0.1147 | 0.1032 | 0.2488 | 0.0597 | 0.0345
47.5 | 0.0289 | 0.0064 | 0.0053 | 0.3196 | -0.0165 | -0.0299
50.0 | -0.0105 | -0.0251 | -0.0300 | 0.2350 | -0.0514 | -0.0336
55.0 | 0.0064 | 0.0134 | -0.0315 | 0.3081 -0.0133 | 0.0038
60.0 | 0.0819 | 0.0871 0.0514 0.3763 0.0429 0.0262
65.0 | 0.1167 | 0.0966 0.0823 0.4008 0.0639 0.0218
70.0 | -0.0631 | -0.0562 | -0.0592 | 0.2592 | -0.0480 | -0.0618
75.0 | -0.0833 | -0.0851 | -0.0831 | 0.2314 | -0.0938 | -0.0851
80.0 | -0.0524 | -0.0446 | -0.0617 | 0.2434 | -0.0511 | -0.0646
85.0 | -0.0260 | -0.0398 | -0.0385 | 0.2685 | -0.0341 | -0.0523
90.0 | 0.0067 | 0.0074 | -0.0002 | 0.3093 | -0.0030 | 0.0084
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Table 12b. Measured out-of-phase component of yawing-moment coefficient. Yaw-axis
oscillations.

Componentfa, deg/k=0.0371 k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.1779

0.0 -0.7696 | -0.7513 | -0.7474 | -0.7478 | -0.7580 | -0.7660
10.0 | -0.7809 | -0.7005 | -0.7527 | -0.7954 | -0.7711 | -0.7930
15.0 | -0.6904 | -0.6840 | -0.7701 | -0.7778 | -0.7800 | -0.7777
20.0 | -1.0426 | -0.8424 | -0.9537 | -0.9033 | -0.9300 | -0.9629
25.0 | -1.2447 | -1.0885 | -1.1340 | -1.1171 | -1.1045 | -1.1303
27.5 | -1.0309 | -1.0051 | -1.1080 | -1.0507 | -1.0791 | -1.1582
30.0 | 0.7704 | 0.2054 | -0.2155 | -0.4894 | -0.7030 | -0.8039
32.5 | 1.0242 | 0.7483 | 0.2443 | -0.1156 | -0.2741 | -0.4265
35.0 | 0.7701 | 0.6548 | 0.3935 | 0.2732 | 0.1909 | 0.1025
37.5 | 1.2423 | 1.1722 1.0214 | 0.7486 | 0.6235 | 0.4700
40.0 | 2.1476 | 1.7036 1.7573 | 1.3286 | 1.0983 | 0.9858
42.5 | 1.5566 | 1.7716 1.3620 | 1.3903 | 1.5296 1.3853
45.0 | 0.6779 | 0.8042 1.0254 | 1.1466 | 0.9245 | 1.0105
47.5 | 0.3047 | 0.5082 | 0.6091 0.7292 | 0.5482 | 0.4807
50.0 | 0.7284 | 0.5022 | 0.4884 | 0.2342 | 0.4258 | 0.6051
55.0 | 0.7536 | 0.4378 | 0.5457 | 0.6687 | 0.7144 | 0.8218
60.0 | 0.9760 | 0.8150 | 0.8129 | 0.6892 | 0.8533 | 0.7957
65.0 | 1.6615 | 1.3927 1.3356 | 1.2085 | 1.0574 1.2092
70.0 | -0.2518 | -0.3184 | -0.3248 | -0.1049 | -0.1343 | -0.1290
75.0 | -0.2207 | -0.3465 | -0.3335 | -0.1851 | -0.3241 | -0.3004
80.0 | -0.3594 | -0.3025 | -0.2203 | -0.0807 | -0.1698 | -0.3343
85.0 | -0.4654 | -0.4997 | -0.1424 | -0.0324 | -0.1964 | -0.2423
90.0 | -0.0649 | -0.1229 | -0.2202 | -0.2131 | -0.2903 | -0.2440

O
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Componentfa, deg/k=0.0371k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.17
0.0 -1.2071 | -1.2006 | -1.2296 | -1.2580 | -1.2756 | -1.2894
10.0 | -1.3089 | -1.3130 | -1.3061 | -1.3237 | -1.3518 | -1.3503
15.0 | -1.1909 | -1.2256 | -1.2072 | -1.2298 | -1.2244 | -1.2622
20.0 | -0.9923 | -1.0209 | -1.0236 | -1.0474 | -1.0626 | -1.0953
25.0 | -0.8815 | -0.8780 | -0.8983 | -0.9354 | -0.9445 | -0.9943
27.5 | -0.8716 | -0.8775 | -0.8916 | -0.9543 | -0.9531 | -0.9940
30.0 | -0.6809 | -0.7087 | -0.7173 | -0.7513 | -0.7532 | -0.7956
32.5 | -0.3937 | -0.4307 | -0.5104 | -0.5390 | -0.5669 | -0.6307
35.0 | -0.1842 | -0.2331 | -0.2939 | -0.3454 | -0.3863 | -0.4094
37.5 | -0.0391 | -0.0744 | -0.1464 | -0.2134 | -0.2477 | -0.3028
40.0 | 0.0200 | -0.0036 | -0.0931 | -0.1306 | -0.1547 | -0.1717

(_:Yﬁ 42.5 | -0.2125 | -0.1577 | -0.1056 | -0.0863 | -0.0450 | -0.0397
45.0 | -0.1393 | -0.0936 | -0.0327 | 0.0083 | 0.0725 | 0.1223
47.5 | 0.0566 | 0.1150 | 0.1580 | 0.1699 | 0.2397 | 0.2796
50.0 | 0.3130 | 0.3583 | 0.4227 | 0.4224 | 0.4653 | 0.4970
55.0 | 0.0758 | 0.1087 | 0.2009 | 0.2052 | 0.2929 | 0.3268
60.0 | 0.1056 | 0.1425 | 0.1678 | 0.1499 | 0.2317 | 0.3734
65.0 | 0.1375 | 0.1685 | 0.2647 | 0.2849 | 0.3155 | 0.3322
70.0 | 0.0416 | 0.0459 | 0.0674 | 0.0611 0.1194 | 0.1632
75.0 | 0.0255 | 0.0558 | 0.0332 | -0.0046 | 0.0428 | 0.0029
80.0 | 0.0457 | 0.0205 | 0.0571 0.0339 | 0.0301 0.0449
85.0 | 0.0368 | 0.0733 | 0.0894 | 0.0675 | 0.1224 | 0.1106
90.0 | 0.0393 | 0.0338 | 0.0497 | 0.0021 0.0308 | 0.0502

Table 13a. Measured in-phase component of side-force coefficient. Yaw-axis oscillations.
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Table 13b. Measured out-of-phase component of side-force coefficient. Yaw-axis
oscillations.

Componentfa, deg/k=0.0371 k=0.0593 k=0.089p k=0.1186 k=0.1483 k=0.1779

0.0 0.7261 | 0.6392 | 0.8237 | 1.1890 1.3541 1.4379
10.0 | 1.0827 | 0.3108 | 0.8036 | 1.1440 | 1.1683 1.3027
15.0 | 0.8243 | 1.0339 1.0699 | 1.3983 | 1.3053 1.4407
20.0 | 0.9669 | 1.0009 1.4554 | 1.4873 | 1.5582 1.6336
25.0 | 1.4195 | 1.1909 1.9273 | 1.6202 | 1.9135 | 1.9351
27.5 | 1.3266 | 1.5696 1.7907 | 1.5701 1.5969 | 1.7379
30.0 | 1.9311 1.7005 1.9808 | 1.6946 | 1.8877 1.8956
32.5 | 3.6799 | 3.2349 | 2.9141 2.5638 | 2.1983 | 2.3083
35.0 | 3.7730 | 2.7103 | 2.6575 | 2.4252 | 2.1272 1.9476
37.5 | 3.3288 | 3.2430 | 2.9257 | 2.2714 | 1.8962 1.7730
40.0 | 2.3255 | 2.3049 1.9268 | 1.5337 | 1.1640 1.0708
42.5 | -2.6066 | -1.9045 | -1.0118 | -0.9485 | -0.5004 | -0.2662
45.0 | -2.4425 | -1.9047 | -1.5228 | -1.2635 | -0.6128 | -0.4561
47.5 | -1.2037 | -1.1548 | -0.8032 | -0.5239 | -0.0885 | 0.2458
50.0 | -1.4719 | -0.7216 | 0.0742 | 0.5609 | 0.6286 | 0.4907
55.0 | -1.7574 | -1.5515 | -1.6808 | -1.6010 | -1.2863 | -0.9604
60.0 | -1.5675 | -1.8584 | -1.6011 | -0.8926 | -1.2269 | -0.8953
65.0 | -1.9387 | -1.5712 | -0.8955 | -0.1233 | 0.1583 | 0.3807
70.0 | -0.5665 | -0.3958 | -0.5769 | -0.6126 | -0.6725 | -0.0295
75.0 | -0.4481 | -0.2195 | -0.1820 | -0.3372 | -0.1956 | -0.4398
80.0 | 0.0507 | -0.2337 | -0.5623 | -0.5267 | -0.5402 | -0.1111
85.0 | -0.4420 | 0.5036 | -0.7752 | -0.6032 | -0.6948 | -0.4142
90.0 | -0.7074 | -0.5092 | -0.0164 | -0.1749 | -0.4182 | -0.1543
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Table 14. Expressions for aerodynamic coefficients with unsteady terms. Model |.

In-phase \ Out-of-phase
Pitching
21,2
T
m, & lez 2 m, ~ & 12 2
© 1+ rk ¢ 1+rk
21,2
T
N, & lez 2 Ng & ST
“ 1+r1k ! 1+1K
21,2
T
A, @ lez 2 A, 8 l2 2
1+1,k 1+ 1k
Rolling
2k2 T
: L
C, sina —a——=—sna C, —a——=—sna
s 1+17K° ©o 14Tk
C, sna-a——— LS sna ~a— " __dna
N 1+ T2k2 Np 1+ T12k2
21,2
. le . 51 i
sna -a———sna —a———sna
©, 1+ 7 G T e
Yawing
21,2
T,k T,
cosa —a—2—— cosa C, +a———cosa
CYB 1+ Tsz v 1 2k2
2k2
C, cosa —a—* 7,z 050 nr +a 2k2 cosa
Tl
2k2
G cosa —a—+* 22 COST G ta oz 2k2 cosa
1
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Table 15. Expressions for aerodynamic coefficients with unsteady terms. Model II.

In-phase Out-of-phase
Pitching
_a LS Tsz(B—Tsz) LA h Tf(l—Blekz)
S (1+ 72k "Lk (L+ 722)°
a ke k(3-1ik?) Ca b r3(1-3r2k%)
Tk (1+T1k2) T4k (1+r1k2)
Tk 1k2(3 Tsz) T Tl(l 3T12k2)
K a1+T1k2 (1+72k?)° e (1+72k?)°
Rolling
0o rik(3- 1) 0 r3(1-3r2)0

sna - 1 +
“ ?H 12k?

2c, (1+ lez) %&na

C, -l 42
P §1+rfk2

e B

C sina_D 1K 1,k*(3- Tfk2 a Tl(l 3T12k2)D'

s ?ursz 1+T12k2 %a glJ’Tsz W?na
0 e k2(3 )0 o r3(1-3r7k*) 2.
YR i L+ i) %ﬂ ’ qp_gmﬂczm?m

Yawing
_D oy 4k2(3 lekz)D 0 (l 3T2k2
C,, cosa §1+1rfk2+202 L+ 2] %COSG Cﬁ+§1+rlfk2 (1+72?)° %Cosa
20, T r(1-srik)o

C cosa -
1+ Tl

osa
1+ 1] k2 %C

§1+ r2k2

—1+ rsz) %cosa

D 2k2

Tfk2(3 rsz) 0

T
G, cosar - §1+1T2k2 +2c,
1

(1+ e kz) E:osa

G+l
’ §1+Tfk2

(1 3r2k2
1+le2 %cosa
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Table 16a. Comparison of model costs and variances. Pitch-axis oscillations.

Measured s s, J, J,
Data
Ch, ,ENq 0.1685 0.0447 26.955 6.1227
Cnm, ,qu 0.0091 0.0029 1.4487 0.4294
Ca, ,an 0.0054 0.0031 0.8564 0.3994

Table 16b. Comparison of model costs and variances.

Roll-axis oscillations.

Measured s s%, J, NE
Data
Eyp ,Eyp 0.0282 0.0180 3.9242 2.1477
EnB ,Cn, 0.0033 0.0016 0.4561 0.1899
6,3 ,Ci, 0.0012 0.0005 0.1619 0.0629

Table 16c. Comparison of model costs and variances. Yaw-axis oscillations.

Measured

SZI SZII ‘]I ‘]II
Data
Cy,.Cy, 0.0216 | 0.0129 | 3.3053]  1.648(
Ena ,Cn. 0.0035 0.0012 0.3846  0.107(
Gﬁ ,Ci. 0.0011 0.0003 0.1707,  0.0379
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Table 17a. Comparison of model prediction residuals. Pitch-axis oscillations, k=0.0483.

Measured r* re,

Data

Ca, 0.0050 0.0061
Ca, 0.4179 0.4488
Chw, 0.0636 0.0656
Ch, 6.5379 7.3098
Cnm, 0.0030 0.0031
Chn, 0.6608 0.8721

Table 17b. Comparison of model prediction residuals. Roll-axis oscillations, k=0.089.

Measured re re,
Data

C, 0.0079 0.0078
B

C, 0.1298 0.2046
P

C 0.0008 0.0015
B

C, 0.0969 0.1146

C, 0.0204 0.0390
B

C, 0.6384 1.1930
p

Table 17c. Comparison of model prediction residuals. Yaw-axis oscillations, k=0.089.

Measured rs re,
Data
C, 0.0059 0.0046
B
C, 0.2999 0.5145
C 0.0012 0.0010
B
C 0.1005 0.0942
C, 0.0099 0.0095
B
C, 1.2003 1.4700
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Table 18. Estimated model parameters. Model |.

Measured Parameter
Data T, b,, sec T,, sec

Pitching

Cw,,Cn, 18.5+ 0.46 4.22+ 0.11 0.24+ 0.01

Cnm,,Cnm, 21.3+ 0.81 3.67+ 0.14 0.27+ 0.01

Ca,,Ch, 18.1+ 0.42 4.33+ 0.10 0.23+ 0.01
Rolling

Cy,,Cy, 7.54+ 1.13 5.62+ 0.84 0.18+ 0.03

Cn,,Cn, 13.7+ 1.43 3.09+ 0.32 0.32+ 0.03

C,.C, 12.0+ 0.80 3.54+ 0.24 0.28+ 0.02
Yawing

Cy,,Cy, 9.96+ 0.98 4.25+ 0.42 0.24+ 0.02

Cn,,Cn, 12.7+ 1.24 3.35+ 0.33 0.30+ 0.03

C,.C, 12.3+ 0.55 3.46+ 0.16 0.29+ 0.01

Table 19. Estimated model parameters. Model Il.
Measured Parameter
Data T, b,, sec T,, sec

Pitching

C,,Ch, 19.75+ 0.58 3.96t 0.12 0.25+ 0.01

Cn,,Cn, 22.35+ 0.96 3.50+ 0.15 0.29+ 0.01

Ca,,Ch, 19.92+ 0.84 3.92+ 0.17 0.25+ 0.01
Rolling

Cy,,Cy, 17.81+ 1.73 2.38+ 0.23 0.42+ 0.04

Cn,,Cn, 15.25+ 1.34 2.78+ 0.24 0.36+ 0.03

c,.C, 16.96+ 1.11 2.50+ 0.16 0.40+ 0.03
Yawing

Cy,,Cy, 16.27+ 1.38 2.60t 0.22 0.38+ 0.03

Cn,,Cn, 10.61+ 0.83 3.99+ 0.31 0.25+ 0.02

C,.C, 13.21+ 0.52 3.21+ 0.13 0.31* 0.01
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Table 20. Minimum and maximum values of standard errors of estimated parameters.

Model I.
s(a *
Measured () S(Cfx (oo))
Data min | max min max
Pitching
Ca, 0.0073 0.0133 0.0329 0.0330
an 0.0769 0.1122
Cn, 0.0399 0.0765 0.1846 0.1849
Cn, 0.4232 0.6461
Cnm, 0.0079 0.0167 0.0428 0.0429
Chm, 0.0886 0.1478
Rolling
C 0.0075 0.0425 0.0260 0.1497
Mg
C, 0.0480 0.0695
C 0.0050 0.0287 0.0155 0.0893
B
C, 0.0309 0.0513
Ey 0.0454 0.2583 0.0778 0.4435
B
C 0.2233 0.4501
Yp
Yawing
C 0.0085 0.1034 0.0300 0.3448
Mg
C, 0.0576 0.0903
C 0.0048 0.0548 0.0152 0.1741
B
C 0.0298 0.0491
Cy 0.0287 0.3259 0.0670 0.7685
B
C 0.1515 0.2406
Yr
*where §,=A A, Ny, N, m,,my,ng,nyle 1 Ye, Yonl, or Y,
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Table 21. Minimum and maximum values of standard errors of estimated parameters.

61

Model II.
s(a A 3 "
Measured @) {€;)x10 S(Cx(oo))
Data min | max min | max min | max
Pitching
Ca, 0.0078| 0.0198 0.0257 0.0351 0.0252 0.02%6
Ca, 0.0863 0.1523
Cn, 0.0301| 0.0776 0.0991 0.1749 0.0952 0.09%6
Cn, 0.3308 0.5903
Chn, 0.0055| 0.0135 0.0188 0.0364 0.0243 0.0245
Cn, 0.0676 0.1106
Rolling
C 0.0051| 0.0280 0.0582 0.3285 0.0186 0.1048
L
C, 0.0361 0.0586
C, 0.0029 | 0.0251 0.0293 0.1718 0.0106 0.0623
B
C, 0.0187 0.0397
C, 0.0188| 0.1068 0.1699 0.9533 0.0625 0.3581
B
C 0.1047 0.2027
Yp
Yawing
C 0.0095| 0.1308 0.1000 1.4000 0.0178 0.20%2
L
C, 0.0546 0.0965
C, 0.0026 | 0.0378 0.0307 0.3718 0.0077 0.0893
B
C, 0.0184 0.0371
C, 0.0141| 0.4504 0.1000 1.9000 0.0526 0.6524
B
C 0.0956 0.1420
YI'
*where &,=A,, A, Ny, Ny, My, mg,ng,n g 1Y e, Y ol or Y,
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Figure 2. 19%-scale X-31 model (with reduced vertical tail) mounted on forced-oscillation
test rig in the NASA Langley 30x60-Ft. wind tunnel. (NASA L-94-08995)
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Figure 3. Measured in-phase and out-of-phase components of normal-force coefficient.
Pitch oscillations.
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Figure 4. Measured in-phase and out-of-phase components of axial-force coefficient.
Pitch oscillations.
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Figure 5. Measured in-phase and out-of-phase components of pitching-moment
coefficient. Pitch oscillations.
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Figure 6. Measured in-phase and out-of-phase components of rolling-moment coefficient.
Roll oscillations.
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Figure 7. Measured in-phase and out-of-phase components of yawing-moment coefficient.
Roll oscillations.
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Figure 9. Measured in-phase and out-of-phase components of rolling-moment coefficient.
Yaw oscillations.
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Figure 10. Measured in-phase and out-of-phase components of yawing-moment
coefficient. Yaw oscillations.

71



0.5

0.0

Cy;-0.5

-1.0

1.5 |
4.0 _

3.0

2.0

e
L 4
!

1.0

ey

0.0

-1.0

-2.0

O
I S I o v

—3_0 L L L 1 L 1 1 1 L L L 1 L
-20 0 20 40 60 80 100

Figure 11. Measured in-phase and out-of-phase components of side-force coefficient.
Yaw oscillations.

72



2.00

1.50

/
1.00 /
0.50 /
0.00
-0.50
0.10 =

A\

e

e

0.05

/

0.00

Y
/@/

-0.05

-0.10 Wﬁ\@\@\%ﬂ

-0.15 e
0.00

-0.02

o N

IR AR
-0.08: x’ :

B hed \ i
-0.10F |

_012 I I I I I I I I I I I
-20 0 20 40 60 80 100

o (deg)

Figure 12. Variation of longitudinal coefficients with angle of attack. Static data.

73



3.5

NN
25f
CNa 1.5: X

==
" I

_0_5: I
0.2

0 IW\
o o |

N %
o\ )
oe Yo/

0.3:\\\ T T T T
0.2 A

o1 LA

- fw
o2 L \
\
X\

_0.5: T T T T R T [ R
-20 0 20 40 60 80 100

o (deg)

Figure 13. Variation of longitudinal stability parameters with angle of attack. Static data.

74



J

o
s

1

)

\
D —

A
\ z

S
>

-0.2

/@/

-0.3

-0.4

§@/

By
o
o o
S
&

\SR@\

|

_15 I I I I | | I I I I I |
-20 0 20 40 60 80 100

a (deqg)
Figure 14. Variation of lateral stability parameters with angle of attack. Static data.

75



0-08 7\ T T ‘ T 1T T 1T T 7 T T (X=10: o + o (1240:

- ; —8 - 0=20, —A - - 0=60,

r b — o— - 0=25 — - o - - 0=70

N - - - -0=30 —m- - - 0=80
0.04 | . ]
B [g\ ) o ]
L | B A i ]
L S +7 - R 4
C 0 L \7 o~ E < R — ]
! § ¥ o -w ¥ ~ _ & 1
B s s ~E ™~ — ]
L + Sx - -7 4
- e ) - 1
0.04 [t i N—
_0.08 7\ L1 1 : I I I I I | T I I - L1 \7
0-15 7\ T T [ T 1T T 1T T 7 T T 1 T T T 7 T T T 7T T 17 1T \7
§ X 1
0.1F LN ——oe—— 0=10 _
0.05 - =
Ca 0 - .
-0.05 | ]
0.1 " ]
_0.15 7\ L1 1 : I I I I I | T I I - L1 \7

-0.4 -0.2 0.0 0.2 0.4

Qb/2v

Figure 15. Measured rolling and yawing-moment coefficients from rotary-balance test.
(Ref. 8)

76



Q

0.4

0.3

0.2

0.1

0.25

-0.25

L /\6 ]
: AR\ z
: AR :
: // -7 /j,'—ki’i\’\'\‘ - ,/§§
- % o AQb/2V=0.1 ]
C s / — 5 AOb2v=02 1
- g — o - AQb/2V=0.4 ]
B s -~ x - - AQb2V=0.6 ]
. " - % - - AQb/2v=0.8 ]
:\ L1 | { I | I N Lo ‘ I N ‘ I ‘ L1 | \:
i s i
i ~— \
N ;/ TS S \;
= //, S — 1
I e TERLTTTS
I %{ 7
7\ L1 | { I I N Lo I N I L1 | \7
0 10 20 30 40 50 60 70 80

a (deg)

Figure 16. Rate derivatives estimated from rotary-balance test.

77



3.5 r I Measured:
B ; o k=0.0201

B : O k=0.0322
3.0F 7 ~ o k=0.0643
B A k=0.0957

C V*!KA Estimated:
250 144,000 B vy
- %‘ ‘xs“,.$§ — & - k=0.0643
2.0F ’&, >y - - & - - k=0.0957
Cn, - g ¢ et A -
1.5- . ﬁm & ]
1.0°" \iv \5{ Al |
- OO -] ‘\ \A H ]
0.5: W\E\Q\\%\A :
r Model | g ]
00 C [ \ | | f | b
3.5¢ | | -
3.0" (e SN :
250 8a .
- %?AiAAﬁiii .
20" X; % .
R
1.0" 5 \E\ 2 ]
- éfv i S ]
0.5 » W g '\f 1
- Model Il w ]
00 C | | ‘ | | | | | | | | | | [ | | i

-20 0 20 40 60 80 100

Figure 17. Measured and estimated in-phase component of normal-force coefficient. Pitch
oscillations.

78



5 O I T ! T T |
| o =001 Model I
401 5 Koo ]
1 A k=0.0957 ]
i Estimated: i
| — e k=0.0201 ]
30 —= -«k=0.0322
_ H — & -k=0.0643 A
Cn, M - - & - - k=0.0957 ]
20 : :
10" :
i ;\‘D‘«fi/ ]
0 B L ‘ L | L ‘ L L { i
5 0 [ T [ T T T |
40t .
30, :
Cn, i ]
20 : :
10 - :
(o i |
-20 0 20 40 60 80 100

Figure 18. Measured and estimated out-of-phase component of normal-force coefficient.
Pitch oscillations.

79



0.05

—e— k=0.0371

L s i
0.00} oM ]
= A‘ —
-0.05F ]
Clp -0.104 Measured: ]
- o k=0.0371 :
r O k=0.0593 ]
L o k=0.1186 ]
-0. 15 N A k=0.1779
L Estimated:

- ~ k=0.

0.20 —% 7k:8.gigg .
~ & k=0.1779 .

-0.25 7

0.05 o

Mo:del I

.05

1
o o
o
o
T 1T

C, -0.10

-0.15

-0.20

_025 I I I I I I I I I I [ I

1
N
o
o
N
o
N
o
»
o
(0¢]
o
-
o
o

Figure 19. Measured and estimated in-phase component of rolling-moment coefficient.
Roll oscillations.

80



2.0 ‘ ‘ S

. Modell | Measured: :
i o k=0.0371 |
O k=0.0593

1.5 i o k=0.1186 [

N A k=0.1779 |

B Estimated: 1

1.0 T oo

C I — & -k=0.1186 |1

'o - - -a--k=01779 |-

0.5}

0.0} ;': ,,,,,,,,,,,,,,,,,, N

-8 ggﬁ A

-0 i 5 L [ \ | [ ]

2.0 r ‘ ;

" Model Ii .

1.5 | f )
1.0 ¢
C, i
0.5
0.0 :

'05 [ . L L ‘ |
-20 0 20 40 60 80 100

Figure 20. Measured and estimated out-of-phase component of rolling-moment coefficient.
Roll oscillations.

81



0.20

0.15

0.10

0.05

0.00

-0.05

-0.10

)
rrrr|yrrrryrrrr{yrrr 1| rr1rr 7 rrTr T [ 1T TTT

Modell
'015 ‘ L L |

0.20

0.15

0.10

0.05

0.00

-0.05

-0.10

=
rrrr|yjrrrryrrrr{yrrr1r[rr1rr [ r T T T [T TTT

_0.15\ \‘\ 1 1 L 1 L 1 \E\\
-20 0 20 40 60 80 100

Figure 21. Measured and estimated in-phase component of yawing-moment coefficient.
Yaw oscillations.

82



2.5 I | NS S NS S S — t T T t T T

; Measured: 3 Model | ;

2.0 H o k=0.0371 ﬂ ) ]
i 0 k=0.0593 /# 1

1.5 | 5 S :
I I B

] =0. / : ]

1.0 1= —Efo.0593 #Hvi// ‘\ ]
Co 0.5 | o lcouEs | TRdg vl -
: HAER N

0.0 ? —
C / & b
0.5 " //,l Q;,ﬁ;‘ ®
z 4 T
-1.5 : L L | | | | :
2.5 - .
2.0 © :
15 F :
1.0 - ]
Cn 0.5 © ]
0.0 - ]
0.5 | :
1.0 | :
'15 i . . | 1

-20 100

Figure 22. Measured and estimated out-of-phase component of yawing-moment
coefficient. Yaw oscillations.

83



Pitch: S2

Roll: &

Yaw: S2

[ 0.17

[—0.0012

—0.0091

0.0029+

|
o
o
S
@
a

-0.013 -+

[ Modell
[] Modelll

Figure 23. Comparison of mathematical model estimated variances.



Pitch: J
Roll: J
Yaw: J

0.4

1.4

0.19

3.9

I I
N
[EY

0.38

— 27
i T
C
N
E 1
: 0.063
C|

—0.17
1
]
C

w
w

1.6

O
[

Model |
Model Il

Figure 24. Comparison of mathematical model costs.



3.5

2.5

1.5

——o—— Measured
+ Model |
: X Model Il I N

3 5 T T

0.5

g\

N
\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\
x|

?&%

30

25

20

15

10

=
oo :
e

-20 0 20 40 60 80 100
a (deg)

Figure 25. Measured and predicted in-phase and out-of-phase components of normal-force
coefficient. Pitch oscillations, k=0.0483.

86



0.05

0 X
\é} .

S
o
(63}
/)“‘
[

Ol
=)
=
=%
E&X/@

r ——o—— Measured
-0.15 —| T Modell 1
L X Model Il i
02 ¢~ | | ]

0.8 /%
0.6 f ]
| f
" ]

o (deg)

Figure 26. Measured and predicted in-phase and out-of-phase components of rolling-
moment coefficient. Roll oscillations, k=0.089.

87



0.2 | |

} ——o—— Measured
+ Model |
x} X Model Il

i

0.15

L—

T 17T
¥
X —

o

=
P
A
e

Cn, 0.05

(@)

T T

9\
+X

T 17T
R
—————
o)
L
I I N O |

-0.05 @ﬂ &\%/

- Ko
F A

Ol
=
o
o (03]
rrrr|yjrrrryrrrr{yrrr 1| rr1rr[ 1T T T [ T T TT
+
X
X
P
I I o v

-0.5
. |
R
_15 | | | | | | | | | | | |
-20 0 20 40 60 80 100
a (deg)

Figure 27. Measured and predicted in-phase and out-of-phase components of yawing-
moment coefficient. Yaw oscillations, k=0.089.

88



r \ ]
B — o k=0.00 |
0 K&\ L om |
B N % - % - k=015 f -
005 F %ﬁi\ﬁw k=020 | °
B ¥ 3 ]
r it i\é—\\%g/ % 1
C, -0.1F %\\A\\\ T /é\\;&\;g =g .
- \\‘I’XA# i
-0.15 | e ]
- X\IJZ §
-0.2 - 1
C \7/ Model | ]
'025 B L 1 | B
0.05 . 7
0 L s ]
B %g N ]
0.05 | Y g ]
- : Ko w §
c, 01 o g e
‘3 : \X‘ *# T
-0.15 - o / ]
: %Z .
0.2 ]
C Model Il ]
'025 B L 1 | B
0 20 40 60 80 100
a (deg)

Figure 28. Predicted in-phase component of rolling-moment coefficient using roll
oscillation models.

89



L [ ]
15 | ) — o |-
| oy ol
1+ ff L k=020 |+
- / &4 ]
05 - 0 .
SR |
0O C st @g//{\ /é ]
E g é{%@ y - *T%‘N E
0.5 " :
1- :
r Model |+
'15 L I I [
2 C ﬁ |
P ?
10
05 //J%i i |
o : f/ ﬁﬁ&g J z
o Mﬁ*ﬁ‘f f R e
1- :
B Model Il
'15 L I I [

0 20 40 60 80 100

Figure 29. Predicted out-of-phase component of rolling-moment coefficient using roll
oscillation models.

90



-0.0685 ‘ ‘

Model |
—— - Model Il

-0.069

-0.0695 \

Cr, (©)

I B s ey
Q
11
o
o

_—

-0.07

-0.0705

/
|
|
|
|

-0.071
01 T T T

\

0.05

NN

O
3
o
I
L

-0.05

-0.1

a=40°

-0.15
-0.3

)

a=80°
-0.31

///

-0.32

///

=T 1T 17T

>

Cy, (0 -0.33

-0.34

e
/

-0.35

|
|

|

-0.36

o
al
o
=
o
o
=
a1
o
N
o
o
N
a1
o

—t

Figure 30. Comparison of indicial responses of Models | and II.

91



B —©S—— Model
-2 —= ~ Model Il |1

a4 N
. R
0 E\\gg/j \%ﬁ

_0_17 [
0147 T T T

: L
. [700
oAl

’ e

_0_17 [ [ [ [ [ L
-20 0 20 40 60 80 100

a (deg)

Figure 31. Comparison of estimated "a" vectors from Models | and II. Pitch oscillations.

92



0.1 g %
0.05§

: |
0 055 ) L\\ 7 !JWQ\%@%@@M

A W
aC 0.1} - 3%9 _ |
0.15" MZH
_0.2E \&UX\ F I I

g \W/M —F= - Model Il g

-0.25 i |
030 o

0.3 —

oM
a, C O %\ A \
|

'0.27\ | |
0.8 ———

i

0.6 ¢
0.4: TT/

A
A

0 - i3 I ne T e

z
b
i
N

)

0.2t 5
-0.4 o % /

-0'67 ‘ : : L I I ! ! ! ! I | ]
’ = 0 60 80 100

k%m/

Figure 32. Comparison of estimated "a" vectors from Models | and Il. Roll oscillations.

93



0.15 ——
0.1°F
0.05|

Btots
=z 1
@]

&
4

a,C .0.05
_0_12 \ \

-0.15¢© % | 4

-0.2 %L

-0.25
0.4 T T T

0.2 f\g%
: “ 2 PR,
\

-0.4 |

&
®
t

%

0.50

e

LT N

VY Y

—17\ | | 1 L 1 | | | L L | | 1 L 1 |
-20 0 20 40 60 80 100
a (deg)

Figure 33. Comparison of estimated "a" vectors from Models | and Il. Yaw oscillations.

94



|

M

NN T

pAYSANRIL

111111




0.0008 —

0.0006 |-

0.0004 . A [}
2" i
0.0002 |

I
o0 .

0.001 il
0.0005 T 7& Fort ] ﬂ Z/ \

C,CY O:

.

-0.001 1 y

_ 0 . 0 O 1 5 [ T I 1 I I I I I I I I I I I L

0 20 40 60 80 100
o (deq)

Figure 35. Estimated ;tvectors from Model Il. Roll oscillations.

2 -0.0005 - / H
]
|

| |
Y
[

96



c

2’

C.
2

0.002

0.0015 - /

0.001 |
c /
0.0005 - /1

f% N /%\
Y

-0.0005 [+ .
0.002 .+

0.001 l W
; BEa/AIN

-0.001 ?

0.002 ~———F——F—— 77—
of o Aariad Ay

-0.002 -

-0.004 | \

o004 |

-0.006 | \

-0.008 -

0.01 "

_00127 [ [ [ [ [ Loy
-20 0 20 40 60 80 100

a (deg)
Figure 36. Estimated ;tvectors from Model Il. Yaw oscillations.

97



3'5 T T T T I ‘ ]

e N i o Measured static data -
L | ———+—— Modell
oo T | <o Model I

1

A

O

2.5

Cy,(®) 1.5

0.5

-0.5 1 1 |

-0.2

-0.4

-0.6

-0.8 i 1 1
0.3 | :

0.2
0.1

Cry (=) 0.1

-0.2

-0.3

-0.4 i
i

,
!

—0.5 | | i | | | | i | | | | |
-20 0 20 40 60 80 100

a (deg)

1
i

TTTT TTTT TTTT TTTT TTTT TTTT TTTT LI
O

Figure 37. Comparison of longitudinal stability parameters from static data with estimates
from Models | and Il using pitch oscillation data.

98



0.1

! : | P

o o Measured static data
< o ——+—— Model |
0 : o Model Il

T T 1
@]

-0.1
c, ()
-0.2

-0.3

0.4 |
0.3

0.2

0.1

O
&
1T T 11T T LI LI LI

(¢]

J¥e,

O
=

&

L —

g1

5

—1_5 | | i | . | | i | | | | i | |
-20 0 20 40 60 80 100
a (deg)

Figure 38. Comparison of lateral stability parameters from static data with estimates from
Models | and Il using roll oscillation data.

99



0.1 :

o Measured static data
——+— Model |
o Model Il

-0.1
c, ()
-0.2

e

T,
A
N

—

-0.3

-0.4
0.4

o
(6]
T T
@]
I

O
=
3
o
T

7

T T
O
o
Ll

—1.5 | | i | | | | i | | | | i | |
20 0 20 40 60 8 100

a (deg)

Figure 39. Comparison of lateral stability parameters from static data with estimates from
Models | and Il using yaw oscillation data.

100



i é&o o  Static data
L 4\ | —+— Roll axis prediction
0 | —* - Yaw axis prediction

=

P -

2
o

o1
Gy, () \Z
© el

-0.2 \

-0.3

0.4 | ‘

0.2

- i %@ Ag/j o\\ 1
Cpy(®) -0.2 - ; /
E W

-0.4 \

0.6 | \ 1

08 | |
1.5 : —

O
B
o
3
5

-
/

22 op
B J) SRR i S
-20 0 20 40 60 80 100
a (deg)

Figure 40. Comparison of lateral stability parameters estimated from roll and yaw axis
oscillation data. Model .

101



0.1 T T T I I I I I I I I I I I

o Measured static data
—+— Roll axis

—4 - Yaw axis

o
R
)/
—

e \ -

N G

-0.2 |
3

-0.1
G, ()

e
-

T T 7T
ﬁ
|

-0.4 -
0.4, 1
0.2 ‘ /] ZA}\ |

ey A |

-0.4 -
-0.6 L \ |
i A ]
-0.8L |
1
r N ]
r . ]
L / |

o

(6)]
~

<

iy
.
/

.y

4

s&&fﬁ

_15 | | [ | | | |
-20 0 20 40 60 80 100

o (deg)

T T T
>

Figure 41. Comparison of lateral stability parameters estimated using roll and yaw axis
oscillation data. Model II.

102



CNq ()

12.0 (v
10.0
8.0
6.0

4.0+t

= O

=
o1 O uvlo
TT T T 1T T T 17T T T

0.0 -
0.5
10"
1.5 "

_2_0:\ [
-1.07\ I

1.5
2.0°
25"
3.0
3.5

-4.0 -

a (deg)

=
Rﬂ |
L
/é\ié{/ O f}
CA T
v
——
i)
his
f ¥ Ny
Y
L.
s
% !
WAl
Ay
AV

100

Figure 42. Estimated pitch rate stability derivatives.

103



G, ()

Cy, ()

0.4
031

0.2

01"

0.2 "

0.2/
0.2
0.4 F

0.6 -

0.8 -

05,
0.5 -
15 ¢

25"

e p T e
,E\%/\\ |
s
Al \W\/
% S D D
[
sl /
Lo
Y A
br o bad
ST
RGNS A A
e T
WEgel A
gv W\

010

0

0

0-
_1f

20

0.3

100

Figure 43. Estimated roll rate stability derivatives.

104



T ] T T T ‘ T T T ] T T T

0.8

—oc—— Model | I._

Foo
C /ﬁ\ —8 - Modelll § ]
0.6 [ : 1

A

02" P

0 - | &ﬁ @/Q\%W
-0.2E %@é ﬁ
-0.4 g

—0.6 : | | | } | | 1 | | | } | 1 | | | | } 1 | |
1.5

Vel
%

-0.5
-1 f W

-15 i T i T T 1 T T 1 T
25 T T T

A

TN W7
Wil A
RAN R,
o5t ERERTY

_1f

—1_5 E | | | i | | | | | | i |
-20 0 20 40
a (deg)

0 80 100
Figure 44. Estimated yaw rate stability derivatives.

105



0.4 ‘ ‘ :

f\( — ROtc? Balance

J!*X\ X Modall
;A F I N

0.3

0.2

0.1

Q

-0.1

-0.2

&
AN

\\\\\\\\\\\\\\\\\\\\\m\\

-0.3
0.8 !

0.6 - 4

0.4 o

02 & +7/x .

B + + i
0.2 | %i&@f /* . 7
- X + b
0.4 )%f%%; ]
0.6 B XX ]
0 20 40 60 80 100
a (deg)

Figure 45. Comparison of rotary derivatives estimated from rotary-balance data with
estimates using steady-state parameters from Models | and II.

106



0.4\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\\\\\\\\\ﬁ

030 —= " Model I I /D\& py
C o Digital Datcom / ]
0o f A DYNAMIC I 1
. 0.1F / .
G (e - / ]
p 0 74/ :
C o ]
-0.1°¢ 5 f ;
L z [ A 4
-0.2 % Ao s ?X\&/ .
- A g ¢ A a A ]
_0.3 7\ Ll L1 \\[ I I A\\ L1 I I I I Lo ““4
0-4 7\ LI T 1T T 177 T T T 177 T T T 17T \\\\7
0.2 | .
0 4 A a4 a A A, N /:M\ i
- T e— 1 {\ ]
-0.2 : : < s A m\ A E‘
Gy v
-0.4 B &ﬂ
L < |
-0.6 - ° .
r <&
-0.8 | i
- l 7\ Ll | I I Ll I I I I | \\\\7

0 5 10 15 20 25 30 35 40
a (deg)

Figure 46. Comparison of estimated roll rate derivatives with theoretical predictions.

107



1 \\\\‘\\\\‘\\\\‘\\\\\\\\\\\\\\\\\\\\

L[ —e—— Model I I ]
0.8 | —= - Model I N
- o Digital Datcom I /3 B
0.6 [ A DYNAMIC ]

0.4 - /ﬁ’ i \\A 1
C(® 0.2° N W I :
I T e s b 4
s 44 N
. A
-0.2 | -
-0.4 F .
_0.6 7\ Ll | I Ll I N I Lo I
1-5 7\ L T 17T T 177 T 17T T 17T T 177 T 17T \\\\“
1 :
- }3

0.5

O
ﬁ:
&
o
I
Ll

3
olo © o 0iC 0 % b
éééiAA :

05ttt ) ]
E%\\\ E/ﬂR::\A baa A g/ A i‘
! - T Snas i
_1.5 7\ L1 I I I I | | I | I I I I | | | \\\\A
0 5 10 15 20 25 30 35 40

a (degq)
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Figure 49. Comparison of estimated yaw rate derivatives with combined predictions.
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Figure 50. Comparison of estimated rotary derivatives with theoretical predictions.
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