
I
L\

“

MATRTX

NATIONALADVISORYCOMMITTEE
FORAERONAUTICS

METHODS

TECHNICALNOTE 2902

FOR DETERMININGTHE LONGITUDINAL-STABILITY

DERTVATlS7ESOF AN AIRPLANEFROM TRANSIENTFLIGHT

J.Donegan

DATA

LangleyAeronauticalLaboratory
LangleyField,Va.

Washington

-.. . ---- - .—. —-- ...-..-



.

NATIONALADVISORYCCNMITI’EEFORAERONAUTICS
ZIii;tiiilll~obs’m~
—

TECHNICJLNOTE2902 ...

MATRIXMETHODSFOR’DEWERM3XDtGTHELONGITUDINAL-STABILITY

DERIVATIVES“OFAN AIRPLANEFROMTRANSIENTFLIGHTDATA

By JamesJ.Donegan
)

sWY

Threematrixmethodsarepresentedfordeterminingthelongitudinal-
stabilityderivativesfromtransientflightdata. Onemethod,which
requiresfourmeasurementsintime-historyformandutilizestheincre-
mentaltailloadtoseparatethepitching-momentderivatives~ ~d
C~, permitsthecomputationofallthelongitudinal-stabilityderiva-
tives.A secondmethodrequiresthree.measurementsandonesupplemental

assumption,namely!!%
%;

= constant.Thismethodgives

mationfortheleastamountofwork. Thethirdmethod

measurementsandtwosupplementalassumptions,namely

themostinfor-

requirestwo
c
~= constant0%6

and &=~C ~ (where~ and C~* aretheelevator-effectiveness

derivatives,~ isthetaillength,and ~ isthemeanaerodynamic

chord). An inspect-ionoftheresultsobtained,forthevariousmethods
showsthescatterwhichistypicalofthistypeof analysisofflight
data.

INTRODUCTION

Thedeterminationofthelongitudinal-stabilityderivativesfrom
flightdataisa relativelydifficulttaskbecausethewind-tunnel
techniqueofpemnittingonlyonevsriableto changeata the, while
constrainingalltherestofthevariables,cannotalwaysbe used. It
isintheanalysisofsuchflight-testdatathatmatrixtechniques
employlngtheequationsofmotionseemtobe particularlyuseful..

Currently,muchworkisbeingcarriedoutonthedeterminationof
stabilityderivativesdirectlyfromflightdatabutas yetthisworkis

.
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2 NACATN 2902

stillinthepreltiinarystages.Thematrixmethodsforthe.detezml.na-
tionofstabilityderivativesfromtransientflightdatathatare
developedhereinareanadditiontothiswork. Thepreviousworkdone
onthedeterminationof longitudinal-stabilityderivativesisextensive,
andno attemptismadetosummarizeitsincethissmmarizationhasbeep
adequatelydoneinreference1.

b thepresentpaperthreemethodsaredevelopedandpresentedfor
determiningthelongitudinal-stabilityderivativesfromtransientflight
data. lhthesemethodstheexpressionsforsomeofthestabilityderiv-
ativesareintheformgenerallyusedinstabilitycalculations.The
ftistmethodrequiresthecombinationof fourmeasurementsinttie-
historyform,twoofwhichmustbe incrementalelevatordeflectionand
incrementaltailloadandtheothertwomeasurementscanbe chosenfrom
a possi%lethree,namelyticrementalloadfactor,pitchingvelocity,
andangleofattack.Themethoddemonstratestheuseofthetailload
toseparatethepitching-momentderivatives~~ and ~ and deter-

minethe-downwashderivativea~ik

Thesecondmethod,whichismorerestricted,requiresa combination
ofthreemeasurements(intime-historyform),oneofwhichmustbe incre-
mentalelevatordeflectionandtheothertwomeasurementscanbe chosen
froma possiblethree,namelyincrementalloadfactor,pitchingvelocity,
andangleofattack.Thismethodalsorequiresonesupplement@assump-
tion,namely~=1-%~,where X isa constant.

Thethirdmethodusesa combinationoftwomeasurements(intime-
historyform),oneofwhichmustbe incrementalelevatordeflectionand
theotheronemaybe chosenfromincrementalloadfactor,pitching
velocity,angleofattack,andsoforth.Themethodalsorequirestwo

supplementaryassumptions,namely~ = l.C@ and ~=>CL5 (where
c

Cmb and C
%

aretheelevator-effectivenessderivatives,~ isthe

taillength,and C isthem.+anaerodynamicchord).Byusinga modi-
ficationofthethirdmethod,itis shownthatconsiderableinformation
canbe obtainedfroma singletimehistory.

Themethodsaredemonstratedby applyingthemto flightdata
obtainedfromtestsofa mediumjetbomber,anda comparisonofthe
derivativesobtainedby thevariousmethodsgivesan indicationofthe
accuracywhichcanbe expectedfromdataanalysisbymatrixtechniques
basedonthelongitudinalequationsofmotion.“

I
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SYMBOIS

wiIlg span, ft

meanaerodynamicchord

constantsdeftied

liftcoefficient,

rateofchangeof

inappendixE

‘L/qS

airplaneliftcoefficientwithangleof
attackperradian;seeappendixE

rateofchangeof liftcoefficientwith
perradian;seeappendtiE

rateofchangeof liftcoefficientwith
appendixE

rateofchangeof liftcoefficientwith
per.radian;seeappendixE

pitching-momentcoefficientofairplane,

elevatordeflection

.
a perradian;see

pitchingvelocity

rateofchangeofpitching-momentcoefficientwithangle
OZattackperradian;seeappendixE

rateofchangeofpitching-momentcoefficientwithelevator
deflectionperradian;seeappendtiE

rateofchangeofpitching-momentcoefficientwithpitching
velocityperradian;seeappendixE

rateofchangeofpitching-momentcoefficientwith & per
radian;seeappendixE

pitching-momentcoefficientofhorizontaltailsurface,
%l%st~t

accelerationdueto gravity,ft/sec/sec

airplanemomentof inertia,

airplaneradiusof ~ation

lift,lb

slug-f+

aboutpitchingaxis,ft

.
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m

M

n

s

St

t

v

w

airplanemass,W/g,Slugs

pitchingmomentofairplane

airplaneload.factor

QV2lb/8qftdynamicpressure,~,

wing‘area,sq ft

horizontal-tailarea

time, sec

true velocity,ft/see

airplaneweight,lb

lengthfrom’centerof gravityofairplanetoaerodynamic
centeroftail(negativeforconventionalairplanes),ft

Kl>K2tq)% coefficientsoftransferfunctionrelating0 and 5;see
appendixE

a wingangleofattack,radians

% tailangleofattack,radians

7 flight-pathangle,radians

e angle of

5 elevator

E downwash

pitch,a + Y

deflection,radians

~gle, radians

.

~t tailefficiencyfactor,!ltlq

P massdensityofair, slugs/cuft

T dummyvariableof integration

‘.
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Matrix

II II

[1
{}
Ilcll

!bll,h

Subscr:

i

t

W-B

notation:

rectangularmatrix

squarematrix

columnmatrix

integratingmatrix(seetableI)

1,1IE!I rectangularmatricesdefinedinappendixE

-pts:

denotesrowelementsinmatrix

tail

wing-budycombination

Forsignconventionswed, seefiWe’1. “

A dotovera symboldenotes
the, andtwodots
respecttotime.

ThesymbolA
variablessuchas

overa symbol

referstoan
y, At, Aa,

thefirstderivativewithrespectto
denotethesecondderivativewith

incrementalvalue.Intermediate
Aq,.andAV andtheco~t=t Klo

aredefinedinappendtiE.

OUTLINEOFMETHODS

.
Thethreemethodsarebasedonthelongitudinalequationsofmotion

forhorizontalflightandusematrixmethodstoanalyzettiehistories
ofmeasuredquantities.me equationsofmotion.usedine“achofthese
methodsareexpressedintheform

(1)

(2)

. . - ...-—— -. —.— .c— —- —. -.— .. —.—.. .—--— .——.— -_.,___-——.-
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Theseequationsapplytoa rigid
usualasswnptionsof linearity,small

mm m 2902

airplaneandarebasedonthe
angles,andno lossinairspeed

duringthemaneuver.Theequationsarefurtherrestrictedtotherange
inwhichthevariationofthederivativesislinearsndalsoto conven-
tionalwing-tailconfigurationsinwhichthemajorcontributionto
dampinginpitchisduetothehorizontaltail.Allthevariablesare
givenh incrementalformmeasuredfroma steady-flighttrimcondition.

As indicatedinreference2,thefourvaluesLa, &, 8,and Ab
inequations(1)and(2)arelinearlydep&ndent;therefore,iffour
simultaneousequationsme fomedto determineeithertheforceor
momentderivatives,theycannotbe solveduniquelyfortheunknowns.

Forpurposesofanalysisthemomentequation(2)isintegrated
onceandexpressedintheform

‘J t t
&h=c% JAadt+C@a+&~A6+C% ~Abdt (3)
qsc o

Thisformpermitstheuseofnumericalintegratingmethodsthatare
moredesirablethannumericaldifferentiatingschemeswhenappliedto
flightdata.Inte~ationsofthevariablesareperfozmedby useofan
integratingmatrixI]CIIderivedinreference3 andgivenintableI

● Jt
herein.Forinstance,a the historyof An dt

o
froma time’historyof An as follows:

TheintegratingmatrixI!CIIgivenh tableI maybe
intervalAt;mostofthecomputationsofthispaper

maybe‘obtained

(4)

usedforanytime
arebasedona

..!

.

timeinvervalof At = 0.1second.Thisintervalmaybe toolargein
somecases,andifgreateraccuracyisdesired,a shortertimeinterval
maybe chosen.

Theessentialdifferencesineachofthemethodsareinthenumber
of quantitiestobemeasured.MethodA requiresfourbasicmeasurements
intime-historyformto determineallthederivatives.MethodB requires
threemeasurementsandonesu~lementalassumption,namelyc% = XCm~.
MethodC requirestwomeasurementsandtwosupplementalassumptions, .

.
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namely ~ = k% and ~ = ~C&. Allmeasurementsoffli@tUta

,., usedaretimehistoriesof incrementalvaluesmeasuredfroma trimned
level-flightinitialposition.Thedevelopmentoftheequationsfor
eachmethodiscoveredinappendixesA toC; inthebodyofthereport
themethodsareoutlinedby statingthepertinentequationsintheorder
ofcomputation.Sincethesecomputationsmakeextensiveuseof least-
squaresproceduresandaregreatlyfacilitatedby theuseofmatrti
algebra,mostoftheequationsaregiveninmatrixform.

MethodA

OfthefourbasicmeasurementsrequiredwithmethodA, twomust ,
be incrementalelevatorangleandincrementaltailloadandtwoother
measurementscanbe chosenfroma possiblethree,namelyincremental
loadfactor,pitchingvelocity,andangleofattack.Inthispaper,
incrementalloadfactorandpitchingvelocityareused.

,, Theprocedure
development)isas

(1)Computea
from

or

(2)Calculate

tT

and
H

Ab dT
00

t3mehistories.“of

ofcomputationwithmethodA (seeappendixA for
follows:

timehistoryofrateof changeofangleofattack&

(5)

1t Jt
timehistoriesof h, A61, AO dt, A5 dt,

o 0

dt by usingtheintegratingmatrixIICIIandthd

&, 6,and ‘A5;forexample,

/

.

(6)

.. —-... . . . . .. .. . . —.— _—. —. ..—-—— ... -—---- .-_— _ .__.
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(3)

or

(4)
function

Determinec%

mm TN2902

and C% by leastsquaresfromtherelation

ComputethecoefficientsKu K~ K5,
relatingpitchingvelocityandelevator.

ofthemethodofreference4 andtheequation

(7)

and KG ofthetransfer
deflectionby theuse

wherethemeasured
areused.

(5)Detemd_ne

valuesofpitchingvelocityandelevatordeflection

K1ofromtherelation

by usingtheresultsofsteps(3)and(4).

(6)CalculatetimehistoriesoftheintermediatequantitiesAp
and Ay by usingtheexpressions

or

.

(9)

(lo)

.

.

.

.

-—

—-—- ———-.----— .————. —— .—. ——-———-—- —--—.. . . . --—- --- ----- —--. —.— .,
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and

.

or

(7)cmwte,%6 by leastsquaresfrom

Cm~AT = &

(11)

.

therelation

or

(8)DetermtieC% fromtheequation

(9)Calculatethetime
from

~ = K~()- Cmb (13)

historyoftheintermediatequantityAu

.ar

(14)

_ ——.. —.-. — — -——-— --—— -.—- ----. .. . . . .—. ..— ——-——— — -————-—.— _. —-



10

or

NACATN 2902

(10)Compute~ and C% by leastsquaresby UEingtherelation ‘

tJ t
c% Aczdt+C

J%0 A5dt=Acr
o

I“’’*:}=-P@
(11)Calcdlate C~b and C!% fromthefollo~.~tigdef~itionss

‘(12)Determinethettie
fromtheequation

or

.
historyofthe

(15)

(16)

.

.
intermediatequantityA*

-@q- = ${’@+-W&}-%{.,}

(18)

(13)Comput&therefinedvaluesof C~ and CL5 by leastsquresw
by usingtherelation

(19)

.

..——- —. —.. — ..— — —— .— . . ..— .
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or

11

[
I

<

1

t

.

.

.

~ese valuesnowincludetheeffectsofthe CL~ ~d c% te~ ~

theforceequation.

(14)MethodA cannowbe iteratedtoobtainbettervaluesofthe
derivativesby startingtheprocessoveratstep(5)withthetip.roved
C% and C% valuesfromstep(13)andfollowingtheprocedureagain.

Theiterationconvergesrapidly. .
*L() ZKQ

(15)Thederivatives~ ~, $, and ~ arefoundfrom

(20)

This

~% s—=
b — c%

w%

(21)

(22)

operationsonfourtimehistoriesofmeasuredflightdataandthrough
theuseofthetheoreticalrelationshipsgi’venasequatio~(16),(17),
(20),(21),ad (22).

.
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12 NACATN 2902

MethodB

ThreebasicmeasurementsareusedinmethodB, oneofwhichmust
be incrementalelevatorangleandtheothertwomeasurementscanbe
chosenfroma possiblethree, namelyincrementalloadfactor,pitching
velocity,andangleofattack.Inthispaper,incrementalloadfactor
andpitchingvelocitywere used.

Inlieuofthefourthmeasurement,thesupplementalassumptionis
madethat

Ifa valueof,k isnotknownh advance,a firstapproximation(Lee
ref.5) is X = $ AlthoughtheassumptionA = $ imposesa restric.
tiononthegeneralityofthemethod,itappearstobe justifiedsince
itreducescomputationthe toalmostone.klfthatrequiredfor
methodA andfortheexamplespresentedhereingaveresultswhichare
ingoodagreementwiththoseofmethodA.

.

Themethodisoutlinedbymerelystatingtheappropriateequations,
thedevelopmentofwhichis-containedin
as follows:

(1)Computethetimehistoryof &

(2)Detemntiea timehistoryofthe
theexpression

A~=(l+k)b-

append”tiB. Theprocedureis

.
byusti_gequations(5)and(6).-

intemediatequantityA~ from, -

Lg
y&l (24)

or

tJ’o
of

(3)calculatetime

A8 dt by usingthe

Az, AQ and A5.

Jt Jt
historiesof h dt, A~ dt,and

o 0

integratingmatrixIICIIandthetimehistories

,
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(4)Compute% J cm;>andCmb,hyleastsquaresfromtherelation

J’t Jt ! t
c% Aadt+C@ A~dt+C& 1~~dt=— ~(25)

o 0 0 qsF

or

I=—
{}
bi

qsF

(5)Determine~ fr~ ~~ by US@! equation(23)andthen

determinec~~ and C% by usingequations(16)and(17).

(6)CalculatethethehistoryoftheintermediatequantityA$
by insertingthesevaluesof CQ and CL~ intoequation(18).

,,

(7)computethevaluesof C~ and C% fromequation(19).
(
,. &L.() ?z~

(8)Thederivatives~ and~ arethendeterminedfrom
t

equations(20)and(22)andthepreviouslyderivedquantities.
.

.’

MethodC
I
1 MethodC isan extem’ionofthemethodpresentedinreference4.

AppendixC containsthedevelopmentofthepertinentequationsupon
whichmethodC isbased.Twobasicmeasurementsareusedinthis
analysis,oneofwhichmustbe incrementalelevatordeflectionandthe
otheronemaybe chosenfromincrementalloadfactor,pitchtigvelocity,

I angleofattack,andsoforth.Inthispaperincrementalpitching
velocityisused.I

Twosupplementalassmnptionsaremade. Thefirstistherelation
between~ and Cm~ giveninequation(23)andthesecondis

.

,.

%
:C=—

%
(26)

-.— -..——— —. — ....——.- —— _—— - .—— -—— . ------ .- -----
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The

(1)
outiined

(2)

where

and

(3)

(4)

(5)

NACATN 2902

procedureformethodC isas follows:

Compute
instep

Compute

thestabilitycoefficientsKl, K2, K5,and
(4)ofmethodA.

c& fromtherelation

[

KG V~m

1
Cl=m~X—+(l+X)Y - K1

‘s %

2

( )( )
?b K6K1 K6‘tvmC2=(l+X)m; K2-— —

1+X3 51

DetermineC% by usingtheexpression

CalculateC@ from

ComputeCmb from

K6 as

(27)

(28)

(29)

(w)
.

(31)

(32)

.

-. .— —... . ..— —.—. -— —-- - .- .—. ——
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(6)DetermineCm and CLb fromequations(23)and(26)by using
thevaluesof ~ and C% foundinsteps(4)and(5),respectively.
Approximateequationsforthestabilityderivatives,aregivenin
ap~endixC.

InappendixD,methodC ismodifiedslightlysothatmanyofthe
stabilityderivativescanbe obtainedfroma singletimehistory.This
timehistorymustbe theresponsetoan inputelevatormotionofthe
impulsetype.ThismodifiedmethodC comesclosesttotheultimateaim
ofthistypeofanalysis,namelyto determinethederivativesfroma
singletimehistory.

Oneoftb importantfactorsinobtainingreliableresultswith
themethodsoutlinedhereinisthechoiceofa sufficientlysmalltime
intervalAt. InthecomputationsusingmethodC inthispaper,in
onecasea timeintervalof At = 0.1secondwasfoundtobe tooiarge
to givereliableresults,anda timeintervalof At = 0.05eecondhad
tobe used.

.

IIXAMPLES

Inorderto illustratethemethodsoutlinedintheprevioussection
aswellastocomparetheresultsobtained,a numberofexamplesare
giveninwhichthedatausedarefromtestrunsofa mediumjetbomber
ataboutthesameMachnumber.MethodsA andC areappliedto flights1
and2;whereasallthreeflightsareanalyzedbymethodB. Computations
areshowninthetablesforflight1,butfortheotherflightsonlythe
resultsaregiven.

TableI contahstheintegratti”gmatrix[ICIIbasedonStipson~s
law(ref.3)whichisusedinallthreemethods.

Theairplanecharacteristicsandflightconditionsareshownin
tableII(a)forallthreeflights.Althoughthegeometricparameters
arethesame,theparameterssuchasweight,speed,Machnumber,center-
of-gravityposition,andaltitudevaryslightlybetweenthethreeruns.

IntableII(b)thecoefficientsofthetransferfunctionwhich
relatespitchingvelocityto elevatordeflectiondefinedby equation(8)
andcomputedbythemethodoutlinedinreference4 areshown.These
preliminaryconstantsarerequiredinmethodsA and”Candtheactual
computationsaxeshownina subsequenttable.

Timehistoriesofmeasuredandderivedquantitiesforflight1 are
, shownintableIII. Thequantitiesincolumns@, ~, @, and@ are

measuredar,dtheotherfivequantitiesarederivedfromthemeasured
quantities.Inthesetablesmoredecimalplacesarecarriedinthe

.
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measuredquantitiesthanarewarrantedby instrumentaccuracyinorder
toassureno lossinaccuracyinroundingoff. Themeasurementsof
incrementaltailload & wereavailableonlyforthetimeslisted,
andsincethesecoveredapproxhatelythenaturalperiodoftheshort-
periodoscillationsoftheaircraft,thedatawereconsideredsuffi-
cient.Moreofthetimehistoriesoftheothervariableswereavailable
andwereused.

MethodA.-TheprincipalcomputationsillustratingmethodA are
presentedintableIV;someoftheintermediatestepsoutltiedin
methodA aresimplecomputationsandarethereforenotincludedinthis
table.TableIV(a)isobtainedby applyingequation(7)tothedata
givenintableIIIandillustratesstep(3)ofmethodA.

titableIV(b),thecomputationsillustratingthedetermination
of ~~ and ~ forsteps(7)and(8)ofmethodA areshown.Two
ofthecolumnsaretakenfromtableIIIandtheequationsuponwhich
thecomputationsarebasedare(12)and(13).

TableIV(c)illustratesthecomputationof ~ and ~ for

step(10)ofmethodA. TWOofthecolumnsareobtainedby operating
on columnE@ and@ oftableIIIwiththefitegratingmatrtiIICII
givenintableI,andtheothercolmn istakendirectlyfromtableIII.
Thecomputationisbasedon equation(15).

Therefinedvaluesof C~ and C% aredeterminedtitableIV(d)
by useofequation(19).Twoofthecolumnsaretakendirectlyfrom
tableIIIandtheothercolumnisderivedby useofequation(18).

FinalresultsobtainedwithmethodA forthedataofflights1
and2 afterthreeiterationsareshownintableIV(e).

MethodB.-TheprincipalcomputationsillustratingmethodB are
presentedintableV. Again,someoftheintermediatestepsoutlined
inmethodB aresimplecomputationsandarethereforeomitted.In
tableV(a)thecomputationdemonstratingthedeterminationof

%’
Cm~,~d C% by step(4)by usingtherelation(25)isshown.Three

ofthecolumnsareobtainedby operatingoncolumns@, ~, and@
oftableIIIwiththeintegratingmatrixIICIIgivenintableI.

TableV(b)illustratesstep(7),thedeterminationof C~ and C%

usingequation(19).Twoofthecolumnsareobtaineddirectlyfrom
tableIIIandtheothercolmn isderivedby usingequation(18).
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IntableV(c)finalresultsobtakedwithmethodB forthree sets
of flightdataareshown,

MethodC.-TheprincipalcomputationsofmethodC arepresented
intableVI. TableVI(a)showsthecomputationof K1, ~, ~, and
K6 fromflight1 databy themethodofreference4. Theintegralsin
tableVI~a)werecomputedby readingthefilmat 0.05-secondintervals “
andusingtheintegratingmatrixfor At = 0.05second;thisinterval
wasnecessaryinordertoobtainreasonableresultsforthemethod.
UseofthetimeintervalAt = 0.1seconddidnotproducesufficiently
accuratevaluesof ~ and I% inthiscase.TableVI(b)showsthe
computationofthe K valuesforflight2 data. Inthiscasea ttie
intervalof At = 0.1secondwassufficientlysmalltoproducereliable
resultsformethodC.

IntableVI(c)thefinalresultsobtainedwith
flight1 andflight2 dataaregivenalongwiththe
by usingtheapproximatefomm.ilasofappendixC.

DISCUSSION -

methodC for
resultsobtained

Thethreemethodspresentedinthispaperarebasedontheassump-
tionsthattheaircraft.hastwodegreesof freedom(verticalmotionand
pitch),that”themotionoftheaircraftcanbe adequatelydescribedby

. thelineardifferentialequationsofmotionwith,constantcoefficientsI

basedonsmall-perlmrbationtheory,thattheaircraftisa rigidbody
withno flexibility,andthatthemajor’contributiontothedsmping
comesfromthehorizontaltail.Theairplane,itsflightcondition,
andthemaneuvertobe analyzedmustthereforefallwithintherealm
of”theseasmmptiom;thatis,
conditionsin’thelinearrange
be ofthepull-uporpush-down
occursduringthemaneuverand
themaneuvershouldslxrtfrom
be intheMachnumberrangein

theairplaneshouldbe operatingunder
ofthecoefficientsthemaneuvershould
varietywherelitt”lelossinairspeed
wheredisplacementanglesaresmall,and
a level-flighttrimconditionandshould
whichtheseassumptionsarevalid.

Sincethechoiceofthemethodtobe useddependsprimarilyonthe
n~ber ofmeasurementswhichareavailable,methodA isrecommended
whenfourbasicmeasurementsareavailable,methodB whenthreemeasure-
mentsareavailable,andsoforth.If,howeter,anaccuratevalueof 1.
isknowninadvance,thenmethodBisrecommendedsinceitwillgivethe
mostinformationfortheleastamountofwork. MethodC requiresmore
workt@n methodB, andthenndifiedmethodC isnotexpectedtobe so
reliableastheothermethods.

/
c
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Inthesemethodssufficient
theshort-periodoscillationsof
highlydampedmotionssufficient
steady-statevalue.

Theaccuracyof theresults

NACATN 2902

datato coverthenaturalperiodof
theaircraftshouldbe used.For
datashouldbe usedtoapproachthe

obtainedfromthesemethodsisinflu-
.

encedconsiderablyby errorsintheinstrumentsandintherecordreading.
Instrumentsusedshouldbeaccurate,calibratedbothstaticallyanddynam-
~cally,andfreefromdriftandhysteresis.Beforeananalysisisstarted
thedatashouldbecorrectedforlmowninstrumenterrors;therecords
shouldthenbe readas carefullyaspossible.Measuredtail-loaddata
shouldbe correctedforeffectsofinertia.Theaccuracyoftheanalysis
nextdependsonthetimeintervalselectedfortheintegratingmatrixand
on theamountofdeparturefromthebasicassumptions.Providedthe
initialdataareaccurate,thesmallerthetimeintervalthemoreaccurate
theresults.Thedifferencesbetweenthevaluesshownfordifferent
flightsintablesIV(e),V(c),andVI(c)arebelievedtorepresentthe
scattercausedby effectsofflexibility,minornonlinearities,instrument
errors,record-readingerrors,changesinairspeedduringthemaneuvers,
andotheritemswhichessentiallydepartfromthebasicassumptions.

Asmaybe seenfroma comparisonoftablesIV(a)andIV(d),the
inclusionofthe CL~ and C% te~ h theforceeq~tionformethodA

haslittleorno effecton C~ buthasa considerableeffecton C~..
Ifthe C% and CL5 termsareretainedintheforceequationinthe ,
developmentofequation(8),theformof.theequationremainsthesame
butthe K valuesnowticlu&eC~ and CL~ terms.Thesetermswere ,

foundtohavea negligibleeffecton the K valuesandtheirinclusion
madetheequationstoounwieldytohandle.Forthesakeofcomplete-
ness,the K valuesincludingthe CQ ~d c%, termsaregivenin

Intheactualcomputationitisrecommendedthatthes$m.dtaneous.
equationsformedby theleast-squaresprocedurebe solveddirectlyby
theeliminationofthevariablesorby Crout?smethod.(Seeref.6.)
“Theuseofa least-squaresmethodpermitsthecalculationofa probable
error,whichisan indicationofthefitofthedata.Theexpression
usedincomputingtheprobebleerroris

‘/ IE2
P.E.= 0.6745—&iN -K

Q

,
_————— - . ...— ——- —-—-— — —-... .— . .. .—.-
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where Bii isthemaindiagonaltermoftheinvertedmatrixofthe
coefficients,E isthedifferencebetweenthecomputedandmeasured
valueofthevariable,N isthenumberofcasesconsideredinthe.
least-squaresprocedure,and K isthenumberof unhownsdetermined
by theleast-squaresprocedure..A probable-erroranalysiswasmadeof
alltheresultsusingflight1 dataandtheseresultsaregivenin
tablesII(b),IV(e),V(c),andVI(c).Thisprobable-erroranalysis
indicatesthatallthederivativesdeterminedbymethodA withthe
exceptionof

determinedby
determinedby

Whenthe
theequations

c% appeartobemoreaccuratethanthederivatives

methodB orC; italsoindicatesthatthederivatives
methodsB andC appeartobe ofthesameorderofaccuracy.

computedstabilityderivativesaresubstitutedbackinto
ofmotion,themethodthatusesthemostmeasurementsand

.

hasthefewestrestraintstiposedon itwouldbe expectedto produce
themostaccurateresultsandgivethebestfitto theoriginaldata.
Thismightnotbe thecase,as illustratedinfigure2 which-compares
thefitofthemeasureddatawiththecomputeddataforthethree
methodspresented.Theresults.formethodA aremoreaccuratefor
thedatahereinthantheresultsformethodC,butthefitofthe
incremental-pitching-velocitycurveformethodC isas goodas ifnot
betterthanthefitformethodA ormethodB. Itappearsingeneral
thatthemorecoefficientsdetermfiedfroma singletimehistorythe
betterwillbe thefitofthedatabutthelessaccuratewillbe the
coefficientsdetermined.Thefitofthedataisinterestingsincethe’
threemethodspresentedareessentiallycurve-fittingprocessesin
whichthelongitudinalequationsofmotionareusedto fittheflight
data.A goodfitindicatesthattheequationsofmotionandassumptions
usedadequatelyfitthedataandthecoefficientsdetermined,ifinserted
intheequationsofmotion,willreproducethemotionsoftheaircraft.

Infigure2 theincrementaltailloadshownformethodB wascom-
putedby usingthesta%ilityderivativesdetemd.nedfromthetime
historiesof incrementalloadfactorandpitchingvelocity.InmethodC
theincrementalloadfactorandtailloadpresentedwerecomputedby
usingthederivativesdeterminedfromthepitchingvelocity.These
timehistoriesindicatehowwellthederivativesdeterminedonthebasis
ofthemeasurementsrecordedby onesetof instrumentswillpredict.the!
measurementsrecordedby a differentsetof instrmnents.Inthecase
ofmethodC theagreementisgood;inthecaseofmethodB itappears
thata morerealisticvalueof 1. thanO.~shouldbe used.MethodB
ismoresensitiveto k thanmethodC is.

Althoughnotpresented,thederivativesdeterminedfromflight2
bymethodsA andC wereusedtopredictthe’motions,ofthe”aircraftfor
flight1.A comparisonwasthenmadewiththeactualflight1 motions
anditwasfoundthatthepredictedmotionsandtheactualmotionswere

.

—..—.—. —-— — —-—- -—-.
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ingoodagreement.Theseresultsverifythevalidityofthemethodout-
linedhereinasappliedtotheexampleairplane.

.
A possibilityfora furthergeneralizedmethodwhichwouldinclude

dampingeffectsofwingandfqselageandthereforewouldmakethemethod
applicabletothecaseof swept-wingairplanesmaybe realizedby com-
biningf’eaturesofmethodC withmethodA inthefollowingmanner.Equa-
tion(Am) maybewritteninthefom

NOW ~+ ~d %& maybe evaluated%y a least-squaresprocedure,
provided-anaccuratevalueof CL8 isavailableor canbe determined.
Examinationoftheprobableerrorsfor ~ givenintablesIV(e)
andVI(c)indicatethat,inthecaseofthemediumjetbo~er usedin
thecalculationsherein,themoreaccuratevalueof CL5 isdetermined
bymethodC by usingequations(C12)and(C4).It isbelievedthiswill
generallybe thecaseforthederivativecm. It‘tightalsobe noted
thatthisvalueof C@ willprovidemorerapidconvergenceofthe
iterativeprocedure~fmethodA. Theusualassumptionismadethatthe
contributionofwingandfuselageto ~ isnegligible.Then C@
canbe computedthroughtheuseofthevalueof C~ computedby the,
aboveprocedureandequation(A22).

Possibilitiesforfurtherinvestigationaretoexpandthemethod
to includefle~ibilityeffectsandtheeffectsofhigher-orderderiva-
tivesandtoextendthemethodtothecasewherethe@itialconditions
areknownbutarenotnecessarilyzero;thatis,themaneuversdonot
startfromlevel-flighttrimconditions.Themethodscouldalsobe
extendedto otherconfigurationssuchas canardaircraftandtailless
aircraft,andperhapsa similaranaljmiscouldbemadeofthelateral
motionofanaircraftto determineth’elateralderivatives.

CONCLUDINGREMARKS

An analysisof longitud&l-stabilityderivativesby threeseparate
methodshasbeenpresentedandappliedto flightdata.MethodA, the
mostgeneralmethod)requfiesfourmeasurements~ the-history‘om
andpermitscomputationofallthelongitud~l-stabilityderivatives;.
italsorequiresthemostcomputfigtimeandgivesthemostaccurate
answers.MethodB,whichrequ~esthee me~urements~ the-history ,

—.. ... .. .. — _ ..-—————.-—._—. .—-—- -—— —-—.— —-
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.

c.
formandonesupplementalassumption,namely~. Const=t (where

%
c% ad %6. me thepitchtig-momentderivatives)y@ves themost

informationfortheleastamountofworkandgivesresultswhicharein
goodagreementwiththoseofmethodA. MethodC requirestwomi?asure-
mentsintime-historyfomnandtwosupplementaryassumptions,namely
‘% Xt \
—= Constantand C% =; CL5 (where-C% and CL5 aretheelevator-
c~
effectivenessderivatives,xt isthetaillength,and F isthemean
aerod~amicchord).

Theresultso~tainedforthemethotipresenteddependina large
measureonaccurateWtrumentmeasurementsandrequireconsiderable
computationtoyieldadequateengineeringanswers.Since,however,the
presenttrendistowardincreasedinstrument.accuracyandexpanded
facilitiesformachinecomputation,thisdirectionappearstobe the
oneinwhichflight-dataanalysisshouldproceed.

LangleyAeronauticalkboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,Awt 15,1952.

.—..–—.—-— ——-—— —— —-———-”—- _.. _.—– .———.-—. - ..-___ __----
. .....e ---- .— . .
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APPENDIXA

DETERMINATIONOFLONGITUDINAL-STABILITYDERIVATIVESBYtiING

FOURMEASURIWENTSINTIME-HISTORYFORM

EquationsofMotion

Theequationsofmotionforsmallvertical-planedisturbancesmay
be stated(seefig.1 fordefinition)as

%=
g (?)mqs&+(z).’’qst&+%’tqstA’‘A’)

(A2)

where

(A3)

Theseequationsarefora rigidbodyandarebasedontheusual
assumptionsOP linearity,smallangles,andno lossinairspeedduring
themaneuver.Itshouldbe notedthatthevariablesareallin incre-
mentalformmeasuredfroma steady-flighttrimcondition.

Substitutingequation(A3) intoequation(Al)resultsin

(A4)

.-, ,,.

.

4

.

_—-— --—. ——— .—.-— ..— —.. . ..— .
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.

Since

equation(Ah)canbe expressedas
.

where

.

Substitutingequation(A3)‘intoequation(A2)gives

(A5)

(A6)

(~7a) .

(AP)

(A7c)

(A7d) \

(A8)

.

. .. —-— .—. .-—— .— ___ .-. ..— — -- .— ... ——. - —
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whichcanbe expressedas

19—=cl@iz+c@+c I@i3+ c~A13
qsF

where

(A1O)

(Alla)

(Allb)

(Allc)

(And)

Froman examinationofequations(All)and(A7),thefollpwingrelations
areseentoexist:

(A12a)

,
.

.

—.—. — -— —...——. —....——— —-—--- .-— -— ——-— .-. . . .. —..— . ..- . . . . -—
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.

%==. % CLG.
c

%l&=ii+ln~

25

(A12b)

(A12c)

Equations(A6)and(A1O)areline&lydependentinthepresent
formandmustbe suitablyalteredtobe putintoa computational$o.ym.
As iswell-known,CL~

‘d cL& me small,
andinitiallyforcomputa-

tionalpurposestheforceequationcanbe expressedas

(A13)

ThederivativesCL; and C%

tions(A12a)’and(A12b) after

Equations(A13)and(A1O)
equationsofmotiondevelopedinreference7. Fromfigure1 the
followingrelationiEseento exist:

canbe determinedbymeansof equa-

C& and ~ aredetermined.

arenowintheidenticalformofthe

A8 = AU+A7 (A14)

. As demonstmtedinreference4, equations(A1O),(A13),and(A14)
maybe solvedshnultaneouslyto obtaintherelation #

t’
;+l@+K@e=~d5+K6J @dt”” (A15)

o
.
whichmaybe expressedin integralformas

Jt t tT

&+ KlA3+~ L@dt= K5J A6dt+K6
H

A6 d’rdt
o 0 00

where

.

..—z ... ..........-—— —— — —-— ——-. —. ---
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may
and

( )‘P%+%A$K2 =-—

(~=q-sc
I mV %c% - C%c%)

.

(A16b) ‘ .

.

(A16c)

(A16d)

~ USingthematrixmethodofreference4, Kl, K2, ~, ad K6
be evaluatedfromthettie-historymeasurementsofpitchingvelocity
elevatorangle.

MethodofSeparating%6 =d ~

~iE methodofseparattigCm ~d c% aPPliesonlYto conven-

tionalaircraftconfigurationsequippedwitha horizontaltailsurface
locatedtotherearofthewingso thatthemajorcontributionto
dampinginpitchisdueto the-horizontaltail. .

Inorderto separateCM and C%, thetail-loadequationis
developedintoa formsuitableforcomputingc~ separatelyinthe
followingmanner:

Theincrementaltail loadisgivenby

Substitutingequation(A3)intoequation

L

(A17)gives

(A17)

.,
-.——— —.- —- -— —., -.
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(A19)

whichcanbe expressedas

Fromequation(A14)itcanbe seenthat

c%’+%’=f%+%)’+C%$ @21)

butfromequation(A16a)
.

Therefore,

Substitutingequations

[(
%= n-qW’m~-qs

(A22)and(A23) intoequation(A20)gives

,; ””-.’”
.-,

.t ,, .,

u

.— —. — .. . ..-.—. —.,.-. ..——.— —.—
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whichcanbe.expressedas

or

Ay=~Aq (A26)
●

where

and

+ 1l)AU

(A27)

(A28)

Fromequations(Alk)and(As)thefollowingrelationsareself-evident:

M+ihi

(A29)

Therelationsneededto determinethelongitudinal-stability
derivativesfromtheflightmeasurementshavenowbeendevelopedfrom
theequationsofmotion;itremainsto expressthepertinentrelations
inmatrixnotation.

MatrixFormoftheEquations

A powerfultool
sticetabulatedttie
tionsofmotion.In

fordata-analysisisprovidedbymatrixmethods
historiesmay be convenientlycarriedintheequa-
thematrtisolutionsusingdata,it iswell-known

thatnumericalclifferentiationisinherentlymore~ccuratethanthe
correspondingintegrationprocess.Forthisreason,whenevernecessary,
thedifferentfilequationsareexpressedinintegralform.Thefirst

,-

. .-. —— ..—. ————.—— —-. . — -———— . .. .
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stepinmatrix
variablesata

29

solutionsistotabulatetherecordedvaluesofthebasic
numberofpointsto,tl,t2,t3 . . . alonga given

timehistoryasintableIII,theintervalof~iheusedinmostofthe
computationsh thepaperbeingAt = 0.1second.Thesetabulations
thenbecomethevariouscolumnmatricesAbi, &., Ani,and ~i. In
certaincasessmallertimeintervalsmustbe usedto getreliableresults.
Anothermeansof gettingmoreaccuracyisto useinte~atingmatrices
baaed on cubicor quarticcurvesfairedthroughthedatainylaceof
theparaboliccurves.

Thefourbasicmeasurementsusedinthedevelopmenthereinare
incrementalloadfactor,pitchingvelocity,tailload,andelevator’
angle.By useof equation(A29),thetimehistoryof incremental
angleofattack

,, ,
!.#

or

iscomputed.Eq&tion(A13)maybe e~ressedas

fQcj A@)

AcLl Ml

4 ~2

. .

. .

llBf:}=%{@l
Applyingleast

plicationofmatrix

(A30)

(A31)

squares,whichinmatrixno-tationinvolvespremul.ti-
B by itstransposeB1,toequation(A31)yields

(A32)

.___. _.____. — .—R —.. —-—— .-. —-. .
.— —-—— —.. — , —— . . . . . —-——
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forwhichthesolutionis

Bythemethodof
the-thehistoriesof
valueof Klo canbe
thederived@ and
tions(A27)and(A28)

equation(A33).

NACATN2902

.
(A33)

reference4, computeKl,‘K2, ~, and K6 from
thepitchingvelocityandelevatorangle.The
obtainedfromequation(A22).Timehistoriesof
Aq functionscannowbe
sincethevalueof C

k

Equation(A26)becomes

{ml} = cm~-@~}

computedby usingequa-
hasbeencomputedfrom

Applyingleastsquarestoequation(A34)resultsin

%’

J.

Fromequation(A22)C& isobtainedas

c%=Klo- %

(A34)

(A35)

(A36)

Equation(A1O)isnowexpressedinintegralformas

Jt t“-&i =c% &dt+C~Aa+C~AO+ C%
f

AC dt (A37)qsc o . 0

‘.
\

.

.-——— . ..— -— —.—— —— .__—_ . - ——.—--.—-— — —---- -—.
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whichcanbe rewrittenas

~6-C@u-Cm~A19=
qsF

Nowif

1~Au=—
qsF

thena timehistoryof Au can
putintheform

31
\

-C%&-&~A6’ (A39)

!to J’toAx dt A8 dt
o 0

tl1 J’tlAL dt A6 dt
o’ ‘ o“

-1@J’ iq
&dt.

J
A8 dt

o 0

. .

.- .

. .

be obtainedandequation(A38)canbe

or

,,d$’j}=&J@

Applyingleastsquarestoequation(A41)gives

.—-. -. . . .. .. . -———————. ._.—..____ ..— —–

Aao-

Aul

Aa2

.

.

●

.
Aun
,-

,

(A41)

(A42)

(A40)

. .. .. ——. .—..
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andthesolutionis

Inorderto include

initiallyomittedinthe

theeffectsofthe CL;

forceequation,equation

where

and
(A6)

(A43)

C% terms
isrewrittenas

A$ = -&l- c~h - c~&
.

morerefinedvaluesofthe

(Akk)

(A45)

MethodA maynowbe iteratedto obtain
derivatives.Thevaluesof C~ and C%
-(A36),(A12a),and(A12b)areinsertedinto
historyof A$ iscomputed.Newvaluesof

from

or

determinedby equations(A35),
equation(A45),qnda time
c& and c% arecomputed

Ifthesevaluesof C% and C% arewed, a new

(A46)

valueof Klo anda
newthe historyof Ap canbe computed,which,ifinsefiedintoequa-
tions(A34)and(A36),yieldnewvaluesof C@ and ~. Thederiva-
tivesCm and CL~ areagaindeterminedfromequations(A12a)and

.

.

—.—. —— ——— —— ——-—- --- — —- — -—
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(A12b)andanew timehistoryof At iscomputedby usingequation(A4’5);
refinedC% and C% derivativesarefoundfromequation(A46).The-
processconvergesrapidly.Afterit

C% fromequation(A43).Thtifar

andC% havebeendetermined.Then

rewritingequation(Allc)as

hasconverged,compute~ and

Cl&,CL& c%, c%, &> %@ %&

()~ maybe-determinedby
t’

An examinationofequation(A12c)showsthat

. . ...

andfromequation(A7d)

-,

Allthelongitudinal-stabilityderivatives-arenowdetermined.

. .

/“:.
., .,.

,. ... -.,
..

,“, .:“

.—--- -——. .. —__ _ —- .- — -—r .—— -.—. . . . .
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APPENDIXB

DETERM12QYCIOI?OFLONGITUDINAL-STABILITYDERIVATIVESBY

USINGTHREEMEASWEMENTSINTIME-HISTORYFORM
.

ANDONESUPPHWENTALASSWPTION

ThethreebaaicmeasurementsusedinmethodB areincrementalload
factor,pitchingvelocity,andelevatorangle.Thesupplementaldssunip-
tionmadeisthat C~/Cm~ isa co~tmt, tkt is,

Fora firstapproximation
1/2(seeref.-~).

Ifthedefinition

~.xc~ (Bl)

thecopstantisassumedtohe eq~l to

fl~=fi+i=(l+~)h-+n

isadopted,a timehistoryof AE maybe computed.Then

1

@ + %& = cm~M (B3)

Theintegralfomnofthemomentequation(A37)canthenbewritten

I t’ “
A-k=c% k dt+ Cm~

-r
A~ dt+ C%

f
M dt (B4)

qsF o 0 0

Ifthe historiesof incrementalloadfactor,pitchingvelocity,
andelevatoranglearemeasuredand W, q,S,V, =, andI areknown,
thenequation(~) canbe putintomatrixformanduseddirectlyto”

.

.— — —— —_ --—__ --———- ———. —-— —--- —-.—---- -
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ThederivativeC . isderivedfrom ~ ‘byusingequation(Bl)

‘d c% and CL6 ar~computedfromequations(A12a) and(A12b)

These values
equation(A45)

of C% and CL; are

A$ = ~b - CL~6
qs

anda timehistoryof A~ iscomputed.
arethencomputed

Equation(~) may

ro
Lu dt

o

$
1
& dt

o

ta

[
Aa dt

o

.

.

.

tn

[
& dt

o

theninsertedinto

-c&”%
.

Thevaluesof C~- and C%
fromequation(A~)

A+ = C&&+C~A8

be expressedinmatrixfo~ as

f

o’
Ab dt

0’

J

tl
A6 dt

o

f
2
~ dt

o’

.

.

.

T
n
A8 dt

o

Cm,5 J

‘(B5)

.

. . .-. .. -——___ .— - . . . .. ...— _._— ——. - —— _ .. ——. __. ——-.- —-.___— .. . . ..... .
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Applyingleastsquaresyields

andsolvingforthe

[1E!E I=—
{}
El;i

qsF

bUQJc

derivativesgives

H%c%c%
Equation(Au) expressedinmatrixformis

— — -.— ———

,(B6)

(B7)

(B9)

—. ..
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or

{}

c&
{}ttdl = Aifi

c%

Applyingleastsquarestoequation(B1O)gives

andsolvingforthe,unknownsresultsin

[;) .p?q-.$tA,J”

3’7

(B1O)

(Bll)

(B12)

()a~ *%
Thederivatives aredeterminedfromequa-

%--t’ E’md -%-
tions(Allc), (A12c), and

Thusthederivatives

(A7d),respectively.
.

C%, CL~jC%, C%, C%, cm~)Cr%,)cmb~

nowdetermined.

..-

..- . . ._. .— ---- ..— ——-. ——— . —
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APPENDIXc

DETHMHUWIONOFLOI?GITUDINAL-STAEEHTYDERIVATIVESBY USING

TIioMEAsUREMENTSINTIME-EISTORYFORMANDTWO

SUPP~ ASSUMPTIONS’

Bythematrixmethodofreference4,time-historymeasurementsof
thepitchingvelocityandincrementalelevatorangleareusedto com-
putethe K valuesfromtherelation

t.
Z+Klk+$A0=~A6+K6

J
A6 dt (cl)

o

where

.(qsFqsc
)K6’y~&.~-c&~

Ifitisassumedthat

and

,

(C2a)

(c2b)

(C2C)

(C2d)

(C3)

(C4)

—.—— —- . ————- -—--—--- — —
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thesesixrelationsinsixunknowns
( )
C%J c~y c~j c~~ cm~y~d cm

cannowbe solvedsimultaneously.Thefollowingrelationsforthe—
variablesresult: ,

where.

and

()(mv2” ~’ %KlC2 =(1+X)= Kp-— —
)

% ‘tv”
1+1. % ~1

I’ KII
c~a +

c~m(l+ k) EVm(l+ k) c%

I
( )
C% - ‘: K1

6Vm(l+ h)

(c6) ‘

1 1

Approximateformulaswhich

(C5) “

(C7)

(c8)

(C9)

.

(Clo)

givea quickerevaluationofthederiva-.
tiveswithfairaccuracywerederivedfromequations(C5),(c8),(C9),
and(C1O)andare

-—- -. —.. .—— ——— —__ .._. __ __________ __ +--.-, __ ._.,__
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(Cll)

(cl$?)

(C13)

Thesetofapproximateformulashaabeenfoundto giveresults
whichareusuallywithintheaccuracyofthemethod.IntableVI(c),
a comparisonispresentedbetweenresultscomputedby usingtheapproxi-
materelationsandthemoreaccuraterelations.Thesetofapproximate
formulasgivenby equations(Cll)to (C14)isusedh thedevelopment
ofa modifiedmethodC whichisgiveninappendixD.

.

I

— ..—. ——z- ......—- ——— ——-— .— ----—— -.-’ --- — . .
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MODHTEDMETHOD
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.

c

:.”

Forsomespecialt~es of longitudinalmaneuversconsiderable
informationmaybe determinedfroma singletimehistory.Ifthe
elevatormotionisknotitobe oftheimpulsetype(ablipofshort
duration)butitsmagnitudeortimehistoryisunknown,thenthemethod
ofappendixC maybemodifiedslightlytoyieldsbmeofthestability
derititives.Themethod’maybe usedwithimpulse-typeforcingfunctions
producedbyballisticdevices.Iftheinputisnota p~e impulsebut
resemblesone,thenthemodifiedmethodmaybe appliedafterthe
elevatormotioniszero.Integrala,however,mustbe evaluatedfrom
thezero-t-hetrimconditionbuttheleast-squaresproceduretiapplied
onlytothetimehistoriesaftertheelevatormotioniszero.

Sincethefdefiniteintegralofan impulseisa stepfunctionand
theintegralofa stepfunctionisa rampfunction,let-

(Dl)

I

and

tT

-H
A8’drdt= At (D2)

00

Substitutingthesevaluesintheintegalformofequation(A15)which
is

Jt Jt
KIAO + K2 A6 dt - K5 A6 dt

H-K60to’ Ab dTdt= -; (D3)
o 0

resultsin

(D4)

I

—____ .- . . . . . . _ ..-
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Equation(1)4)maybe expressedinmatrixformas

Aeo

Ael

Ae2

.

.

.

Aen

f

2
A(3dt

o

.

.

.

PAO dt
o

-1 -to

-1 -tl

-1 -tp

. .

. .

. .

-1 -%

NACATN 2902

7- (D5)

Equation(D5)isthenusedto solveforthe-stabilitycoefficientsKl,
K& K+, and K@.

ThefollowingapproximateformulaspresentedinappendixC are
usedto computethestabilityderivatives(sinceonly the ratio K6/K5
isusedthevalueof A neednotbe evaluated):

(D6)

(D7)

.

I

.

-. .—...— .—. . .—. . —— -—-—— —.-——- - —.



,,

NACATN 2902

Also,it isasswnedthat

c% = AC% ,

As indicatedpreviouslyinappendixA,

.= c.-c~=xt ~

43

(D9)

(D1O)

Thustheanalysiaofa singlethe historyofpitchingvelocitycan
yieldconsiderableinformationif itisthefiesponsetoan elevator
impulsefunction;however,theelevator-effectivenessderivativescan-
notbe foundby thismethod.

,, ,,
.’--

.’.(
! ,’ ,,,
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APPENDIXE

DEFINITIONSOFSTABILI!l?yPMMETERS

Thestabilityparametersofthemethodspresented,notpreviously
definedintheoriginallistofsymbols,canbe deftiedas follows:

[

Vxtm

1
mvk%+(l+x)T-Klcl==

5

2

()(
C2= (l+”X)‘~ K2 h%-—_ K1-~xtVmqs l+h~ %T )

()iwLcL~.-— St‘t 1—— —
& y Sv.m

1.

,

-— —— .— --- .. —— - ———--- ---— ——- . . . —. —
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,

Matricesused

F4=-mvc%
—+c~
qs

(%qs=c Cmb-C%c%)

I@’+c&J

inthepresentpaperaredefined

#

IIBII= .

.

.

Abn

IICII istheintegratingmatrixgivenintableI.

. . . . . .. . . ... . . ..-— — .._______ ..— -— , —.. —---—___ .._. .-—.:
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IIEII=

tnr Au dt
o

. .

. .

. .

PAC dt
P AC dt

0“ o
.

-...—-———- .———._ . ..—- _ —.——.- — -—— . .. . .. . .— -.



REFERENCES

1

‘G NACATN 2902 kg
.

1.Milliken,W.F.,Jr.: DynamicStabilityandControlResearch.Rep.
No.CAL-39,CornellAero.”Lab., bc. (PresentedatThirdInter-
nationalJointConferenceoftheR.A.S.”-I.A.S.,Brighton,England,
Sept.3-14,1%1.)

2.Greenberg;Harry:A SurveyofMethodsforDeterminingStability
ParametersofanAirplaneFromDynamicFlightMeasurements.NACA
~ 23ko,lg5L .,

3.Diederich,FranklinW.:CalculationoftheAerodynamicIoadipgof
SweptandUhsweptFlexibleWingsofArbitraryStiffness.liACA .
Rep.1000,1~0. (supersedesNAcATn1876.)

4.Donegan,JamesJ.jandPearson,HenryA.: MatrixMethodofDeter-
miningtheLongitudinal-StabilityCoefficientsandFrequency
ResponseofanAircraftFromTransientFlightData.NACARep.1070, -
1952. (SupersedesNACATN2370.)

5.Jones,B.Melvin:DynamicsoftheA@l.ane. NumericalSolutionof
theSymnetricEquationsofChapterV. Vol.V ofAerodynamicTheory,
div.N, ch.VI,sec.39,W.F. Durand,cd.,JuliusSpringer
(Berlin),1935,p. 175.

6.Scanlan,RobertH.,andRosenbaum,Robert:Introductiontothe
StudyofAircraftVibrationandFlutter.TheMacmillanCo.,l~lj

“

7.Pearson,HenryA.: DerivationofChartsforDeterminingtheHori-
zontalTailLoadVAriationWithAnyElevatorMotion.NACARep.759,
1943.(SupersedesltACAWR~k88.)

.

.

.—— —-- ———-———------ —— - ..- ———— —-- _. ...__.-- .—. ——
. ...— -—



1

I
,

.:

~

I

I
I

Ilcll.$

o

8

16

16

16

16

16

IA

I_6

1.6

1.6

ti

16

16

L5

I_6

ti

16

16

16

0

-1.

b

9

8

8

8

8

8

8

8

8

8

8

8

8

a
8
8

8

0

0

0

a
16

16

&

16

IA

ti

16

16

16

1.6

16

M

16

16

16

16

0

0

0

-1

4

9

8

0

8

8

8

8

8

8

8

8

8

8

8

8

o

0

0

0

0

8

16

16

16

16

16

16

16

16

16

16

16

16

16

16

0

0

0

0

0

-1

4

9

8

8

8

8

8

8

8

8

e

8

8

8

0

0

0

0

0

0

0

8

16

16

16

16

16

ti

16

16

16

16

16

16

0

0

0

0

0

0

0

-1

4

9

8

8

8

8

8

8

8

8

8:

8

Ilcll

o

0

0

0

0

0

0

0

0

8

IA

16

16

ti

IA

16

16

16

16

1.6

0

0

0

0

0

0

0

0

0

-1

4

9

8

8

a

0

a

8

8

8

0

0

0

0

0

0

0

0

0

0

0

8

16

16

16

16

16

16

16

16

.

0

0

0

0

0

0

0

0

0

0

0

-1

4

9

0

8

8

8

8

8

0

0

0

0

0

0

0

0

0

e

o

0

0

8

16

16

16

16

16

16

0

0

0

0

0

0

0

0

0

0

0

0

0

-1

4

9

8

8

8

a

.



mcA TN2902 51

,, TABLEII.-AIRPLANECHARACTERISTICS,FLIGHTCONDITIONS,

ANDTRANSFER-FUNCTIONCOEFFICIENTS

(a)Airplanecharacteristicsandflightconditions

b, ft . . . . . . . . . . .
F,ft. . . . . . . . . :..
Center-of-gravityposition,
percentM.A.C.. . . . .

g/V,l/see . . . . . . . .
I,slug-ft. . . . . . . .
k/,ft2 . . . . . . . . .
Machnumber. . . . . . . .
m,slugs . . . . . . . . .
q)lb/ft2”“ “ “ “ “ “ “ %
S,ft=’. . . , . . . . . .
St,ftp..........
V,ft/sec. . . . . . . . .
W,lb. . . . . . . . . . .
w/qs . . . . . . . . . ● .
x~,ft . . . . . . . . . .
Tt “ ““ “ ““ “ ““ “ “ “
p,slugs/ft3. . . . . . .

Fli@t 1

89
14.016

27.34
0.061923
255,865
141.61
0.497

M06.83
171

1,175
289.3
520

58,lm
0.289561

-33.5
&87

0.001267

Flight“2

89
~4.016

0.494
1802.67

166
1,175
289.3
512

58,050
0.297595

-33.5
0.87

0.001276

Flight3

89
14.016

27.~
0.062686
258,957
141.61
0.496

1828.66
‘171
lY175
289.3
514

58,880
0.293060

-33.5
0.87

0.001281

(b)Coefficientsofairplanetransferfunction

I Flight1 I Flight2

1CoefficientI Probable Coefficienterror

K1 4.14 .0.14 4.19
K2 9.547 0.73 10.329
K5 -9.767 0.35 -10.010
% -14.6?4 1.4 -15.526

Probable
error

0.18
0.70
0.42
1.3

--- .——. ——— —. —— .——-- -.—- —----
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TABLEIII.-TIMEH16TOKC3SOFMEKWREOAIU)DERIVED

QU4ETI’EDZ.SFORFLIG~1

Measured
—

o—
t
—
)
.1
.2

::
.5
.6

::
.9
..0
..1
..2
.3
..4
..5
,.6
.7
..8
.9
‘.0
!.1
!.2
:.3
.4
‘.5
.6
‘.7
.8
.9
.0
.1
.2
.3
.4
.5—

@

&

D-
.009703
.05581.2
.O-(XM3O
.074625
.071414
.070698
.067923
.068691
.067923
.064712
.043246
.032077
-.OU2565
-.02X62
-.026023
-.047260
-.075428
-.071623
-.078574
-.082513
-.08&63
-.095707
-.08’7504
-.030227
-.024%6
-.026422
-.026702
..019651
-.005864
.000W8
.005620
;oo;~:

.009145

.Ololm

@

&l
37T
3484
164
2:

-1423
-2525
-3455
:3*
-451(
-6321
-627L
-857(
-677[
.5075
-474[
-404(
-lg6(
-31(
101[
217:
283;
507C
gml

@ Q

An
I

.4

(3 o
0 0
.03792-.0198X
-.Izo08-.074064
-.35392-.125305
-.625G3-.149415
-.92.272-.165781
-1.16920-.16n04
-1.40936-.16362~
.1.56736-.155447
-1.7~32-.L42g60
-1.858!)8-.127027
-1.-f’5064-.os0k26
-1.7’5064-.053810
-1.45360.01464C!
-1.25768.058562
-.88483.091287
-k-6136.133055
-::5~6 .167503

.196353
.726%0.2075k9
1.1~52 .214008
1.46624.217022
1.73168.217022
2.07296.18681!o
1.85&)8.121659
1.78224.Q51241
1.62k4 .0@8g
1.46624-.039516
1.22608-.072772
.99856-.080953
.T5208-.08!3704
.34760-.083537
.25072-.0@259
.01264-.068896
~.18960-.o@437

Derived

@

&

o’ ‘
o
-.000922
-.005175
-.013921
-.924871
-.035932
-.046216
-.054782
-.061513
-.066176
-.068518
-.068301
-.06k585
-.056328
-.044150
-.030073
-.014737
.001884
.019360
.036467
.051697
.065082
.076895
.085314
.o&3583
>085705
.Onm
.066452
.052350
.037762
.023@l’6
.f)u2066
.OolEM’1’
-.006638
-.0U536

A5

o
0
-.0308-%
-.107378
-.17’iOoo
-.204757
-.220103
-.ZH356
-.201L?06
-.184643
-.160433
~.13301.2
-.081436
-.026512
.066966
.126783
.16k326
.213867
.252&o
.285725
.28&321
.28W6
.280136
.271918
.216138
.u25260
.021681
-.039955
-.10467’1
-.147119
-.152347
-.156342
-.136064
-.~36893
-.103735
-.087786

m AP

o 0
0 .c0074
.010591.004%!
.06En67-.oo31Z1
.18395-.02266
.328389-.04616
.474922-.07039
.610391-.09268:
.7241X-.3226Y
.81.2~4.-.12725’
.875829-.13877Z
.$m8173-.14805:
.902665-.14759
.856022-.14516f
.744686-.125725
.5%752-.10070:
.400397-.0725&
.196931-.039441
-.022338-.oo516f
-.250374.03E’4:
-.476562.06709
-.679353.10008-
-.854892.u76N
.1.010045.15665[
1.124562.1833gl

o10
Aa

>
)
-.m1986
-.007957
-.014935
-.020224
-.025122
-.02~3
-.031746
-.034084
-.035700
-.0365s0
-.034981
-.032478
-.025852
-.020274
-.014932
-.008194
-.001334
.005589
.olllg5
.016361
.021140
.0255k2
.026734

-——_ —...-..—-.—__ ____ .. . . .______ ___ ,> .-. .._____ _~_.A. -



NACATN 2902

TABLEIV.- CCMPUTM!IONSIIU!STRA!L’INGMECHODA

53

t

D
.1
.2
.3
●4
.5
.6

:J
.9
L.O
L.1
L.2
L.3
1.4
L.5
1.6
L.7

(a)Firstapproximationof CL andC~ bystep(3)

o

(tab%III
Cohlmn@ j

o
0
-.000922
-.005175
-.013921
-.024~1
-.035932
-.ok6216
-.054782
-.061513
-.066176
-.068518
-.068301
-.064585
-.056328
-.044150
-.030073
-.014737

(tabflIII
:Olunln@ j

o ‘.
.009703
.0558E
.0728t?0
.07~25
.071414
.070698
.067923
.068691
.067923
.06471.2
.043246
.032077
-.0U2565
-.022852
-.02@23
-.W7260
-.075428

–o.087761

-0.053345

II

o
0
.Ologeil
-.034770
-.102481
-.18u72
-.26718k
-.338554
,-.4080%
-.453846
-.505087
-.53(!027
-.506917
-.506917-
-.420906
-.3641P
-.256203
-.1335g2

t

1.8
1.9
2.0
2.1
2.2
2.3
,2.4
2.5
2.6
2.7
2.8
2.9
3.0

::;
3.3
3.4
3.5

(tab%III
column@j

0.001884
.019360
.03@67
.051697
.065082
.076895
.085314
.088583
.085705
.077T04
.06@52
.052350
.037762
.0238k6
.012066
.001887
-.006638
-.01.2536

cq#u+’cI@,bbn qs

-o.05334?

0.100964—

(tab:III
Cohmm @ j

-0.071623
-.07%74
-.o&513
-.088063
-.095707
-.087504
-.030227
~:02&B;

-.026702
-.019651
-.C05e64
.000$08
.005620
.007958
.O1O6U
.oogi45
.olol~

c% = 7.07

c% =0.262
.

~Al“qs

-0.01W540
.082351
.2m453
.340384
.424566
.501427
.600248
.53&n7
.516067
.~70316
.424566
.355025
.2891kh
.217773
.100651
.084181
.003663
-.Wwl

— . ..-. .- -.-. — .-—.-—--————- —.—- .-—-— -—— ..- -—- —— .-. . _________ .- —..
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TABLEIv.-“COMPUTATIONSILLUSTRATINGMETHODA - Continued

(b)Determinationof C% amd C% by steps(7)and(8)

,

t (tab~III (tab%III t (tab~III (tab%III
column@ j column@ j column@ j column@ ~

o 0 0 1.2 0.902665 -0.147554
.1 0 .000741 1.3 .856022 -.14s166

.010591 .004929 1.4 .7446% -.125T29
:: .068067 -.oo3v2 1.5 .586752 -.100705
.4 .183905- -..022667 I.6 .400397 -.072s82

.328389 -.04616s 1.7 .196931 -.039441
:2 .474922 -.070393 1.8 -.022338 -.005166
.7 .610391 -.092683 1.9 -.2s0374 .031245
.8 .724134 -.u697 2.0 -.476562 .067093
.9 .8121’14 -.12T2S7 2.1 -.679353 .100087
1.0 .875829 -.138772 2.2 -.854892 .127688
1.1 .908173 -.148055 2.3 -1.010045 .156658

2.4 -1.u4562 .183397

cm’@l = t’]

9.9342ti~ = -1.578836

C$ = -0.1589

C~=K10-C@

c% = -0.0803 .

— ——

.— ——. . . . .. —— ––-————.—— .—--—– —---—.—— .- ——. . .—_..
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.

TABLEIv.- CCMPUTATIONSILLUSTRATINGMEl?HODA.- Continued

(c)Determinationof C% and ~ by step(10)

t f&‘t J~‘t ‘a ‘ 1- [~”t ‘a

) o 0. 0 L 2 -0.0412370.067784-0.034981
.1 0 .0001820 L 3 -.047910 .068473-.032478
.2 -.000018 ‘.003154 -.0019851.4 -.053989 .06@u.5 -.025852~
.3 -.000295 .009716-.0079571.5 -.05945 .064119-.020274’
.4 -.oou232 .017219-.0149351.6 -.062767 .060601-.014992
.5 -.003153 .024501-.0202241.7 -.065018 .054201-.008194
.6 -.006200 .031585 -.023122I.8 -.065668 .046582 -.001334
.’7-.010314 .038487 -.0287731.9 -.064612 .039340 .005589
.8 -.015379 .045288 -.0317462.0 -.0618Q5 .030954 .olll~
.9 -.02z209 .052139 -.0340842.1 -.057382 .022kk3 .016361
L.O -.027613 .058791 -.0357002.2 -.051530 .013272 .021140
L.1 -.034367 .064103 -.03655Q2.3 -.044418 .003702 .025542

2.4 -.036264-.002593 .026734

Aa = %f Aadt+C~ f AC dt

[

0.042893

-0.036635
::&{2} =i=l

~=-o. w

%= -o.9~6

. —...—.

— . . . . _______ ___ ~———— —— — — ..—.-—_..-——-.
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lMBIEIV..-COMPWIOMS ~WTRATW METHODA - Continued

(d)Determinationofthe“refinedvcluesof ~ andC% bystep(13)

t (tab:111 (tab%III A+ t (tab~III (tabflIII A+
column@j column@ j column@ j column@ j

o 0 0 0 1.8 0.001884-0.071623-0.031511
.1 0 .0097030 1.9 .019360 .078674 .063290
.2 -.ooog22 .0558r2 .0130412.0 .036467‘:.o&513 .lgllgo
.3 -.005175 .072880-.0276062.1 .051697 -.08&)63 .321h09
.4 -.01321 .074625-.0906752.2 .065082 -.095707 .405894

-.024871 .071414-.1675192.3 .076895 -.087504 .483307
:2 -.035932 .070698-.2525n2.4 .085314 -.030227 .585856
.7 -.oti21.6 .067923-.3242212.5 .088583 -.024956 .529696
.8 -.054782 .068691-.3946502.6 .085705 -.026422 .514646
.9 -.061513 .067923-.4415492.7 .07’7804-.026702 .473006
1.0 -.066176 .064712-.494407’2.8 .06&52 -.019651 .431572
1.1 -.068518 .ok32k6 -.5291782.9 .052350 -.005864 .364860
1.2 -.068301 .032077-.5015083.0 .037762 .000s08 .2%324
1.3 -.064585 -.OU565 -.5051733.1 .023@+6 .005620 .228216
1.4 -.056328 -.022862-.4253%3.2 .01.2066 .007’958.109736
1.5 -.044150-.026023-.3726533.3 .00N337 .O1O6U .093319
L6 -.030073 -.ok7263 -.26TL813.4 -.006638 .009145 .o10y32
1.7 -.014737 -.075h28 -.lk786g3.5 -.0U536 .010175-.04955/

A$=C~Ax+~A6
.-

[

0.087761

-0.053345-::~~}= {:::1

~ = 7.09

c% = 0.469

—

—— —— ——. . .- —__—. —. ------ —..— ..— ———--- .. .. . . . . . .
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.,

TABLEIv. - CCMP~TIONSILL@TRATINGMETHODA - Concluded
.,

(e)FinalresultsusingmethodA afterthreeiterations

.

Probable
-Flight1- errorfor Flight2

flight1

CL 7.09 . ,0.113 6.7Q.

c% 0.468 0.105. 0.446

CL~ 0.072 0●0004 0.076

c% 0.028 0.0004 0.033

c% -0.622 ‘ 0.003 -0.711

cm; -o.lfi 0.001 -0.181

% -0.068 0.001 -0.078

c% -0.914 0.003 -0.968

(~L/~)t 4.84 \ 5.B

&/& 0.425 0;461:

2.19 2.08~ti+
. ,%

.

\

—— ——..———- -. -— . . . -... . —— —-—-- ----— — . . ..— — .—-- ----- .. ---- -—



58

,
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TABLEv.- cmmIYITIm 11.JABTRATINGMETHODB

t
[

kc dt

I o
.10
.2-.000018

::::%%
.5-.003153
.6-.oo6E@o
.7-.010314
.8-.015379
.9-.021209
..0-.027613
,.1-.034367
..2-.04E37
.3-.047910
.4:::;%
.5
,.6-.062767
,.7-.065018

(a)Beteminatfonof C%, C*, and ~

tJA~dt
o

0
0
-.00I.I.64
-.007697
-.022265
-.041702
-.0631.15
-.085043
-.105918
-.=5274
-.142554
-.157253
-.168003
-.173429
-.171125
-.16zL57
-.1467’02
-.=7892

) o
.0001820
.003154-.Oolm
.009TL6-.006729
.017219-.o11385
.024501-.013576
.031585-.015062
.038487-.015219
.045288-.01M67
.052139-.014123
.058791-.ol@39
.064103-.ol@l
.067784-.co&16
.06847’3-.004889
.066415.001330
.0641.19.CQ5321
.060601.ooe294
.054201.03.2089

—

t

—

!.8
..‘9
!.0
?.1
?.2
!.3
?.4
~.5
!.6
~.7
!.8
~.9
).0
1.1
).2
1.3
L4
1.5
—

pt

rAx at
o

.0.065668
-.064612
-.061805
-.057382
-.051530
-.044418
-.036264
-.027526
-.01/3-(-(0
-.010553
-.003317
.002646
.007146
.010221
.01.2003
.012687
.0X2428
.011447

p ‘t ~~”*
-0.1045080.046582
-.077530.035040
-.048742.030954
-.020009.022443
.00EW5CJ.013272
.035893.003702
.060589-.002593
.0-/’7951-.005296
.084949-.007809
.083685-.om526
.076269-.o12$05
.063493-.0141Z2
.048510-.014312
.033065-.013966
.0M620-.013267
.005148-.012304
-.006739-.01.I.282
-.016172-.010294

ptt&b=c% I Audt+c@
qsc J AEdt+C~/ A5dt

o 0

r0.044’87860.07@828 -o.03704G

IO.w43&8 0.2959167\-0.11.21529

L-0.0370442-0.1.121529 0.0471095—

“do

I

{}{ }

c% .00-(209$)

‘a = 0.005555

C% .0006984

Lb
qsE

L01521:
.01784C
.Olwyj
.01$)444
.Ol$rm
.0197N
.01697s
.011072
.00465<
.00062(
-.00359(
-.006W
-.00735:
-.oQe055
-.CO-(5$X
-.00774(
-.om2&
-.Oooi%$

c% . -0.624

~ = -0.149

~ = -0.861

‘.

— -- —---— --- —- . . .. .— . ..— — -..—-.-—— —-—.—— -——J



NACATN 2902 59

TABLEv.- CCMPUMTIOMSILLWTRATINGMETHODB - Continued

(b)Determinationof C% and C%

t (tab%III (tabflIII A+ “t (tab%III (tabflIII A-+
column@j column@j column@j column@ j

o 0 0 0 1:8 0.001884 -0.071623-0.030434
.1 0 .009703 0 1.9 .019360 -.078674 .06Jt502
.2 -.WC$22 .055812 .0129092.0 .036467 -.o&513 .1924ti
.3 -.005175 ;072EMJ -.02&63 2.1 .051697 -.oW063 .322604
.4 -.013921 .074625-.0914242.2 .065082 -.095707 .ho7066
.5 -.0248TI .071414-.16838I.2.3 .076895 -.087504 .484441
.6 -.035932 .070698-.2534352.4 .085314 -.030227 .5%746

-.ok6216 .067923-.3251202.5 .088583 -.024%6 .530203
:; -.054782 .06%91 -.3954882.6 .085705 -.026422 .514713
.9 -.061513 .067923-.Qt23r22.7 .077804 -.026702 .4’E8u
1.0 -.066176 .0647U2 -.4B0652.8 .066h52 -.019651 ;4&0;
1.1 -.068518 .043246-.5297182.9 .052350 -.005%4
1.2 -.068301 .032077-.5018303.0 .037762 .0009)8 .298661
1.3 -.064585 -.0U2565 -.5052613.1 .0238k6 .005620 .227539
1.4 -.056328 -.022862-.425wI3.2

-.044150
.012066 .007958 .109150

1.5 -.026023-.3720~ 3.3 .oolt!a7 .010611 .092732
1.6 -.030073 -.dt72ti -.266M9 3.4 -.006638 .009145 .O1OMO
1.7 -.014737 -.075428-.1469523.5 -.or2536 .Ololn -.049418

Aq=C.~&+C~ZY3

.. . .

r

O.o&7761

-0.053345-::g&}=~:=l :

c% = 7.09

C% = 0.456

-
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TABLEv.-COMPUT.ATIONSILLUSTRATINGMETHODB - Concluded

(c)Finalresults~fromthreesetsof flightdatausing
methodB with X = 0.5 -

Flight1

7.09

0.456

0.062

0,031

-0.624

-0.149

-0.075

-0.861

4.21

2.13

Probable
errorfor
flight1 “

0.113

0.105

0.008

0.004

0.026

0.019

0.010

0.063

Flight2

6.66

0.402

0.057

0.028

-0.670

-0.136

-0.068

-0.813

3.79

1.87

—

7’Flight3

6.78

0.420

0.053 .
0.026

-0.698

-0.126

-0.063

-0.892 ‘

3.52

L96

1

L. ——. — —.. .— ———. .—— ——. —.— -— .--—-— -—.-—— .—–. —--
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TABLEvl.- COMPTICATiONSILLUSTRATINGMETHODC -‘Concluded

(c)FinalresultsusingmethodC with A .0.5

Flight1 Flight2

AccurateApproximateProbableAccurateApproximate
values values error values values

c& . 7.21 r7.00 ‘ 0.106 7.59 7.34

c% 0.374 0.371 0.013 “ !3.394 0.391

CL~ ‘O.066 0.067 0.005 0.067 0.069

c% 0.033 0.034 0.003 0.034 0.034

c% -0.624 -0.627 .0.073 -0.706 -o.7io

Cm; -0.158 .-0.160 0.012 -0.161 -0.164

c% -0.079 -0.080 0.006 -0.081 -0:082

C% -0.894 -0.887’ 0.032 -0.941 -0.935

(~L/h)t 4.46 4.54 4049 4.58

ac@5 1.75 1.73 1.& 1.83

.
!
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Figure 2.. Measured and computedflight 1 tlma hlatoriea of incremental
elevwt.arU.aplacment,pitchingvelocity,loadfactor,and tafl load
ehowlngthe fit of the &c.a.


