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~.* FOREWORD

The Design Compendium was prepared by the Convair Aerospace Division
of General Dynamics Corporation under USAF Contract F33615-71-C-1754,
Project 643A, '•TOL Tactical Aircraft Investigation." This contract was
sponsored by the Prototype Division of the Air Force Flight Dynamics
Laboratory. The USAF Project Engineer was G. Oates (PT) and the Convair
Aerospace Program Manager was J. Hebert. H. G. Altman, L. G. Barbee,
E. C. Laudeman, E. S. Levinsky, N. A. Ponomareff, and J. C. Ramsey
were the principal contributors.

The research reported was conducted during the period 7 June 1971
•- through 31 January 1973. This report was submitted by the author on

28 February 1973 under contractor report number GDCA-DHG73-001.

This report has been reviewed and is approved.

! 1i.ROSS JR.•;• Lt. Col. USAF
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ABSTRACT

The Design Compendium presents methods for estimating the aerodynamic and
stability and control characteristics of mechanical flaps and the three lift/
propulsion systems:

1. Mechanical Flaps Plus Vectored Thrust
2. Externally Blown Flaps
3. Internally Blown Flaps

The mechanical flap has a propulsion system below the wing that is vectored
down away from the flap or wing. Lift augmentation is mainly obtained from
the vertical component of the jet thrust vector. Additional circulation lift
ard the accompanying moment was minimized by properly locating the vec-
tored thrust component.

The externally blown flap system has an external jet nozzle mounted below
the wing. The propulsion system exhausts a jet stream toward the flap,
which sprtads spanwise along the wing with the jet flowing through the flap
slots and deflected down by the flap. The Ulft augmentation of this system is
analogous to The internally blown flap.

The internally blown flap system has high-velocity air ejected from the vicin-
ity of the Iee of the flap in a direction iuch that the flow will attach to the
upper surface of the flap. Lift augmen\ Mton is obtained with this system not
only from the vertical component of the thrust vector, bWt also by increasing
irculation around the airfoil.

The Data Analysis Report, Volume IV, snniarizoos the force and rake infor-
ination measured during the 1,087 hours of low speed wind tunnel testing con-
ducted by the Convair Aerospace Division of General Dynamics during the
STOL Tactical Aircraft Investigation. Over 2,730 data rurs wore gonrated
on 242 major configuration variables that cover•d the above concepts. This
dta atd subsoqunt anailyest wore used to develop the mothodology presented

A rxvvlaw of various ti.oretieal approaches tis proe•ntx ts furi na bis for
the gauer.d1i4d mcufluds tdut Ure devulopjw to osutlmat lif' drag, 1h1ing
mfomeat, domwia h, imid tie laterid -4irectiomad stahlud11 tv curiva tivo. Sn,}l
probleins are prositLd uwider the two--digit i , tions to allow the nazoi
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~. advantageous utllization of the methodology. The data correlations shown at
the end of the major sections verify and substantiate the selected approaches.
The methodology was developed with a capability that allows it to be broadened
into a universal program applicable to mechanical flaps or any lift/propulsion
system.

i~i A general methodology has been developed for predicting the lcw speed aero-
i I dynamic and stability characteristics of STOL transport aircraft. The mneth-
iI odology is applicable to the EBF, IBF and MF/VT STOL concepts. The basic

procedures, which predict the lift curve versus angle of attack, maximum lift
coefficient, induced drag, thrust recovery, pitching moment, and dowuwash

S~~angle are easily hand-calculated for a single case or programnmed on a small -
computer to calculate a large number of configurations. The methodology has
been evaluated by comparing its results with wind tunnel test data obtained
under the current STOL program for EBF, IBF and MF/VT configurations
over a range of jet momentum coefficients from zero to four and with a wide

:• variety o5 jet nacelle locations and trailing flap configurations.
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NOMENCLATURE

A or Al Aspect ratio of wing

At Aspect ratio of the extended whg area

b Wing span In. or Ft.

c Airfoil sectio' chord, flap and leading edge In. or Ft.
retracted

c Airfoil chord with leading and/or trailing-edge c
flaps extended

c, cw Mean aerodynamic chord In. or Ft.

CD Drag coefficient

Section (2-dimensional) drag coefficient

CD Power-on induced drag coefficient

CD Power-on minimum profile drag coefficient

~D

C Power-off minimum profile drag coefficient of the
P total aircraft including thrust recovery from

0 :leading-edge blovwng

C Momentum los coefficient due to the inlet ram drag
RAM

C I, Ram drag based on the etended wing area
DRAM

c Exposed mean aerodynaniic chord In. or Ft.
exp

.of Flap chord

NOTE: Primed coofflcionts aiv based on the oxtonded wing area.

,xvi



NOMENCLATURE, Contd

Symbol Units

Cf Trailing-edge flap chord (subscripts denotec
n

Cl.C Lift coefficient
L

AC Lift coefficient increment due to leading-edge deviceLI
LE

Lif+ coefficient increment due to the deflection and
LTE trailing-edge blowing

ACý Total increment in lift coefficient due to trailing-
wing edge flap deflection, trailing-edge blowing,

leading-edge high-lift device deflection, and
leading-edge blowing at zero angle of attack

c Section (2-dimensional) lift coefficient

CL Lift coefficient at zero angle of attack for the basic

0 cambered airfoil

Ac' Leading-edge flap section lift increment at zero angle
ILE attack

Ac' ~Power-on tm'iling edge flap sa~tion lift increment
ZTE at a=~ 0

40, Power-off trailing edge fla,5 section lift Increment
T'E at a =0

0

CL Aomodynainio lift (toWa lift minus direct thrust,~
a 'ro component)

CLP Dlirect thrust lift compc'ncnt

0Leading-edge device chord

xvii



- -NOMENCLATURE, Contd

Symbol Units

Average extended wing chord at the spanwise % c
n station of the nth jet

C Maximum lift coefficient

C' Power-on lift coefficieiut t.t the power-on
MAX stall anglc of attack

C' Power-off maximum lift coefficient.
Lx SL~MAX°

0

"0 LMA Maximum lift of the basic clean airfoil
a

AC A Increment in maximum lift due to the deflection
MAXLE and blowing of a leading-edge high-lift device

SAC, Increment in maximum lift due to the deflection
.MAXTE and blowing of a trailing-edge flap system

.C 1 \ Increment in maximum lift coefficient due to
J-MAXLEAV leading-edge blowing

ACtMX Power-off maximum lIft coefficient increment
'AXT/o due to the deflection of the trailing-edge flap

system

AC Maximmu lift coefficient increment due to blowing

,.EAT v on the trailing-edge flap system

-2 Section (2-dimensional) maximum lilt coefficient
'i;;Inax

Two-dimensional maximum lift coefficient as
max estimatod from DATCOM (Paragraph 4. 1. 1 4)

A•cj ina2)E Two-dimensional incrfo Int in maximum lift
SmxLE coefficient

xvii



NOMENCLA'PURE, Contd

Oymbol, nt

Ac, Increment In the two-dimensional maxi1mum

maxE/ lift coefficient~, power-off

'T.Lift curve slope /Deg

C'L Power-off lift curve slope measured at the angle
La/a of zero lift A/Deg

LUct Lift curve slope angle-of-attack, " /Deg

CLif-curve slope evaluated at angle of zero liftL

C!,Two-dimensional lift curve slope /Deg

c0 Two-dimensional power-off lift-curve slope A)er

C' Two-dimensional theoretica~l lift cuive slope /Deg
th

CRolling moment due to sideslip /Dog

c Rate of change of lift with flap deflection at
constant angle of attaok /Dog

0Lift effoctiveness for the flap Be-mn /Dog

01 Te ticallading edge lift oeqct~lvnesn Do

c~)L ~ paramooer

C Monent coofficient based on f ee-votivan velocity

A C Two-dzimensional pitching mnomant. increnentA

~ - . . . . . .-. . .



'S NOMENCLATURE, Contd

Svnibo Uit

Trailing-edge flap pitching moment increment
1TE. at zero angle of attack

IC Normal force coefficient based on free-stream
velocity

C nYawing moment due to sideslip Deg

Root chord In. or Ft.

c Disancefrom tUe leading edge to lne leading
edge of first flap aegment c0

C Side force duo to sideslip /Deg
yi3

C Overall gross jet momentum coefficient at the
blowing taozzlo for r-n IBF, or at the jet exit forj ~B3F and MF/VT syswems

CIA LELeading-edge blowing momentum coefficient

CA Bowing momentum coefficient of engim.- blowing

J system

CI ~ Blowng momenthim coofficient of engine

Co Portion of the enginet blowing momentum co'pfflclnt
0 omptuzvd by the trailing edge flap

Blowing momentum coefficient of the- trailing
CT edge blowing system (IBE)

V Blowing momenotum coefficient at the trailing
CýTv edgo flap

Ct Momentumn coefficient of EBE systom Lue-asured
T).j TE at the T. E,



NOMENCLATURE, Contd

Smbol Units.

cM Section (2-dimensional) momentum coefficient

ct  Section blowing momentum coefficient captured
c by the trailing edge flap based on the wing area

spanned by the blowing per engine

0 Section (2-dimensional) leading edge blowing
L momentum c-oefficientI

c Section (2-dimensional) trailing edge blowing

DSF32 Double slotted flap configuration No. 32

d Diameter of the nth jet stream at the flap In. or Ft.
n ~trailing edge assuming a t~i;!-degree jet

expansion angle due to mixing

EBF Externally blown flap

I Inued drag factor (aerodynamic efficelncy),

SNuWichbependslos on boingcgoefficin t fapd sythe

0B Inteinallyablodyn amicefiny

ga SbCrip b theat sudccessive flp lt, 2nd, 3r0
t~~ Het igh semt of th dowbig le-o r Irn.-sot

afla

h 11 Bugljw bu~~wk linelctosI.o t



NOMENCLATURE, Contd

SymbolUnt

I Engine incidence angle relative to mean chord

eplane (MCP) Dog

Kb or k Partial span flap factor

K~L Leading-edge partial-span factor

SKb Partial -span lblowinig factor

AK b Power-off partial-span flap factor
0

KPWR Ratio of the power-on to power-off lift curve slope

k Theoretical ratio of the~ 2-dimensional powered to theo

unpowered lift curve slope

KMAX Correlating constant bast'd on the leading-edge

M Much :iutnbor

NIF/VTMuhanical Flap/Vactored Thir~kast

Nuinber of flap aegmonts

X TotIal nubor of enginu nacallos cstrlbutlng
to IM~P blowing (EBF Only)

iiNaoello locaz~onb

n Niunibcr of onglnos
0

oV~ltp 1  C~rIL botwoon su0008sive olomnets

PUF PLitn blown flap



• • NOMENCL ATURE, Contd

• R Nozzle radius In. or Ft.

-- •-••: Thrust recovery factor

':•"(•-;iS Basic wing reference area Sq. Ft.

•-•,:•a• l;:•:"Eitended Wing area including the chord
•_:-:: ,:-i .... extension due to both tralig- and leading-

•::!;i:edge high-lift devices Sq. Ft.

S•SSF2 Single slotted flap, Configuration No. 2

i i i!S Exposed wing area Sq. Ft.

•::: - S'Extended wing area spanned by the blowing
•- nozzle Sq. Ft.

•=:.:SW Wing area Sq. Ft.

, s Spreading angle of jet efflux Deg.

iTSF 311 T-riple slotted flap, Configuration No. 311

t/c Aifi..ikes.ai

SV Engine e,ditaust velocity ".-Ft./Sec.
:': e

i~,V Free-stream velocity Ft. /Sec.

X xCos 2 (xslc') -

X Horizontal distance from leading edge to engine
e Sexhaust plane In. or Ft.

body-axis system In. or Ft.

__-%_•.. ;Xr Moment reference center as a fraction of the

S :,mean aerodynamic chord In. or Ft.

xx•i
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NOMENCLATURE, Contd

Units

Z Vertical displacement from the wing wake In. or Ft.

Z Average vertical distance from YOCP to center
e of engine at the exhaust plane In. or Ft.

Z Vertical displacement from 0. 25 C in body-
axis system WIn. or Ft.

z Actual vertical distance from MCP to centerline
e

of engine at the exhaust plane In. or Ft.

RATIO

c/A Average jet capture ratio

( ) Ratio of vortex span to geometric span

C• C~lMAX
Empirical factor used to correct section maximum lift

cm coefficient for finite wings, including corrections for
max wing sweep and leading-edge radius

CL A Aspect ratio contribution to C power off /Deg

Cd

(Sweep contribution to ,power okff /Deg
CL C,

AI powereta aspect ratio cotiuinto C/pog

Xxiv



NOMENCLATURE, Contd

SymbolUit

\C /Incremental sweep contribution to C
aer A due to power /Deg

'C.AC

Incremental sweep contribution to C
Leo due to power /De

Aspec raiAotiuint oe f /Deg

Asweeprai contribution to C power off /Deg

Srw deepcotiuintCpower of /Deg

C

C Increment~al aspect ratio contribution to
L detopoe /Degatero A nx

----------------------------------- r '
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Symbol ~NOMENCLATURE, Ccutd nt
AC

ICLI Incremental sweep contribution to C
aeoL due vopower /Deg

c' / Extended trailing edge flap chord to overall
f oC extended wing chord ratio

C t Extended leading edge flap chord to overall
LE/ Cextended wing chord

Reynolds -number-dependent correction for
boundary layer displacement effects

Leading edge flap center of pressure location

c6 ")thefrom thin airfoil theory

Trailing-edge flap center of pressure location

Vertical displacement from 0.* 25 Z reference

(W) point in stability axes( h~)Vertical displacement of horizontal tail from

ý6HW~ortexvortex shoot

()wakeIncremental displacement of the vortex shoet

dK.0  Slopo of the partial span flap factor curve
d 11

(1 -a CIA /Cý,) Estimated frnaction of the 1131 jot momenturn
renvaining at the flap) trailing edge aiul based
oti the ratio of the flup chord to the jet nozzle
height, h (scrubbling lose)

110Z



NOMENCLATURE, Contd

Symbol Units
(1 -- 0.12 c0/c) Estimated fraction of the EBF jet momentum

remaining at the flap trailing edge and based
on the total flap chord ratio, c•/e
(scrubbing loss)

GREEK

Angle of attack of the wing root chord with respect
to the forward velocity Deg

Change in induced angle of attack (downwash angle)
pwr due to power and is to be evaluated at the power-on

stall angle of attack and with the flaps extended Deg

Zero-lift angle of attack for an untwisted wing Deg

SPower-off angle of zero lift with full BLC Deg
L

a OL Power-on angle of zero lift Deg

pwr
, Change in stall angle of attack dte to power Deg

CJ* 8Power-off angle cf attack at maximum lift
8o with full BLC Deg

Aa Angle of attack effect of wing twist Deg
t

SWing angle of attack Deg

Ac /0 Change in wing zero-lift angle of attck due
0 to a unit change in linear wing twist

Equal to jlM2

t Trailing-edge flap deflection Dog

JA nugo between suocesstive chord plancs Deg

Flap deflciction of tihu "-h flap Segmei Deg

XXVi



NOMENCLATURE, Contd

Symbol. Units

HE Effective deflection angle of the leading-edge
/ Edevice and is expressed in terms of the geometric

leading-edge device deflection angle, 6H Deg

'5L Leading-edge high-lift device deflection angle Deg
LE

6T Deflection angle of the engine tailpipes, measured
relative to the wing reference plane Deg

6* Effective Jet turning angle Deg
T

Avwrage spanwise wing downwash angle at infinity Deg

SDownwash angle in the vor,4x plane Deg
0

A E Downwash angle increment for wing aspect ratio
effects Deg

Ac Downwash angle increment for an IBF
configuration Deg

AE Downwash angle increment for an IBF
configuration Deg

AC V Downwash angle increment for an MF/VT

configuration (6T• 9 0 degrees) Dog

A A Downwash angle increment for wing swoop
angle effects Dog

Efficiency factor for a flap segment

1a and?16 Emnpirical factors to correlate available test
data on airfoils with trailing edge flaps

Plain flap efficiency factor depending on the
-P: flap deflection angle, 6f , plus tite upper sursacondoan at the flap traliing edge, •

xxvlii



NOMENCLATULEv, COWt

~. .. . . ....-

• • S Static turning efficiency

Is8 Slotted flap efficiency factor for the ith flap
Ii segment

0 Twist of the wing tip with respect to the

root section in degrees (negative for waahout) /bleg

N LE Cos /Den

0S Static turning angle /Deg

Stti

Atc/ Mid-chord sweep angle of the extended wing

Ac/4 Sweep of quarter chord line of the basic wing /Deg

o TWing taper ratio

iUpper.surface trailing edge angie /Deg
,M h s a oh t d

A 0 4 Swe f urtrcor.in fth ascw-g/e



SECTION 1

INTRODUCTION

i-0,

The overall objective of this Phase I effort was to produce a g~neralized methodology
for estimating the aerodynamic and stability and control characteristics of mechan-
ical flaps and three STOL lift/propulsion systems:

1. Mechanical Flap Plus Vectored Thrust (MF/VT) -- Normal force components
due to conven-Conal wing lift and to direct

i engine thrust vectoring independent of wing

system,

2. Externally Blown Flap (EBF) -- Normal force components due to conven-
-•.• tiona wing lift, deflected thrust, and aug-

• ~mented wing lift by higch-energy, external

•_,•.blowing.

•.:-•.3. Internally Blown Flap (IBF) -- Normal force components due to conventional
•iI wing lift, augmented lift, and vectored thrust

by high-energy blowing through wing duct

•v• The mechanical flap with vectored thrust has a propulsion system located beneath
- • the wing whose thrust is 'Vectored down away from the flap or wing. Lift augmenta-

i• tion is mainly obtained from the vertical component of the jet thrust vector. Addi-
•<•' tional lift due to increased circulation may be obtained by properly locating the vec-
~tored thrust component.

i~i The externallv blown flap system is limited to an external jet nozzle mounted be-

S~neath the wing. The propulsion system exhausts a jet stream toward the flap; die
• jet spreads spanwiso along tbe wving with part of the jet flowing through the flap

slots, the remainder deflected down by tlhe flap. Tho lift augmentation of this sys-

tem is analogous to the internally blown flap and full spreading is assumned.

• The internally blown flap systeni is defined as a jet flap, Micor lhigh-volocity air is
•< ~ejected from, the vicinty of the• knee of tho flap in a direction such that die flow winl

•.- attach to the upper saurface of the flap. Lift augmaentation is ob~tined with 0ths sys-
•. ~tom not only from die vertical component of the thrust vo.ctor, bu~t also by increasing,- circulation around th airfoil.

CV. -
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The results of an analysis of aerodynamic and stability and control data obtained
from a series of wind tunnel tests of a 1/20-scale STOL transport model conducted
at the General Dynamics Low Speed Wind Tunnel in San Diego during the summer and
fall of 1972 are utilized in the development of the methodology. The teot3 consisted
of over 2,700 runs totaling 1,087 hours of testing time for the three lift/propulsion
aystems designed for use with STOL transport configurations. A vast assortment
of interchangeable model components permitted testing of over 240 wing, leading
edge, trailing edge, and engine nacelle combinations. The model was also equipped
with three independent air systems for engine, leading edge, and trailing edge blow-
ing simulation. Most of the runs were madewith a rake of pressure probes capable
of measuring flow velocity and deflection at possible tail locations.

A review of various theoretical approaches is presented to form a basis for the
generalized methods that are developed to estimate lift, drag, pitching moment,
downwash, and the lateral-directional stability derivatives.

1-2



SECTION 2

GEOMETRY

The important geometries used in Sections 4 through 9 are presented in this section.
Basic definitions of the two-dimensional high-lift systems, which are the basis of the
methodology, are given in Figures 2-1 through 2-5. Geometry for triple-slotted,
double-slotted, single-slotted, and plain trailing-edge flaps is illustrated. Similar

N information is shown for the leading-edge slat and Krueger flap.

Jet stream capture area is shown in Figure 2-6. The example shows a propulsion
stream tube with the assumed six-degree plume angle and the associated jet capture
area at the end of the extended chord.

______________________I _________________..ý

_Fig=_2-1.______________C *1Fla
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SECTION 3

REVIEW OF PREDICTION METHODS

Among the objectives of the current research program dealing with STOL technology

is the formulation and substantiation of a generalized methodology for predicting the
aerodynamic characteristics of STOL transport aircraft. The methods to be developed
should be applicable for the MF/VT, IBF, and EBF concepts and should be economical
so that they may be used for correlating the numerous wind tunnel configurations tested.
In addition, the methodology should be simple and suitable for incorporation into USAF
DATCOM, Reference 3-1.

Pxtor to developing the desired methodology, several available methods and computer
programs were evaluated and compared with wind tunnel data to assess their suitability
for incorporation into the generadized method. For the MF/VT concept, comparisons
were made with the idealized lifting line equations and with a Convair Aerospace non-
linear span loading computer program, Reference 3-2. For the IBF concept, com-
parisons were made with several idealized jet flapped wing expressions (References
3-3, 3-4, and 3-5), with a recent modification of the Convair Aerospace nonlinear
program to include jet sheet effects (Reference 3-6) and with a computer program
based on the lifting surface method of Das (Reference 3-7). For the EBF concept,
test data was compared with a Convair Aerospace wing-in-jet method and computer

program (References 3-8 and 3-9) and with calculations using the EBF/IBF analogy
method (Reference 3-9). Several of these comparisons are discussed in the follow-
ing paragraphs.

3.1 MECHANICAL FLAPS

The nonlinear span loading programn and the idealized lifting line equations are coln-
pared with power-off test data in Figure 3-1, The configuration consists of a wing
and fuselage, with and without four underslutg podded nacelles. The wing aspect
ratio was 8 and the quarter chord swoep was 12, degrees. Data is shown with flaps
retracted, and with trlple-slotted flaps "t-Waed 60 degrees and the lodlng-cdge
Kruegor at 55 degrees.

Both metlods agree well with the test results in the linear region with the flap re-
tracted. Of special interest is tie ability of the nonlinear sa-aload program to
predict the stalling characteristics for Oils condition. As discussod in Referonces
3-2 and 3-9, the nonlinear program uses two-dimensio•nl airfoil sectionL dita that
must be stwcked along the sptw tt a sufficient number of spa|wise control stiatioln.
An Iteration procedure is used to obtain the circulation along the lifting line. Ret r-
once 3-2 also presents a semi-empirical procedure that modifies two-dimenesional
section ehlracterisics in regions of largot sptinwise flow. Suhi as occurs with |* rtial
span flaps and in the region of the fusclage/wing jwictmre. Th1 ealctlations p-osoutod

3-1
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.,.using the nonlinear spanicad program treat the fuselage as an unflapped wing section
that has the same two-dimensional values of c, as the clean airfoil; hence, modifi-
cations for spanwise flow effects in the fuselage region were made only with the flap,;
extendedi.

As seen from Figure 3-1, the idealized lifting line equations and the nonlinear program
agree well with the flaps-extended test data in the linear regions. Agreement of the
nonlinear program with test data through stall with flaps extendcd, although still
relatively good$ is somewhat dependent on the semi-empirical fuselage correction for

A -9.0. A~,4 =12.50, TSF No. 311

0 CLEAN WING + FUSELAGE + NACELLES
0 WING+4 FUSELAGE

t~WING + FUSELAGE + NACELLES

Lf 60-6O
~ /&ACLA 4 ýLE 5

/ I? CA L 0'10

3 3

CLCL /THEORY
NONLINEAR SPANI.OAD PROGRAM

2 ~ WINO'4 FUSELAGE
-- WING ALONE

0 LIFTING3 L0NE

Figmr 3-1. NIF Tost Data Corrolation w0-h Norluuiar Spazu LoulingI uid Lifting Llno TlwowticaI Metbxls

As ntved irmviously, t1Mw nonlinear pxvgrin ic~dro two-dlimenslowil vilroll anl Rai)
data (lift. drug, and pitdbing momeunt) through tht- stall in orde~r to be usMd for prodict -

Ing tho corrospondlng noulinear three-dimmialnal wing du uotistics. Data of this
type it. shown lin i 'gure 3-2 for the basic N~ACA-6-4 series airfoll with a triple-slott
tralling-odge flap doftoledW Go dogm~es, with and without a blown lcubadn-edge flap

W - p~I. Tho data hi Vigmvo 3-2 was meoauxredlit the tu-ienslounal wind
xun1 et e rtd in llefexvnto 3-10, wvM repopxsenl i.rimes anwitu of blowing

over the trailin-tdge flap (0 < cý 3.0). T1us, the suovtin data. tay be used to
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2-D TEST DATA GDLST 610
TS FLAP, f =60'
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Figure 3-2. Two-Dimensional Test Data Required for Nonlinear
Spani Loading Programi

estimate the three-dimensional IBF characteristics assuming that the nonlinear pro-
gram (Reference 3-'.:.; remains valid for the IBF concept.

A considerable data bank of two-dimensional data for various flap configurations and
-: blowing conditions is required if the nonlinear program is to be used to predict the

"stalling characteristics of mechanical flaps or lift/propulsive flap concepts. In lieu
of a data bank of the required scope, analytical methods may be used to estimate the-
aerodynamic section characteristics, at least for the linear range. Calculations of

this type, using full potential theory for a o 0 and the Spence thin airfoil theory for
c > 0, are also shown in Figure 3-2. Good rgreement with the two-diaensional wind
tunnel data is obtained for the blowing coefficients indicated.

3.2 INTERNALLY BLOWN FLAPS

The nonlinear spar -loading method was applied to calculate the aerodynami3 character-
istics of a wing with an aspect ratio of 8 and a triple-slotted IBF at 60 degrees. The
experimental section data from Figure 3-2 was used in the nonlinear spai load to
predict the results compared with the three-dimensional test data in Figure 3-3.
Reasonably good agreement is shown for CLmax for all blowing coefficients. A semi-
empirical method is used to estimate dhe section characteristics of that part of the
wing buried in the fuselage. Predicted lift and lift curve slope values are found to

3-3
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THEORY
- MODIFIED NONLINEAR LIFTING LINE PROGRAM
--- OAS LIFTING SURFACE PROGRAM

S- - IDEALIZED JET FLAPPED WiNG I-A
S. A 80AC/4 1 EQUATIONS

CA-1.
8

5 f-650^

T

CL 4- 4

r 0.48 ..

""~~ri Cur

a. 30-Degroe Flap Deflectioo h. Zero f.ngle of Attark, Flap Deflectloo.
of 15, 30. 45, and 30 Degree-

Figure 3-4. IBF Test Data Correlation with Three Theoretical Methods

SAll th2L'eemethods overpredicted the power-off lift and lift curve slopes for a fiap
Sdeflection of 30 degrees because of separation over the flaps. Empirical corrections

S for flap separation are therefore required in the two-dimensional methodology to be
Srecommended. Corrections due to flap separation generally disappear at blowing
Scoefficients approaching 1.0 because of the beneficial effects of boundary layer control.

.-. The modified nonlinear span loading program appears to overpredict the lift and lift
S. curve slopes at the higher blowing coefficients,* This may be due to an over-correction

tions from Ref'rences 3-.3 and 3-4, although relatively simple to apply, seem tonthprgafothefcsofteethetTeidazd tfapewn eu- !

S: urw~erpredtct the lift at zero angle of attack at the highest blowing coefficients. 'rho
:-"Das-type computer program is a lifting surface method that satisfies 'tangontial flow "

S"2:

" i " boundary conditions on the wing and dynamric boundary conditions on the jot sheet at :
eight spanwise control stations-, In principle, at least, th~e Das method should he the :

S~most accurate of the three methods for the IBF concept. Comparisons with) test data
• ~in Figure 3-4 are somewhat inconclusive. Limitations in the Das approach steinfrom his assumption of a zero chord jet flap, specification .of the Jot-induced vorticiyl distribution and the initation to eight pr-letermined spanwise locptions for satis-

rying boundary cionitions, hr e Das method also includes the usual small deflection
15cn anglo 1.0 mbail of tineahtty& puonM4',oou r-no

The modified nonlinear span loading program appears to .. ; the lift• a.nd--, lift-.



Extensive correlations with IBF test data, as performed in Reference 3-11, show that

the idealized jet flap wing equations in References 3-3 and 3-4 consistently under-

estimate the blowing effects on the lift curve slope. On the other hand, a somewhat

improved agreement has been obtained by using an alternative equation for the power-

on lift curve slope as derived by Kerney (Reference 3-5) that uses matched asymptotic

expansions. This may be seen in Figure 3-5, where the methods described in Ref-

erences 3-18, 3-4, 3-5 and 3-7 are compared with the ratio KpWR of the power-on to

power-off lift curve slope for test data on an internally blown flap with 15 degrees of

deflection (Reference 3-11). rest data from Reference 3-11 for wings of various

sweeps and aspect ratios and flap deflection angles up to 60 degrees shows even higher

values of KpWR than predictedby Reference 3-5. On the basis of these comparisons,

the idealized jet flap equations will be based on Reference 3-5 for power-on lift curve

slope. Figure 3-5 also shows that KpWR, when based on Reference 3-5, is near the

two-dimensional value:

KpR kpwr = L a /c? (3-1)

The approximation, which is applicable to the wing aspect ratios and jet momentum

coefficients encountered for STOL transports, will be used in the methodology pre-

sented in Section 4.1.2.
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Th a-type computer program was used to generate the IBF partial-span factor, Kb,
for lift. The results shown in Figure 3-6 indicate that, for the range of parameters

conideedtheIBFparia-span factor corresponds closely to the mechanical flap
(MF patia-span factor. The MF partial-span factor has therefore been employed in

* the generalized STOL methodology.

- MECHANICAL FLAP031.I
0 A0 A 18F USING OAS LIFTING SURFACE PROGRAM ... 20

1.00.,.0 .

bKb Ylb2 1

0.5 
-V/bIZ-

WING

TAPER

V 

/RATIO

00.5 1.0

Ylb/2

Fgr3-6. Evaluation of IiBF Partial-Span Flap Factors

3.3 EXTERN~ALLY BLOWN FLAPS

A wing-in-jet (WJ) method was developed to estimate aer~odynamic characteristics of
S1()L aircraft with RBF systems, This method Is based on anaiytical procedures for
calculating the interaction between a wing and propeller slipstream, and has been

X: described in dot-ail in Reoference 3-8.

As depicted in Figure 3-7., the WJ method is a multiple-lillting-lino v'ortex lattice
pots-ltial theory method. Horseshoe vortex elements of strength Fhj are distributed

overthe ingwhere h and i: are indices referring to the ohordwsro nsp-

wise position of the element. In addtiton, horseshoe vortex elements of strength rj~
aiW A.~ are dietributedi around the 'inside and outside, respectively, of each of the
Jets.' Here hi and ol are Indices referring to chordwise and angular locations on the
'lot aurfaces4 The usual Clow taxngency botunidarY conditions are satisfied at control
points on the wing and flap surfaces 'as shownu in Figure 3-7. In addition, botundary
conditions, of constant static pressure and constant normnal flow angle across the jet
--urfaces are .satisfied at control points on the Jets (Figure 3-7).

At presont, the coinputof program for the WJ niethod Io limited to consideration of a
singl chondwise liftizig line and to Jets of circular cross section. Reoduction of the

3-7
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Figure 3-7. Wing-in-Jet Method for EBF, Multiple-Lifting-Line Model

WJ method to a single lifting line representation is depicted in Figure 3-8. The wing
and flap systnams are taken at an effective angle of attack, 'EFF ' which may vary
across the span. The effective angle of attack is found from thin airfoil theory as:

EFF = " (C, flap geometry) 6 (3-2)

where a6 must include effects of power in addition to the usual geometric parameters.
Methods to calculate a6 with power-on are included in Reference 3-8.

As illustrated in Figure 3 -8, the single-lifting-line model should be adequate for lift and drag
-* for full capture, since for this condition the lifting line tends to be buried at a representa-

tive depth inside the jet as sketched in Figure 3-8a. However, for partial capture (v7. ,
jets that lie below the wing and/or for small flap deflections), the single-lifting-line model
will prove inadequate when for the condition sketched in Figure 3-8b, the trailing edge of

Fi

Figurc 3-8. Slmpliflcation of Wing-in-Jot Method for EBF,
Single-Lifting-Line Model

3-8
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the flap is still buried inside the jet and the single-1Ifting-line representation shows
the bound vortex and control point to be outside the j,.t. Calculations using the single-
lifting-line model have exhibited high sensitivity tt the assumed vertical location of
the lifting line with respect to the jet surface for +he partial-capture condition.

The WJ method is compared with EBF test data in Figure 3-9. The data shown is
for jet engines in Position A (high and forward) and for triple-slotted flaps deflected
60 degrees, as shown in Figure 3-10a. Essentially fri•l capture was achieved for
this condition. As shown in Figure 3-9a, the assumption of a six-degree jet expan-
sion angle gave improved agreement with tes-c results, All subsequent calculations
by the WJ method have been performed usir- this e-.'pa~asion angle.

Computations at CA = 0 were performed xith the % values over the wing reduced
from theoretical values for flow separation over the flaps. For CA > 0, full theoret-
ical aa values were assumed over the entire wing span, Thus, it was assumed that
the jet efflux spread spanwiso over the upper ving suface to a degree sufficient to
provide full BLC. This assumption appears reasonable since, as seen in Figure 3-10,
the jet intercepts just bdow the first slot of the triple-slotted flap for Engine Position
A.

TSF.& -W 6THRUST RECOVERY - COS
AR - 8, AC,4 12..' -- ThRUST RECOVERY -COSa -0.25

ENG. ,'O A lIN .H 1. FORWARDI

1" Cr 23 - e JET EXPANSION ANGLE
O JE'f EXPANSION ANOLE

, Cp-) 0 0

:7 1.20 -110 0 I 0 to 30.t,0 -0.5 0 0.5 1.0 I.E

a. Data from G wiT Wg00

,,. :: ; -0 1 5

t .0i o0 . i.4 1u . t_

f 'Figure 3-9. E13F Test Data Correlation with the Wibig-in-Jet A•
•.!, -• Theorotical Method - Full Cazpture :

i- 3-9



IkeI
a. Jets in High Position, Full Capture b. Jets in Low Position, Partial Capture

(Eng. poe. A - 1bf 3-11) (Eng. pos. F - itf 3-11

Figure 3-10. Effect of Jet Height on Capture and BLC

Good agreement is shown for drag when the thrust recovery factor, r, is assumed to be:

r =cos a - 0.25 (3-3)

where the cosine term represents thrust recovery of the jet engines at inclination a
and the 0. 25 term corresponds to a loss of 25 percent of the jet momentium in passing
over the flaps. The computed induced drag values included in Figure 3-9 are higher
than wo-Ad I* expected on the basis of the idealized jet flapped-wing expressions,
which as~qume ai constant downwash distribution across the span because of the low
aspect ratio of the sections buried in the Jets. This higher induced drag is in agree-
ment with EBF' test resuit~s.

A comparison between the WJ method and EBF test data is shown in Figure 3-11 for
Jets that have been lowered to Position F, resulting in only partial capture. (See also
Figure 3-l0b.) The calculations assuming full BLC effectiveness- when Ct,> f in
Figure 3-11a now appear to overpredict the lift at the lower values of C . Calculations
assuming full B1JC only on the wing sections immersed in the Jots are stow'. in Figure
3-11b. These computations agree better with the test data at low values of C., but
uncierpredict the lift at the higher values. Thus, only limited BLC effectiveness was
achieved for Position F. This corresponds with results obtained when the Jets do not
pass thrugh the two upper flap, slots, as shown in Figure 3-10.

As noted previously, !he computer prograni for die WJ method treats the jets as cir-
cular in cross section, with no spanwise spreading or distortion due toui th ap system.
(The six-degree jot expansion is attributed to viscous mixing effects.) Ilia J
progrmn therefore yields a higlily peaked span load distribution as shown in Figure
3412 for Engine Positiovs A and V at C 4. Recent NASA test data (Rceferences 3-12
and 3t-13) seems to confirni this typo of spanload distribution mxd therefore suggests
ilat EI3F jot spreading may be relatively mninor, except for I3LC effect, Somec lift
augmnentation is prxlicted by the WJ method over parts of tho wing outside the Jets
duo to upwash f rom dhe jots, from the highy loadcA sections immersed in the Jets,
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- 1 L 0 1 0 2 0 3 C- A. 0 -0h 0 0 . 1 . 0 1 .
0d~..l C

a. Full BLC Effectiveness when C > 0 .
/'000 C .0

-10 0 10 20 30-1.0 -0.5 0 0.5 1.0 1.5

a tdlieitt CD

b. No BLC Outside Jets, Full BLC Inside Jets,

Revised Cr0 Aording to 2D-EBF

•A'. •-Figure 3-11. EBF Test Data Correlation with the Wing-in-JetTheoretical Method - Partial CaPture

CL, CIA - .

CA .' .
- 0

ta..

Figure 3-12N Calculated Span Load Distributios

by Tti WM Ig-into t Metaod for EBF

and from the o blishment of BLC eflfetlveaess i dtsuss•d in the precoding para-
grap•&.

A vecond and much simpler procoduro for predicting aerodynamic characterietics of
EBF systems Is the analogy mntbnd. A dPWiassion of the analogy method, with sample
r-sults, Ia given in Reforean 3-9. In brief, the a•naloay method (pitiurod in Figure 3-13)
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Figure 3-13. .EBF/I:BF Analogy for EBF

assumes that the EBF jet spreads laterally after impinging on' the flap and finally
leaves the flap trailing edge tangentially as a thin jet sheet, -in much the same manner
as for an IBF jet. A necessary requirement for the use of the analogy method is a
knowledge of the spanwise distribution of jet momentum cocl'ficient, C~.

Wind tunnel data with a triple-slotted flap deflected to 60 degrees and tested as an IBF
and an EBF system are shown in Figure 3-14. The EI3F data, whc iza :or a ivo-
percent capture condition (Engine Position A), clearly substantiates the analogy for

* lift'and drag, at least for the configuration investigated.

WING: AR -8,0 TSF NO. 311 W8O EG) 11h%C LE KRUEGER

SOIDSMBL -EO -T .E 1--WINjPE SYBL - 1.40WTHU LE BLOWING

AA

To 0
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A mathematical justification for the analogy method may be obtained by following the

U systematic expansion procedure in Reference 3-14. The expansion procedure is
performed in terms of the chord-to-span ratio (assumed smaUl). Jet thickness is
assumed to be of the same order as the chord. This procedure results in an inner
two-dimenmional solution for a flapped airfoil which is decoupled from an outer three-
dimensional solution for the lifting line and jet sheet. The outer first-order sohltion
is unaffected by details of the interaction between the thick jet and flap, and would be
identical for the EBF and IBF concepts.

The inner two-dimensional solution defines the dection lift chracteristics, cy(c) and
c (a), which are to be used with the outer solution. The values ol (a) and c (a)
I

depend on the airfoil and jet geometry and on the j1et and free-stream velocity characteris-
tics. Methods given in Reference 3-14 for obtaining section chlracteristics are based on
two-dimensional airfoil theory in nonuniform sheared flows (Be/erences 3-15 and 3-18).
These two-dimensional methods use fintWe-difference and iteration techniques to
numerically solve Poisson's equation for the stream function with appropriate boundary
conditions, and require extensive use of digital computers. A nonlinear numencal
method for treating the interaction between jets and airfoils, and which includes an
iteration procedure for determining the shape and location of the jet boundary, has
been documented in Reference 3-17.

A highly simplified linearized treatment of the interacti~ between a flapped airfoil and
jet Is also included in References 3-8 and 3-9, and tas been mhovio to reduce to the
Spence thin jet flap results (Reference 3-8), as the 1.at thickness approaches zero. The
Spence theory may be used as the inner solution for obtaining the two-dimensional
powered section characteristics, provided that the jet sheet is thin and adjacent to the
flap. This corresponds to 100-percent jet capture, as discussed previously, and
results in a correspondence between EBF and IBF aerodynamic characteristics.

3.4 SELECTED GENERALIZED STOL METHGDOLOGY

SjvertA of the methods described previously will be uled to form the basis of the simpli-
fled generalized STOL methodology. Neither the o, giurl nor the revised vrsion (modified
for Jet sheet effects of the nonlinear span-loading program has been used as part of the
generalized methodology. The nonlinear program reqji'res a two-dimensional data bank
to predict nonlinear stall eharaoteristics which Is not readily available. Additional data
is required to account for fuselage interference effects on CL with large flap
deflections and with blowing. Tioe ')as computer program is M r and was wt used
dirwctly for the !1BF method. It handles only eight previously proscribed apanwise
control stations and uses a Jot sheet corresponding to a 1umr )om flap,

Nevertheless, tte Das program wns used to ciloulate the patial-spAn lift factor for the
IBF concept and to verify the use of the mechanical flap values for this factor up to a
local C• value of 2. For the EBF concept, the wing-in-jet mothox1 wvar not incorporatid
into the generalized methodology because only the single-Iifting-imn approximation of



the WJ method has been programmed. As mentioned previously, this model is sensi-
tive to the vertical location of the lifting line with respect to the jet boundaries and
requires an auxiliary two-dimensional, powered, flapped airfoil calculation for a EFF

The generalized methodology presented may be used to predict lift and net horizontal
force coefficients for either the MF/VT, IBF, or EBF concepts. This methodolon
also Includes an estimate of lift curve nonlinearities and of C

L
max

For the MF concept, the generalized methodology was based on the idealized lifting-
-i line equations with the partial-span lift factor, Kb. The VT effects on lift and iduced

drag are included in the methodology, assuming zero lift augmentation, provided that
the Jets do not impinge on the flaps. For partial or total jet impingement on the flaps,
lift augmentation is included according to the EBF formulation described. The thrust
recovery factor is based on an empirical fit of the test data in terms of the effective
jet turning angle for the VT concept.

* The generalized methodology reduces to the idealized jet flapped- ,wing equations for
lift and induced drag for the IBF system. The matched asymptotic expansion method
of Reference 3-5 Is used for the lift curve slope. Partial-span flap factors used for
lift are the same as those for the MF equations, as noted previously. Partial-span
blowing effects on induced drag have been combined Into the thrust recovery factor,
r, which is shown to exceed the static turning efficiency at low values of Cp and to
approach it at the higher C. values.

-The generalized methodology uses the analogy method for the EBF concept. For full
impingement of the jets on the flaps (full capture), lift augmentation and induced drag
are found from the IBF formulation, e..cept for the effects of jet spreading on lift co-
af,'f.cient at zero angle of attack. For the partial-capfure condition (viz., when the
Sapture area of the jet stream captured by the flaps is less than tle total jet stream
--ross-section), the. effective C, for the EBF calculation is reduced by the area ratio.
The remaliing fraction of the jet momentum, not captured by the flap, is treated as
vectored thrust. The effect of jet spanwiae spreading on lift coefficient at zero angle
of atta$. is included in the formulation as a partial-span lift factor.

For mlnimwu spreading, the lateral extent .I each jet is found by allow ig a sL -degivo
expansion of the jet diameter from the jet exit plane to the flap troiling edge. Distri-

bution of jet momentum captured by the flap is assumed constant over this laterd
distance. For maximum spreading, the total lateral dfstance coveord by all jots is act
equal to the wing span covered by the flaps (excluding the fuselvage). Because of the
la•k of an explicit theory or test results for predicting apreading, calculations art
generally ierforx ed for the minimum and maximum spirading limits. The methodology
for maximum spreading then reduces to that used in the data analysis repoit (Ref-
oronco 3-11).

3-14



In addition to considerations of jet capture and spreading, BLC effects are included in
the generalized methodology. The BLC effects are introduced through modification
of the two-dimensional lift characteristics when part of the jet passes through the flap
slots. Thrust recovery for the EBF concept is shown to be similar to the static
turning efficiency and exceeds the cosine of the jet turning angle for triple-slotted
flaps.

Generally, similar deficiencies .were uncovered in reviewing the prediction techniquer)
related to stability and control characteristics. In addition to the large bank of two-

dimensional section data needed for the nonlinear span load program, it and the Das
progi- a had the inherent defect of not adequately predicting ACm) . However, it
does predict the slope of the C /C curve. Thus, attention was p Varily directed
toward predicting the pitching moment increments. From the combLiation of the two
programs, the Cm/CL curve can be constructed.

The generalized methodology includes multiple-slotted flap configurations. For
*i mechanical flaps, linear thin airfoil theory is extended to include multiple-slotted

flaps. Agreement is generally best for triple-slotted flaps, since the flap segment
chords are small and the flow is gradually turned.

*i j Spence's two-dimensiorial theory is used for the internally blown flaps. 1V owing has
the beneficial effect of causing the flow to approach the theoretical potential. Excellent
agreement has been fouend between calculated and test results for internally blown flaps.

Alternative methods were evaluated for the externally blown flaps but were found un-
suitable, The present EBF method subsequently developed has shown good agreement
with test data for flap configurations in which a large flap area is captured.

* Early in the program, data analysis indicated tha1t siniple lifting-line theory provided
downwash values that were in excelleont agreement with the test values, The nonlinear
s spn load program could only provide similar resuits at the iost of added complexity and
it was not totally operative in the asymmetric mvJe, It was felt that the asaymnetrie

* case would reduce the coi•idonce level when using the progrtun to pr_4dct l•at•el-
dimretional derivatives. The generalized methods pr•sented to obtain the htoral-
directiotal dorivatives ar• exteions of the method onacyod iW DATCOM.

CI
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SECTION 4

LIFT CURVE

Three basic assumptionu have been made to develop an expression that represent the

lift coefficient curve, CL versus a. These assumptions are:

1. The lift curve is most nearly represented by a sine curve.

2. The reference area used in the lift and momentum coefficients is the pre-
dominant area contributing to producing the force.

3. The portion of the jet momentum not captured by the trailing-edge flap
system Is treated as a vectored thrust term.

All equations required to estimate the lift curve in the linear range are included in
Figure 4-1, together with paragraph numbers and equation numbers of this report
where a more detailed explanation of the terms may be found. The generalized lift
curve as defined in Figure 4-1 is expressed as:

C C'= ) •sin(a+&%in a (4-1)

S is the basie wlig rM o'=noe area.

S' is the extoended wing area including the dhord wetnsiou dve to

both traililg- and lading-odgo high-lift dovices.

C'L1) is tho power-off lift curve slope measurod at the angle of zero
a/ 0  lift and based on te oxtotx-Ad wing area (Paragraph 4. 1. 1).

"K is the vtlo of th power-on to pmwr-off lift wurve slope

(Paragraph:: f.12)

isthe angle of attack rufaretted to wing root cho•d for whichi
the lift cooficient will bo ostumated.

is tho zerlItutglu of attack for an uowittd wij% anW is•
10L giveti by;
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sin Ci (4-2)

where:

AOL is the total increment in lift coefficient due to
wing trailing-edge flap deflection, trailing-edge

blowing, leading-edge high-lift device deflection,
and leading-edge blowing at zero angle of attack
(Section 4.2).

Aay is the effect of wing twist and is given by:

tt 0=e- (4-3)

where:

A/ is the change in wing zero-lift angle of attack
due to a unit change in linear wing twist
(Figure 4-2).

0 is the twist of the wing tip with respect to the
root section in degrees (negative for washout).

* A linear distribution with span is assumed.

ACI'I is the portion of the jet momentum that is not used to augment
the wing lift (not captured by the flap system) and is treated
as vectored thrust according to Section %. 3.

• i All primed coefficient., are based on the extended wing aroa, S', whereas tha un-
primed coefficients are based on the reference wing area, S.

4-3
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4.1 LIFT CURVE SLOPE

The procedure for estimating the lift curve slope is based on estimating the three-
dimensional power-off lift curve slope and then calculating the factor KpwR to ac-
count for the change in lift curve slope due to blowing. Only that portion of the jet
momentum captured by the flaps is included in KpwR. The change in lift curve
slope due to the uncaptured portion of the Jet momentum, which is included in the
last term of Equation 4-1, is discussed in Section 4.3.

The calculation for lift curve slope, which is performed using expressions from
linearized thin airfoil and lifting line theories, are valid only at the angle of attack of
zero lift, a 0. The lift curve slope, CL may be obtained at other angles of attack,
a, (below sthl) by using the sine curve representation, which gives:

Cq X =qCL) cos(a )L (4-4)
0°L

Equation 4-4 is applicable for both power-off and power-on conditions, except for

the contribution from vectored thrust. In the following discussions, all expressions
for lift curve slope are at the angle of attack for zero lift, even though not explicitly
indicated.

4.1.1 LIFT CU E SLOPE - POWER OFF. The three-dimensional power-off lift
curve slope, CL a,0 is based on DATCOM (Reference 3-1, Paragraph 4.1.3.2),

which expresses e lift curve slope as a function of wing aspect ratio, m d-chord
sweep angle, Mach number, and section lift curve slope. The subscript refers
to the power-off value. In the present methodology:0

q2 f A' (4-5)

A c/2
2 / 1 + tal +4

where:

A' is the aspect ratio of the extended wing area
A'/2 is mid-chord sweep angle of the extended wing

c/2
p 8is equal to J1-M4 , where

M is free-stream Mach number

e ~ (2wi3)(4-6)

Swhore c') is the two-dimensional power-off lift-curve slope,
Sa o 4-5 -



For wings with spanwise variations in section characteristics, it is recommended
that values at the MAC station be used in lieu of spanwise averaging.

Equation 4-5, for the power-off lift curve slope, has been compared w4th test data
from numerous Convair Aerospace and NASA wind tunnel tests in Figure 4-3. Good
correlation is shown for aspect ratios between ten and four. Equation 4-5 is con-
sistent with the idealized lifting line expression for large aspect ratios and reduces
to the slender body theory limit for small aspect ratios, as shown in Figure 4-3.

The two-dimensional power-off lift curve slope,-C~)- is estimated for clean air-

foils by the method outlined in DATCOM (Paragraph 4.1.1.2), which gives:

S a )th 1.h0

where:

c£) 21I+ 4.7 t/c 1 4 0.003750E (4-8)
a th

(based on the Kutta-Joukouski hypothesis of finite velocity at the trailing
edge) where 0 TE is the total trailing edge angle in degrees.

c/c is a Reynolds-number-dependent correction for boundary
layer displacement effects given in Figure 4-4 and is
dependent on the location of transition, which was assumed
at the leading edge for Figure 4-4.

Equation 4-7 is also used for estimating the power-off lift curve slope for flapped air-
foils of the type applicable to STOL transports. With the flaps extended, however,
the ratio c / t should be set equal to 0. 75 for all Reynolds numbers. If full

~a~ h
boundary layer control is obtained, as with adequate tangential blowing, the factor

should be sat equal to one, This would be the case with flaps either retract-

ed or extended.

4.1.2 %MIT CUkESLOPE - POWEL ON The power-on lilt curve slope for an
augmented system (i.e., either an IBF or an EBF with partial captuv) is based on
the results of two-dimensional and three-dimensional jet flap theory; e.g.,
References 4-1 through 4-3, 3-18, and 3-5. Except for thrust vector effects, the
pmver-on throe-diensional lift curve slope, CL , is expressed in Equation 4-1 as:
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C = CL K (4-9)
Ja P VVpR

where

PIN Kp -is the ratio of the power-on to power-off lift curve slope.

This factor is obtained from Equation 26 Reference 3-5 as:

I 21
k + ASk~pwr 1 7 -

r(4-10)
K =

"PWR2C'
S2 C

and: 1+-rk -pC

A kpwr rA'

k is the theoretical ratio of the two-dImensional
pwr powered to unpowered lift curve slope and is given

by the Spence jet flap theory in Reference 4-3 as

•; = , 1./2 c
kpw 1 + 0.151c + 0.219c (4-11)
pwrAAI

For the range of aspect ratios and Jet momentum coefficients encountered with STOL

transports, Equation 4-10 may be approximated by:

K k (4-10a)
PWIR pwr

The momentum coefficient,C~> used in the expression for K is based on the

captured fraction of the total jet momentum coefficient at the flap trailing edge.
C' from Equation 4-34a and is defined aa:

SUTE

C' C' . (4-12)
AL A

C TE j

whie re

Ac/Aj is the average jet capture ratio as defined in Section 2.

The present methodology, which is based on the EBF/1IBF analogy, uses Equation 4-10

as a single explresason for K for ali throe STOL concepts (IB1F, 1I,,F, d MF/'!
VT). The capture ratio Ai/Ai used in Equttion 4-12 must correspoWd to the specific

STOL system, as summarized below:
4-7

. . ... . .



IBF /A =1.0

EBF 0 <A/A < 1.0

MF/VT A/A =0
c j

Thetwo-dimensional momentum coefficient, C' used in Equation 4-11 for

use i Eqaton4-1 fr pwr
assumed equal to C~c which is equivalent to assuming either full spreading of the

jetstream over the wing span or that the lift curve slope is independent of the span-
wise extent of the jet. This assumption is consistent with the theory for mechanical
flaps (i.e., lift curve slope is nearly independent of the spanwise variation of flap
deflection angle). Based on results from the Das computer program, Reference 3-7,
this assumption has been shown to be approximately true for the IBF concept at low
values of C. This is also consistent with the experimentally observed EBF/IBF

analogy for the lift curve slope as shown in Figure 4-5a.

Blowing over the trailing-edge flaps can have an effect on the lift curve slope ratio
by providing boundary layer control (BLC) as well as supercirculation. This has
been observed at low momentum coefficient in the test data of Reference 3-11. This
BLC effect is negligible for vectored thrust configurations and EBF configurations
with low capture ratios for which very little if any of the jet efflux passes through
the first flap slot. For these cases, the ratio cj /ct used in determination of the
unpowered lift curve slope, CL , should be held equal to 0.75 for all blowing

coefficients. On the other hand, for IBF configurations and EBF configurations with
high capture ratios, full BLC is generally obtained at blowing coefficient values
greater than 1.0. Under these conditions, the ratio cj/c j should be taken equal

S•Xth
to 1.0. The variation of c !/c, with c0  would depend on the particular flap/

slot/jet geomet-y and may be obtained for IBF flaps from data of the type shown inI Figure 4-5b. A similar variation may be assumed for EBF flaps of the same geom-
etry according to the analogy assumption.

Equations t10 and 4-11 for KpWt and k have been plotted in Figuros 4-5a and
4-5b is a convenience in estinating the lift curve slope ratios. Included bn Figure
4-5a are IRF and EBF test datz from Reference 3-11, where the E3F is for the fully
captured case, viz. W/Aj I. The correspondence of both typos of blown flap data
with the theory for this case is clearly shown. Numerous correlations of IBF, EDF,
aid MF/VT test results with Equation 4-10 are presented in Reference 3-11, Other
cor•elations of K from Reference 3-11 are shown in Figures 4-Sc and 4-Sd for a
triple-slotted EB1-ad a plain IBF, respectivoly. The EBF data again compares
favorably with Equation 4-10, although some of tho IBF data at largn flap defoctions
shows larger Kpwr values than predicted by Equation 4-10.
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SAMPLE PROBLEM

GIVEN:

8? T =14.1 deg

S= 1.609 TE

A=8.0 r noz

Ac! 4  25 deg cf/c = 0.706

t/cf = 0.125
A 0.935

jE.BF
M = 0.10

Ac = 1.o00
A' = 4.972 (from DATCOM) AJ)IBF

A 20.01ldeg ACýF .
Ac/2 LA3~/T=.

CALCULATE:'IH 1. -;vith Equation 4-7.

0.995

2. wo-dimensional theoretical power-off lift curve slope with Equation 4-8.

(~ \,~ r21r + 47 t/ef[1 +0. 003754?~

TH/o

= r .7 12)1 + .037 (14.1)]

-= 6.902 radI

3. Two-dlimensional power-off lift curve slope with Equation 4-7.

A. EBF uad IBF

4-9
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-- -

THo la
TH

'a• = 1.00 (Full BLC effect is assumed)

C

caTH

c) -6.902 (105") (1.00)

=7. 284 rad 1

B. MF/VT

c'. 1.05 l-t 09b 1 aTH/o L3 THc
•:• J<TH-0

C

a- = 0.75 (Zero BLC effect)

C'aTH

A. = (6.902) 5 (0.75)

•" .- 5.4626 rad-

4, K with Equation 4-6.

A. EBF and IBF

i 7,284×x 0.095

S1.15i34

4-10
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B. MF/VT

V2 I
0. 8651

5. Lift curve slope, power off, with Equation 4-5.

21rAl

2I0Af tan2 At  )
2+ ~~1 + C2+

A. EBF and IBF

=~2ir (4.972)

Cia) /4.972x 0.995 Y ~ tan2 20.0

2+ ' 1. 1534; 1 0.99 )+ 4

=4.473 radf1

B. MF/VT

C 2Tr~(4.97)

2+ 972~ 0.9 95 ý 1 tn200

-3.715 rzd

6. Capture fraction of the total jot momenotium coefficient at the flap trailing odgo.

A. 1EBF (Equation 4-34a)

CI
0 1 0.*12 C'!/

TE
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(10. 17) ((1 -0. 12 (0. 706)l
C 1.609

S0.472

B. IBF (Equation 4-34b)

AC /C1  0. 16 (From Figure 4-17)

_(1.0) (1 -0.16)

C1 V1-09
1TE

=0.5221

C. ME/VT (Equation -34a without the 1 - 0. 12c/ctrs

C-C
CA D

1- AM12

I 0.123±

7. Ct with Equat~on 4-12.

(0.472) (0.935)

0.441



B. IBF

C' =C .

0 =0TE (A A)

- = 1.0 (IB? Concept)
A

j

C' =0. 5221
C

C. MF/VT

C =0
PC A TEk\Aj)

A-- = 0.0 (MF/VT Concept)Aj

C =0.0

8, Ratlo of the two-dimensional powered to unpowered lift curve slopew with
Equation 4-11,

A. FBF

k I + 0.151 0, + 0.219 C'S1t1o' 1/

1 /2
SI + G ,15 10.441) + 0.219 (0,441)

, 1.1969

thm~

'k fjont I u.aton 4-10t-PWR pwr

4- 13 .
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B. BF

k =1+1/2
pwr 0.151 , + 0.219cel

1/2
=1 +(0. 151) (0. 5221)' + (0.219) (0.5221)

Kx =k =1.2234
PR pwr

C. MF/VT

1/2
k =1+ 19.151 ? + 0.219 cj

=1+(0. 151) (0. 0) + (0. 219) (0. 0)

Km =k =1.00

9.The power-on lift curve slope with Equation 4-9.

A. EUF

Cja =(4.473/rad) (1. 1969)

5.35 rad 1

B. IBF

L L PW

C (4,473/TAdJ)(1.2Z34)

C. rMwtVT

(3. c 16) (100

'~3.715 nWd
4 -14



-. .~ -. . ... . ..

2.0 L V 03 A 0 CONVAIR W1IND TUNNEL TEST DATA

SLENER ODYTHERY~- -0 Q1~ NASA WIND TUNNEL TEST DATA

I IA GD/L8T 611 A=8. A 25 DEG

:\IIN = 
c/4

*GD/LST 612 A8A 12.5 DEG

IDELIEDLIFIN IGD/LST 612 A= 1.5, A 25 DEG
LIETHEORY .- ... c/4

21 L. c1 G-..LD/LST 612 A 7. 1,A (25 DEG

I 12ý/A LcT/URE4F

1. ThdWtI1R6FF LT IRt S'LOPE

c- * "/EXPRESSION

A

C.8TVt

0.4 I 4  LL,-4-1~~~

L-REF. USAFD)ATC OM NI.-. -

024 6 012 041

A tan-A

Figure 4-3. Clean Airfoil Lift Curv.e Slope Correlation

_ -I -T

1.1 TIF7~~~~17T" FFT7I : " '77 T

4 .64

AL4,

rttANx4_Tt(,, litknk vm

"A~t 0 
0,0-

~~ Curve Ciurvreli

4 - I



EQUATIO, -10 I
' k 1 +0.5 3c 1/2

- ~ - 1 Kpwr POLCM

EBF 1111

i. 1 -0 (C 0.0 1. 1-t [ (EQUAIOt1N 4-1

1b: 00- qSF 2 (30 DEG)

A[ S. :SSF 2 (60 DEG) 0TF31(0DG

*TSF 3111 (60 ~CDE G) -A'JJ
1LEADING E.DGE

o Ud- .INFLAGGED SYMBOLS -

c 3 0 ,

d.1

1.4.In

A ' -i-8-A,14V25 DEG

15 KR1UEGER (51 DEG)
V PUAIN IIOWN' FLAP

C* .. 1 1.0 - - '15m, KRUE1GER15 h DEG1~

7. DEG 0.

0 DEG 1 S0DC

09. 25 .. A' A ~45 DEG
:;5 1)j EI 0 1 DEG.

)5 DIG

0 I I' F.

Figure 4-5, Correlation of Lift Curve Slope Power Ratio

4-16

aý nf - -



4C2 LIFT AT ZERO ANGLE OF ATTACK

The method for estimating the increment in lift coefficient at zerc angle of attack due
to leading- and trailing-edge high-lift devices is based on thin airfoil theory extended
to include the effects of blowing by Spence s jet flap theory (Reference 3-18). The
generalized expression for this increment including the effects of jet stream capture
ratio and spreading is:

A W C c AK{ -A Ac T (4-13)STEo nJ

where
C C

a ___ KPWR (4-14)

and

"1 a ) is from Equation 4-5.

c j ) is from Equation 4-7.
ir E i40

K is from Equation 4-10.

k is from Equation 4-11.
pwr

Ac' is the power-off section lift increment at a= 0,
o discussed in Paragraph 4.2.1.

AKb -f ata
is the power-off partial-span flap factor discussed in

o Paragraph 4.2.3.

Ac is the power-on trailing edge flap section lift"TE increment at a= 0, discussed in Paragraph 4.2.2

AcA is the power-off trailing edge flap section lift incre--ATE ment at a = 0 with the same amount of BLC effect as
o used to determine Ac discussed in Paragraph

4.2.1. TE

AKb is the partial-span blowing factor discussed in
n a 4.2.3.

S" 4 - 1 7



N is the total number of engine nacelles contributing
to flap blowing (EBF only).

n is the nacelle location.

The effects of capture ratio and BLC are accounted for in the method by adjusting the
estimate of the two-dimensional lift coefficients at zero angle of attack. The effects
of jet spreading for the EBF system are included in the method with partial span factors
in the limiting cases of minimum and maximum spreading.

For an IBF system equation 4-13 will simplify to:

A C L Kb (4-13a)L ) [AcktE .
WING c To

O Nj

when the flap span and blowing span are assumed the same.

4.2.1 POWER-OFF LIFT INCREMENT. The lift effectiveness of plain trailing-edge
flaps can be defined from thin airfoil theory. The rate of change of lift with flap
deflection (power off) at a constant angle of attack is given by:

=2 Jf+ sin Of(4-15)
ci

where :
Cos -I-f ('/' (4-16)

This expression iE plotted in Figure 4-6 as a Afiuction of flap chord ratio. The theory

considers only a bent flap plate and does not include effects of thickness or large
deflection angl6s. These effects are accounted for by introducing the empirical flap
efficiency factors shown in Figures 4-7 through 4-10. The lift increment of a plain flap
may now be expressed as indicated in Reference 4-4 as:

where

'1 is the plain flap efficiency factor from Figure 4-7 depending
on the flap deflection angle, 6f, plus the upper surface angle
at the flap trailing edge, qTE.

is the rate of change of lift with flap deflection at constant
8 angle of attack from Equation 4-15 or from Figure 4-6.

8 f is the flap deflection angle in radians.
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This procedure is extended to sirgle-slotted flaps with Fowler motion by simply
basing the lift coefficient on the extended chord and evaluating c at a flap chord
ratio based on the extended chord. The flap efficiency factors, ,given in Figure
4-8 are to be used for this case. Thus, for single-slotted flaps ivth Flower motion,
the flap lift increment becomes:

Ac T C (4-18)STE 1f

A further extension of the procedure is made to include the incremental lift for
double- and triple-slotted Fowler flaps with different deflections of the individual
flap segments. The lift increment is obtained for these multiple-slotted flaps by
using the principle of superposition; i.e., by summing the incremental lift incre-
ments for each flap segment for the respective deflection angles,Sfi, and overall
flap chord ratios, c i/c,. The result is:

SAc'o I AC" o •. (4-19)
TE i1 TE= = I i

where

w is a subscript that indicates the 1st, 2nd, 3rd, etc. flap
segment of double- or triple-slotted flap.

is the number of slots or segments in the flap system.

is the slot led flap efficiency factor from Figures 4-9 and
•.S1 i 4-10 for the ith flap segmentas a function of 6'

Sfi

0- is the lift effectiveness from Figure 4-6 for the ith flap
i segment (function of c'fi/c').

is the flap deflection of the it" flap segment.
I

The principle of superposition and the geometry definition- required to evaluate
Equation 4-19 is shown in Figure 4-11.

It should be noted that the chord lines, of for each flap segment, shown in Figure 4-11
as well as Figure 2-1, is the chord line that will coincide with the basic airfoil chord
line when the flap segments are retracted. The flap deflection, 6f., therefore is defined
as the angular travel this chordline makes with respect to the preceding flap segmentas shown in Figure 4-11.
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The effects of leading-edge high-lift devices on the wing lift at zero angle of attack
can also be estimated by using thin airfoil theory. The resulting theoretical leading-
edge lift effectiveness parameter, c) as plotted in Figure 4-12 is:

2 'sin 0(4-20)
C~) E 2 s~n LE LE)

where

COI LE 1 2(cLE /c) (4-21)

Unlike trailing-edge flaps, the deflection of a nose flap causes a loss in lift at zero
angle of attack. The decremental lift coefficient, Ac , is:

LE

LE 6E (4-22)

where

ce) is from Equation 4-20 or Figure 4-12.

is the leading-edge deflection angle in radians as defined in
LE Section 2, positive nose down; therefore, cý?)L is negative.

ttlpower-off section lift increment due to deployment of high-lift devices shown

Ac' 4- 6A2  + 4 (4-23)

where

Ac,ý Is from Equations 4-17, 4-18, or 4-19.

ac~ is from Equation 4-22.
1LE

ct is the lift coefficient at zoro anigle of attack for the basic
o cambered airfoil. (See DATCOOM Paragraph 4. 1.1. 1 for

inethod of estimation.)
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The two-dimensional power-off lift increment at zero angle of attack estimated from
Equation 4-23 may be converted directly to a three-dimensional value by using
Equation 4-13 with all of the power-on terms set equal to zero. The equation below

results:

C~~
AC~j1g 0  Ac~ A K~ (4-24)

In the above equation and also in Equation 4-13, the flap partial span factor is used
to correct the entire increment in lift at zero angle of attack. This is approximately
correct since Ac' and c in Equation 4-23 are very small compared to Ac',

ce TE '4o 'TE
These two terms generally have opposite signs and therefore tend to cancel each
others effect.

The increment in lift at zero angle of attack due to the trailing edge flr.p, AC ,
which is by far the largest portion of the total increment, A C'~n, is TE

correlated with test data in Figure 4-13 for many flap configurations and wing plan-

forms.

4.2.2 POWER-ON LIFT INCREMENT. The lift effectiveness, c,,,, of plain trailing-
edge tangentially blown flaps was developed by Spence, Reference 3-18. Assuming
thin airfoil potential flow theory (no flow separation) and with the additional assump-
tions that the trailing jet remains thin and shallow in downward displacement, Spence
obtained the following equation for lift effectivess power on:

0= (Of+sin f,+ 41TD (4-25)

Of is defined in Equation 4-16.

Do is the Fourier series coefficient defined as a function of jet
momentun coefficient and flap chord to wing chord ratio.

IThis equation is plotted in Reference 3-18 for various vidues of flap chord n-atio and
over a range of jot momentun coefficitnts from 0 to 5. For convetience, these
results are presented in Figure 4-14, The cross-plot of ej versus flap t-hod ratio
at a jet momentum coefficient of zero is identical Wo the power-off thin airfoil theory
shown in Figure 4-6.

rhe twe-dimensional trailing-edge flap lift increments, Ac' for an airfoil with a

blown flap (either IBF or EBF) is determined from the siame get of eutations used for
power-off calculations; I.e., Equations 4-17, 4-18, and 4-19. However. 'die power-
on values of the flap effectiveness paranieter, c,,, are obtained from ,igurc 4-14.
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The power-on flap efficiency factors ti p S and are taken as equal to 1.0 for
IBF systems and for EBF systems with full BLC effectiveness. EBF systems without
full BLC effectiveness are discussed at the close of this section. For the IBF with
upper-surface blowing, the deflection angle used to estimate the power-on c, is the
deflection angle of the flap, 6f, plu. the upper surface angle, •TEo For the EBF,

the normal flap deflection angle defined previously in connection with the power-off
case (e.g., Figure 4-111 is used.

Correlation of two-dimensional test data for sttgle- and triple-slotted blown flaps
with the jet flap theory just discussed is presented in Figure 4-15. Agreement is
relatively good except at low values of momentum coefficient, where the BLC effect
is not fully developed on the airfoil. The method tends to underpredict slightly the
test data at high momentum coefficients.

A two-dimensional jet momentum coefficient, c , is used to determine two-

dimensional flap effectiveness values from FigurA 4-14. The value of W is obtained

from the corresponding three-dimensional jet momentum coefficient, C'c, based on
S' through the relationship:

=t C (4-26)
C

where for IBF systems

! •is equal to the extended wing area spanned by the blowing
nozzle.

and for EBF systems

8'I is equal to the area that is bounded by the extent of the wing
span over which the jet stream has spread.

For maximum spreading, this area is the exposed extended-wing area (i.e., the
same area as for a full span IBF). This assumes that the Jet stream from all of the
engines spreads uniformly over the entire exposed span of the wing. For a minimum
spreading, o, differs for each jet and must be based on the area SJ, n 1, 2, .. N.
covered by thdejet6 from each of the N engines. Thus, for minimum spreading:

C1
* (4-27)

) n N S'-

where S' shown in Figure 2-6 is defined as:
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S' =d c' (4-28)
J n Jn

and

d is the diameter of the nth jet stream at the flap trailing edge
in assuming a six-degree jet expansion angle due to mixing.

(See Section 2.)

c is the average extended wing chord at the spanwise station of the
in nth jet.

Equations 4-26 and 4-27 assume that the adjacent jets do not overlap.

Total lift increment due to power is obtained by summing the incremental parts for

each engine nacelle, giving:

(Ac4 AC~\(4-29)
pwr n 1 E E

where
ac " is the power-on increment due to trailing-edge flap deflection

CTE and blowing from Equations 4-17, 4-18, or 4-19 with full BLC.

Aci is the power -off increment due to trailing-edge flap deflection
eTE and blowing from Equations 4-17, 4-18, or 4-19 with full BLC

-t0 t' =0.

n is a subscript that denotes each nacello location on a wing
semi-span.

The summation is taken over only one wing panel because of lateral symmetry.

As discussed in connection with the lift curve slope hi Section 4, 1, full BLC effective-
ness is not achieved on EUF configurations when sufficient jot efflux does not pass
through the flap slots and onto the upper fiL , surface. This lack of BLC effectiveness

generally occurs for low engine positions without upward jot deflectors and/or with
small flap deflection angles, as used during takeoff. Even for these configurations,
however, partial BLC effectiveness may occur at the higher values of jet moinentwii
coefficient if sufficient jet momentum penetrates through the slots avdl reattachos to
the upper-surface flap boundary layer. Partial BLC effectivonese may also occur at
very high angles of attack because the jet tends to be deflected up into the flap slots.
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As yet, a quantitative methodology for estimating the extent of BLC effectiveness for
EBF systems with arbitrary engine and flap geometry has not been developed, In

lieu of such a method, the methodology for the EBF lift curve slope has been presented

in Section 4. 1 for the limiting cases of full and zero BLC effectiveness. Similar

limiting conditions must also be assumed when esthnatIng the flap lift increment at
zero angle of attack.

The limiting condition of full power-on BLC effectiveness was discussed in the pre

ceding section. To obtain the flap lift increment, AC, for the zero BLC effec-

tiveness limit, the term C4 /Ca and the term invo ving Ac 1 0 in Equation 4-13
should be based on zero BLC vaiues. Thus, the power-off flap efficiency factors

from Figures 4-7 through 4-10 are used in estimating this Aclo term. On the other

hand, the summation term in Equation 4-13, which contains AcATE is assumed un-

affected by BLC. This, is equivalent to assuming that the two-dimensional flap lift

increment due to power as given by Equation 4-29 remains unaffected by BLC.

4.2.3 PARTIAL SPAN FLAP AND BLOWIN. The methol for estimating partial span

"effects on flap lift effectiveness is outlined in DATCOM for unblown flap systems. By

using a linear spanload program for jet flapped wings (Reference 3-7), these effects

were found also to be applicable to partial-span blowing. The effects of partial span

are presented in the form of span factors, Kb, in Figure 4-16, where:

"•C t= u(4-30)
"Lpýart AYL fullspan span

The span factors in Figure 4-16 were obtained for wings with aspect ratios from 1.5

through 12 on sweeps of zero through 45 degrees. For flap spans or blowing spans

that do not extend to the aircraft centerline (fuselage cutouts) or to the wing tip

(aileron cutouts), the factorAKb is detemnined as shown in Figure 4-16:

AK K K (4-31)
b) b b.

o outboard inboard

In the present methodology, these same span factors are user not only ior power,-off

flap configurations and IBF systems, but for EB'F systems with less than full span

spreading, For ease in estimating-AKb for short blowing srans (such as EBF with

minimum spreading), the slopes dKb/di are plotted in Figare 4-16. The partial

span factor for an Ilnividual engine nAcalle becomes:

• ~d Kb

AK --- '4 .(4-32)

77 71? 1)/,)i

where;

di )~ is obtahwxJ froen Figure 4-16 for a value ,1 at the jeL center.-d• ] ' line,.
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IN 
46.-,. gg lit

SAMPLE PROBLEM

GIVEN.

8~28.4 deg 51 =Sdeg
1 LE

8 f 64dgCf /c'=0. 145/1. 60 9
16.4degLE

2
-0. 0901

= 15. degOutboard Flap End= 0. 99
3

C/-0.439 Inboard Flap End= 0. 10

1 X 0. 333

C t/cl 0.269 17 = 0. 32 5

712 0. 550S/cl=0.13262

('Ppe 12.2deg A7 =210. 1688

N 4 d1

CALCULATE::1 1. Ratio of lift curve slope (3-D to 2-D)) from Equation 4-14.

A . EBF

Fromi
cC) 1,284 Samnple Problemn

Kp~~Section 4. 1

- 1.00
k'pwr
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4.473
/ = (1.0)

0.6141

B. IBF

C 4.473
/O I From Sample Problem

c) - 7.284 in Section 4.1

=1.00
k

pwr

4.473)= (1.0)
ci /(4"473 \

S0.6141

C. MF/VT

C) 3. 715

543From Sample Problemc' = 5.463 I ~ cl n 4 1..
in Seat~on 4. 1

KpWR
- 1. 00

k
pwr

j ~C~

0 / 5.4 .
i a •'0.( 6w

2. Two-diranaulov iift c,'offioient at o 0 for E1F, IDF and MFiVT.

cO 0.25 from DATCOM
0
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3. Increment of lift coefficient for trailing edge flap with Equation 4-19.

A. EBF and IBF
I

•'6
1=1 1 .1

S = 1.0
3 1

7S= 1.0 Full BLC effect assumed.

2
71 s = 1.0

4.87

c 3.94 From Figure 4-6.

.2

C =2.84
6 3

Act  = (l.I)1 4 .8 l( + (1.0)(3.94 1 6 4 12-•Li(4:7 ( 5 . 9557.29T5/ .) 2 84( 7 2 5
ITE

S2.4139 1.12+ 0. 743

4.285

B. MV/VT

i QO. 77S

3

29 4-1
-(077)(4, 87)• 1 (0.-77)(3.94)( 1")+ (0.W08)(2.6.4)15.( 5

- 3.179.
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4. Increment oi lift coefficient for a leading edge flap witfh &uation 4-22 for EBF,
IBF and MF/VT.

Ac• =c • LE
LE •6)LE

c' -0.073 From Figure 4-12

beLE

= -0.065

5. Total power-off section lift increment with Equation 4-23.

c AC~ +Act, + c
o TE LE o

A. EBF and IBF

Ac = 4.285 - 0.065 + 0.250

4.470

B3. MF/VT

.A• =3.179 - 0.065 + 0.250
0

= 3.364

6. Partial span flap factor for EBF, IF and MF/VT using Equation 4-31.
AKb Kb h

0 outhnard inboard
Kb =.996 Frm Figure 4-16

•ta•"0. 148 From Figur 4-16InbwOrd~ ~~i

0. 58

7. PartI" spa bWowing iactor with Equation 4-32 (B 1.2).

:" hf2-

fil

% • •€• ..-; -... • .•... ..-: • . .



A. EBF

1.250 From Figure 4-16

~)=1.051 From Figure 4-16

zAKb 1.250 *0.1688

0.1

Ab 1.051 -0.1539
= 0.21

2

B. IBF and MF/VT - Not Applicable.

8. Lozal jet momentum coefficient with Equation 4-27.

A . BBF

c' 0. 441 From sapepalwi ~~n4

3. 2430

at  0.441 - 2.481

*~1,0941

U 0.4413.0

S1. 424
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B. IBF

c =0.5221 From Section 4.1.

C. MF/VT - Not Applicable.

S. Theoretical lift effectiveness using powerC-off geometry.

A. EBF

c =7.69

c2) 6.69
Sc ~~)1=58

"15.78 From Figure 4-14.

Sc A =8.10

) 7.32

~32•!••. c•5 3)2=64

B. IBF

c =6.31• •81

c 5.47 From Figure 4-14.

2

c 4.48
•'- 3

C. MF/VT - Not Applicable.

4-30



10.* Power-on lift increment for the trailing-edge flaps from Equation 4-19.

A =ZAc' 77 c 6

TE i1 TE. 1I 6

A . EBF

Inboard Jet (n =1)

A (7. 69)( 2 )(6.69)( 9) +(5.78)( )-
=3. 812 +1. 915 +1. 513

=7. 240

Outboard Jet

Ac, (8.10(ý"'+73) (.5

=4.015 +2.095 +1.689

=7. 799

B. IBF

(G.31 2 .4 + 5.4) _6.__ (448 j5+ 12.2
Act  =5(..M7(57.295) + 44) 67.295)

3.1277 +1.5657 +2.1268

=6.8202

C. MF/VT - Not Applicable.

11. Power-on lift increment, Act using the following terms extracted from
Equation 4-13. ePWR

N/2

TE TE
n

A. EBF
Ac, = ACt Ac' \+ c A'\

~PWR k TE) blk + 2'TE) K2

-(7.240 - 4.285)(0.211) + (7.799 - 4.285)(0. 1617)

-0. 624+0. 568

-1.192
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B. EBF

2/2

ýPW n=1 ;TE ACTE)o o

W, (6.8202 -4.285)(0.858)

=2.1752

C . MF/VT - Not Applicable.

12. Power-on incremental lift at zero angle of attack with Equation 4-l'o.

CL N/2'

A C' Ac, *K + AbL Cb+2IcL Ac ) A b.. WING 0 TE 0 /Tn
aon_

A. EBF

ACL (0. 6141) [(4.470)(0.858) + 1.1921,

(0.6141)[3.835 +1.192]

=3.087

B . IBF

ACL (0. 6141) [(4. 470) (0. 858) + 2. 1751

* =(0. 6141) [3.835 + 2.175]

=3. 691

C . MF/VT

ACT (0.680) (3.364)(0.858)
WING

1.,963
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4.3 THRUST VECTOR EFFECT

The final term of the total lift coefficient expression (Equation 4-1) is the thrust
vector effect:

AC' sin ( + 6T)

where

is the effective nozzle vectoring thrust angle with respect to
the reference line for angle of attack Ad is taken as positive
when the thrust vector points above the horizontal.

AC' is the incremental gross jet momentum coefficient at the
• .trailing edge of the flap that is neither captured by the flap

nor produces supercirculatory lift augmentation.

Therefore:

AC C + - Ac/A (4-33)TE DRAM C

For EBF systems C- CDRAM - 0.12 c /c)/' s (4-34a)
ý ,T E 'Aj

For IRV systems c -AT
f: M~r A 1M):C' (4-3a4b)

S'/S
where

v C' is the raw drag ijasod on the extended
%~DAM vwing area.

./hA is t"i aveoage oapturo ratio of all eughto
- Oj

01 - 0. 1Z C'/c) is .r1 estimated frauaton of the E1F jot
i-iomentuni reimairiing at the flap trailing
edge and is bWsed on the total flap chord
ratio, c"'A. (Sordtbbing loss.)

(1 - ACA /Co) is the estimated fraction of the 18F jet
mowmentum remaining at the flap trailing
edge and is based on the ratio of the flap
chord to the jet nozzle height, h , as
shown in Figure 4-17. (Srubbing woes.)
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4 SAMPLE PROBLEM

GIVEN: Ci 10 ldeg

A
C

=0.935 (EBF case)A

T -3.5 deg (EBF case)

T

I0.0i (MF/VT case)

869 deg (MF/VT case)
T

H~A~
1.00 (IPJ case)

CALCULATE:

j 1. Jet momentum not captured by the flap, using Equation 4-33.j

+c/ (4 3 1)

W A.D

Ct I) 0472

Tc From sample problem in Section 4. 1.
Cf ' 0.105HAD

(0. 472 0. 105) (1-0. )3(, 0.03S

/A
V0 TTI o apij~

IC 5.0)



CS MF/VT

CME 0.5451

C? 0. 07ra
DRAM

A~~t = (0. 545 + 0.076) (1- 0. 0) 0. 621

2.* Direct thrust vector effect:

6Ct sir (a+ 6
P T

A. EBF

LCA sin (a + (0. 038) Fin (10 -3. 5) =0. 004

B. IBF -Not appicable

C . MF/VT

CA4 1C sin (a-6 (0. 621) sit, (10 +69) 0. 610
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4.4 LIFT CURVE CORRELATION

The sample problem below shows the method of totaling the various components of the
lift to obtain the total lift at the given angle of attack. This problem is for the geometry
shown in the sample problems at the end of the preceeding subsections. All of the com-
ponents of the total lift in the linear range have been calculated in the sample calcula-
tions of Sections 4. 1, 4.2, 4.3. The procedure for computing a total CL in the linear

range follows.

SAMPLE PROBLEM

GIVEN: C - 10 dog

e = 4.5 deg

CALCULATE:

iL. The angle of attack for zero lift with Equation 4-2.

!•!•sin aL •'wN O IW (4-2)

A. EBF

vaC' = 3.087 from sampi% problom in Section 4.2.
LWVING

4.473 from sample problem in Section 4i. 1.
L

Kp = . 196 from sample nroblem in Soction 4. A.

•-• (0. 57(6)

; 35.21 dog

sill-
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B. IBF

AC' IN 3.691 from sample problem in Section 4.2.
LG

6C 4.473 from sample problem in Section 4. 1.
L

KFWR 1.2234 from sample problem in Section 4. 1.

•- { 3.691

" sin (4.473)(2234)/
Ssin- 1 (0.6745)

= 42.41 deg

C. MF/VT

AC' = 1. 963 from sample problem in Section 4.2.
LGLWING

aCj = 3.715 from jample problem in Section 4. 1.

K 1.00 from sample problem in Section 4. 1.

sin-Il 9,h

-- =0L ((3.715)(1.00)/

- sin (0.5284)

•- 31.89 (log

S2. The effect of wing twist, given by Equation 4-3. tor E1BI, TUF and MF/VT.

(4-3)

(Ac[/o] -0. 3875 frnin Figure #-2.

' (-0.3875)(-4.5) - 1.74 dog
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3. The total wing lif at an angle of attack, using Equation 4-1.

S[L/PWR sin)J: ~~c i L=S L •Kw. i At + 6C/ sin (y 5Tj (4-1

A. EBF

C = 4.473 from sample problem in Section 4. 1.
L

00

K 1.1969 from sample problem in Section 4. 1.
PWR

AC 0.038 from sample problem in Section 4.3.

CL (1. 609)[(4.473)(1.1969) sin (10 + 35.21- 1.74)L =t 10 deg
+ (0.038) sin (10 - 3.5)]

(1.609)[(4.473)(1. 1969) sin (43.47) + (0.038) sin $6 5)1

- (1.609) [3.683 + 0.0041

5.932

B. IBF

C' = 4.473 from sample problem in Section 4.1.

K 1.2234 from sample problem in Section 4. 1.
PWfl

zAC; 0.0 from sample problem in Section 4.3.

CL (1.609) l(4.473)(1.22 ,' An (10 ÷ 42.41 - 1.74)1

= (1.609)(4.4C'3)(1.2234)(0.7735)

- 6.811

C. ME'/vT

C' 3. 715 from sample problem in Section 4. 1.

00

K 1.00 from sample problem in Suction 4. 1,

6Cý 0.621 fron sample lroblbtoi in Section 4.3.
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C (1.609) [(3.715)(1.00) sin (10 + 31.89 - 1.74) + (0.621) Bin (10 + 69)]
L

=(1.609) [(3.715)(0.6448) + (0.621)(0.9816)]

=(1.609)(3.005)r4
=4.835

I CORRELATIONS

4
The correlations presented herein are for a wing with aspect ratio of 8, quarter-

chord sweep of 25 degrees, and taper: ratio of 0. 33. This wing was tested with a wide
variety of nacelle positions, flap configurations, and blowing systems. All of the

A configurations used for correlations are with leading-edge Krueger flaps deflected
55 degrees and with a leading-edge jet momentum coefficient equal to 0. 10.

The EBF calculations for the wing with a triple-slotted flap (6f 60 deg) are compared
with test results in Figures 4-18 through 4-20. Figure 4-18, which is with the engines
in the high position (Position A) for which the capture ratio is 0. 935, shows good

agraement with the test data (power-on) when assuming full BLC. Although the power-

Q- on calculations for lift with full spreading lie somewhat closer to the test data than do

the calculations based on a minimum spreading angle of 6 degrees, the relative in-
sensitivity of the spreading assumption on the lift is encouraging. All subsequent
calculations tc. be presented for EBF comparisons have therefore been based on mini-
mum spreading. The power-off calcula?" on for lift at a blowing coefficient of zero is
shown with full BLC effectivenoss (no f~c A( separation) and without BLC effectiveness
(flow sepatration basedl or, the flap efficiency factors in Figure 4-10). Test data indi-

cates that flap separation is slightly less severe thain predicted.

Figure 4-19 depicts at similar comaparison but with the engines lowered to Position E,
for which the capture ratio has lcon redluced to 0. 579. In this c se the jet efflu no

longer passes throughi the first flap slot, anld all computations are based oil the Sal-e
degree of flow separation as for the power-off case. The t st datia alhows somewhat
higher lift eitrvo slopes at aill values of blowing Coofficient, Cp, thlan do the -oflli)ut4a-
tionB. Computed lift curve slopes are asstimed to be reduced from full potontial flow

theory values by 25 percent because of flow separation, as discussed ill Paragraph
4.1.2.

Figure 4-20 compareb the methodology and test results wilen the enginles ill Positi~on E
art tiltod upward by 15 de~grees so thlat tho capture ratio is increllsed from 0. 5719. to

0.997. Ini this c4190, the methodology is simiLar to Otht for Figuroe ~-18; therefore,
full 111,C effe-ctiveness has beeni assumed foi- the powor-on coflpjuta ioils.
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Comparisons for double-slotted EBF systems of 30- and 60-degree deflections are
shown in Figures 4-21 and 4-22, respectively. The engines are in Position A (high), A

for which the jets pass through the first flap slot. All power-on computations have
therefore been based on full BLC ,ffe2tiveness. The discrepancy Il the power-off

• :; lift curve in Figure 4-21 may once again be a,.tibuted to smaller effects of flow
separation in the data than predicted by the methodology. The comparisons shown for
the 60-degree double-slotted flaps in Figure 4-22 indicate that full. BLC effectiveness
was not approached for this flap configuration until the C values exceeded* 1.0.

Figures 4-23 and 4-24 compare the methcdology with test data for low-capture-ratio
single-slotted flaps of 30 and 60 degrees of deflection, respectively. Although the
jets are still in the high position, zero BLC effectiveness was assumed for power-on,
because the jet efflux failed to pass through the single flap slot. The power-off lift
data in Figure 4-23 is again somewhat higher in the linear range than predicted by the
methodology. The nonlinearity in the test results at low angles of attack is due to
separation on the unders:de of the leading-edge Krueger flap, which is not included in
the methodology. This type of separation occurs under conditions of low angles of
attack, small flap deflections, small flap chords, and low effective blowing coefficients,
and has been negligible for the previous comparisons. Thus, with increased flap angle
and capture ratio, as hA Figure 4-24, the extent of the linear region is increased and
the correlation between methodology and lift data is improved. In ttis case, the
methodology appears to slightly ovexpredIct the power-off separation effects on lift.

Figures 4-25 through 4-28 present correlations between methodology and test data for
IBF systems with plain flaps of 15, 30, 45, and. 60 degrees of deflection, respectively.
i~or the IBF computations, the full BLC effect was assumed for power-on conditions,
whereas power-off lift oatimates were based on plain flap efficiencies from Figure 4-7.
As indicated in Figure 4-25, the methodology agrees reasonably weli with the overall
lift data for the 15-degree flap deflection. Similar agreement is shown in Figure 4-26
for the 30-degree flap deflection, except that full BLC effectiveness is apparently not
achieved for CP oralues below 0.5. In additic%, use of 771, from Figure 4-7 appears to
somewhat overestimate flap efficiency for the power-off condition. Similar results are
showNv in Figure 4-27 for the 45-degree flap deflection, except that the power-off lift
estimate using Figure 4-7 lies closet, to the test data. Comparisons for the 60-degree
flap deflection IMY configuration are shown in Figure 4-28 and once again indicate that
full BILC effectiveness is established at C 0. 5. In this case, good agrcoment is also
S-dicatod for' tle power-off lift ill the lilnaz range of the test data.

Figures 4-29 and 4-30 compare, metbhxiology aknd test data for M F/VT configurations
with tie juts in a low and rearward position (Position F). The comparison in Figure
4-29 is for a double-slotted fMip with :13 degroos of deflection and with an offective
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thrust vectoring angle of 37 degrees. Power-off data and calculations are similar to
the power-off EBF comparison for the flap shown in Figure 4-21. Power-on computa-
tions for lift assume no supercirculation or BLC effect for the jets, and lie consistently
below the test results in the linear region. This discrepancy is probably due to under-
estimating flap turning efficiency as discussed in connection with Figure 4-21. Test
data for lift in the linear region also shows a somewhat higher lift curve slope at the
higher Cp values than is predicted by the methodology. Thus, a small favorable inter-
"erence effect is observed. The drop-off in test data for lift at low angles is believed
due to leading-edge separation, as discussed previously.

The comparisohs in Figure 4-30 are for a triple-slotted flap with 60 degrees of deflec-
tion and with an effective thrust vectoring angle of 69 degrees. No power-on BLC
effect or siupercirculation is assumed. The power-off data is similar to the power-off
EBF data obtained with the same flap system and shown in Figures 4-18 to 4-20. The
power-on lift data lies somewhat above the prediction and exhibits higher lift curve
slopes in the linear range for the reasons mentioned in connection with Figure 4-29.

NATI-I.E IALATION A X,/A 0.9)5

WITH DIX F I.\C. 6 DEG , A Pit ,ADIG) Correlations between the lift curve. .. W IT HIO UT B L C E'F F E C T R N S 2 -"

--- HL, , F.T (F1.1. SPRE,'ADING-5 from the methodology and test data for
.(1.IWN .I PADING-E E IKIRIP•, : ,1: , • .. * . f.. (1:. A. ) two additional aspect ratios (7. 1 and

TI4 4.0 9.5) with wing sweep of 25 degrees are
shown in Figures 4-31 and 4-32. This

.i data is with the triple-slotted EBF at

60 degrees. The theory under-7 . '. predicts the test data at an aspect ratio
of 7. 1 (Figure 4-3 1) and shows a slight
overprediction at an aspect of 9.5

V I t° Figure 4-32).

d-1 -. n Correlations between the lift curve

from the methodology and test data for
wings withl quarter-chord swoops of
12. 5 and 3.5 degrees, with aspect atio

9constant at 8, are shown in Figut as
'4-33 and 4-34. This data is also with

the triplo-slotted EBF at 60 degrees.
,'.he correlation is good tt all btowt.g
coefficients at both wing sweeps.

Figure 4-18. Correlation of Lift Gonoral-
ized Methodology with EB1F Test I)ata,
A t 8, Ae/4 - 25 IDgrees, Triple-Slotted

Flap (6f 60 Degrees), Nacelles High
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NACFLLE. LOCATION A ~/A~ 0. 602
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Figure 4-25. Correlation of Lift Generalized Methodology with IBF Test
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SECTION 5

MAXIM'UM LIFT

The maximum lift coefficient is estimated by assuming that CLMAX is built up as
shown L, Figure 5-i from the sum of the three components indicated in the following
expression:

L L +ACMAX +5-1)
MAX -~{L +~ MAXL LMAX

where:

C ~is the maximum-n lift of the basic clean air-foil
4'. 

0 LMA
MAX ~(S c tion 5. 1).

0

AC ~is the increment in maximum-z lift du-o to the
L

MAX deflection and blowving of a leading-edge high-lift
device. This increment is measured without a

triigedge (Section 5.2) and is based on extendedI wing area.
'&C1 is the increment in maximium lift due to the defloc-

MIAX tion and blowing of a trailing-edge flap syst.-m.
Thisi incremeont is measured with or without flaps,
slats, mnd/or blowing on the loading edtge (Section
5.3) and is bab-od on extended wing area.

All oqtialiotis required to estfiHatc the various terms it, Equation S. I arv also showvn
in igre i-. 'hotiUrc I dieatcs th -~ragrh thit furnish za moro doe.~lod

"eplan~ation of Ulu term11s.
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5.1 MAX3IUM LIFT - CLEAN WING

An empirical method for estimating te maximum lift coefficient for a clean three-
dimensional wing is presented in USAF DATCOM, Paragraph 4.1.3.1. This method,
which requires the estimation of the two-dimensional ý;ection maximum lift from
DATCOM Paragraph 4.1.1.4, is ba'-ad on experimental data from high-aspect-ratio,
untwisted, constant-section (syn mmetrical o- cambered) wings. The generalized maxi-
mum lift coefficient is expressed as:

CL (Q::Ic n-maXa + AC LM~ (-2
a

where:

• AC is the empirical maximum lift increment shown in DATOOM
•':• II'MAX(Paragraph 4.1.3.4) due to Mach number changes.

- CLM~ A

c is the empirical factor used to correct section maximum liftSC~max coefficient for finite wings, including corrections for wing sweep
• and leading-edge radius (Figure 5-2).

c ~ is the two-dimensional maximum lift coefficient as estimated
S•aa from DATCOM (Paragraph 4.1.1.4) as shown in Figure 5-1.

Estimating the tho-dimensiona l maximum lift coefficient cm at the low Reynolds

•, I numbers normally associated with powered lift testing requires that the empirical! data in DATCOM ho (xtrapolathd to Reynolds numbers of l css than one million. 's.st

S1data in this Reynolds number range is presented in Figure 5-3. Inc~luded Is data forSthe NACA 64A213 airfoil which was used on the bsic Convair powseted model. Thlida is provided cof a guide for estimating se at the lower tust Reynolds numbers.

Usin the value C i for thatwimu section lift coefficient from ficin e 5-3 which
corresponds to Convair test Reynolds number, the wing liaxinuw lift coefficient,"Ct , was obtained for the five wnings tesented an the estimated results art cof-

,•;: •:V!AXUsipacg w the test vvlues in Table 5-1.
I,



';. {. .

Table 5-1. Comparison of Theoretical Maximum Lift Coefficients With Test Data

C CWing Aspect LeadigeA L MAL LMAX
Sweep Ona a max

(Figure 5-2) Theory Test (Test Data)

1 8 15.4 3.1 0.85 1.025 1.091 0.90
3 8 27.9 3.1 0.80 0.965 1.075 0.88
4 9.5 27.9 3.1 0.80 0.965 1.070 0.88
5 7.1 27.9 3.1 0.80 0.965 1.085 0.88
6 8 37.8 3.1 0.74 0.893 1.078 0.89

Better correlation is obtained if the value of the ratio CLMAX/cim were taken as

0. 89 ir--tead of the values imlicated in Figure 5-2. This difference could be attributed
to the spanwise twist, thickness, and camber variations that are built into these wings
and. not included in the empirical correlations in DATCOM.
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r. r~'~n: mm:.r rn

SAMPLE PROI3LEM.

KI.C4Az&Li Airfoil

Ay= 3.1

M =0.1

C 1. 21 from DAT COM Paragraph 4.1.1.4.
Maxc

0 from DATOOM Paragraph 4,1.3.4.ACL

CALCULATE:

Maximum lift coefficient -,or the clean wing, using Equation 5-2, for EBF, !BF, and,
MF/VT.(c::)Cm aMA

C +i AC (5-2)
IMAXa 0aX LMA

C
L

MAX
0. 080 from Figure 5. 2.

01
max

C ~ (1. 91) (0.80)

a

*0.9W,

Note:- This value has been invewsWee by ACLA =0.10 to accunt for twist and

camber effects on tbe basis of test data.

MAX 3-
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5.2 MAXr9UM LIFT INCREMENT DUE TO LEADING-EDGE DEVICES

Leading-edge devices increase the maximum lift capabilit of airfoils by increasing
static pressures (reducing suction) near the nose at a given angle of attack, thereby
delaying ledling-edge stall to higher angles of attack. This is accomplished without
significantly affectLig the trailing-edge flow c nditions, and is most effecVve on thin

airfoils.

The present method for estimating the lift coefficient increment, AC IL MAXLE assumes

that maximum lift on thLe airfoil without blowing is achieved when the static pressure
near the leading edge of the leading-edge device approximates the static pressure near

the leading edge of the basic airfoil just prior to stall. The method used for estimating
the maximum lift increment for leading edge high lift devices is therefore based on
Reference 4-4 and given by the following expression:

Lma)L Kb., b LE + AC L (5-3)
6 ~~MAX MALE max0LE LL c ) LMAXE

where:

is the two-dimensional increment in maximum
cmax)LE lift coofficient from Equation 5-4.

K b is the leadit.g-edge partial-span factor shown
K7bLE in Figure 5-4.

Cq) is the three-dimensional lift curve slope defined
•J••o in Paragraph 4.1.1.

is the two-dimensional lift curve slope defined
a in Paragraph 4. 1. 1.

AC, is the increment in maximum lift coefflicint duo
±:MAX LEPWR to leading-edge blowing shown in Figure 5-5.

* The twi-dimensional increment In maximura lift coofficient ic based on thin airfoll

theory as follows:
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Ac max )L C ) .6H) (5-4)

LE max

where, as presented in Figure 5-6 as a function of leading-edge high-lift device chord
CLE/C

0 \= 2 sin OLE (5-5)

LE)m ax
•!i: and

coseLE = (12cLE/c') (5--)

-H)EFF is the effective deflection angle of the leading-edge
H, devrice and is expressed in terms of the geometric

leading-edge device deflection angle, 6 as defined
in Section 2.

0o 75 77 7 •(5-7)
11 E FF Max -6

j! where:

i7max and 216 are empirical factors
ax introduced in Reference

4-4 to correlate Equation
5-4 with available test
data on airfoils with trail-
ing edge flaps (Figures
5-7 and 5-8).

0.75 is a factor introduced to
furnish bettor correlation
with the clean traili'g-edgo
test data from Roeermco
3-11.

.The maximum lift efficiency factor, t .X, depnords on the typo of leading-dge dovio
and on tie ratio of the leading-edge radius to the maxiinwn airfoil thflcluess; 'V5 is
an efficiency factor "tat accowits for large leading-odgo flap doflections.

:. 5-8



SThe term C 1  accounts for the effect of blowing from a spanwise slot•)!i• " x'I•.AX, LE lpwr

at the rear of a Krueger flap. The increments were obtained from test data on three
wings with aspect ratios of 8.0 and sweeps of 12.5, 25 and 35 degrees and are pre-
sented in Figure 5-1 as a function of the jet momentum coefficient, C at the
nozzle exit. L/noz

_ .The method for estimatingAC MAXLS cis mpared with test data from Reference 3-11

in Figure 5-9. Test data is included for both slats and Krueger qlaps. The data is
correlated as a function of effective leading-edge de*"ir.--ton angle, 6H )EFF (as obtained
from Equation 5-3 and 5-4) versus the geometric df flection t'.r.,.,.. The theoretical
values are plotted in terms of the same parameters with 6H).FF defined by Equation
5-7.
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SAMPLE PROBLEM

GIVEN:

"LR= 0.098

6 =51 deg

CLE
-=0.1266ct

b
-0.905

b

C =0.10

CALCULATE:

1. Effective leading-edge deflection angle, using Equation 5-7, for EBF, IBF, and
MF/VT.

6•H)EFF 75 mnax 76 'H (5-7)

76 =0.55 (Figure 5-8)

m = 1.730 (Figure 5-7)

6){ = (0.75) (1.730) (0.55) = 50.635 rad
SEFF

2. The two-dimensional power-off increment in maximum lift due to the leading
edge, using Equation 5-4 for EBF, IBF, and MF/VT.

Ac' J C= " (5-4)
a LE L' E 6

5-10



pIT
MFVT

'LE) a

Act (1 =4 0. 6 3)

5. The mxmr iticeetc'et leading-edge devices pit~lsa atrfo iureingfo Equaio 5-3,fond
EBF/VBFT.n F/T

LE/u L

Leo

MAX~
= U5J9+ 060

AC K Y) AC(52
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5.3 MAXIMUM LIFT INCREMENT DUE TO TRAILING-EDGE FLAPS

The Increment in maxmunm lift coefficient due to a trailing-edge flap 9y tem is
determined by summning increments due to flap .ieflection and due ta biowii -3~ ~~
flap as follows.

AC~J Ac + )PA(58

where

Act is the power-off maximum lift coefficient increment due
Lmax TE)o to the deflection of the trailing-edge flap, system.

Act is the maximum lift coefficient increment due to blowingL ma TEIPWR on the trailing-edge flap system.

These two terms are discussed in the following paragraphs.

5.3.1 POWER-OFF NMA)UMUM LIFT INCREMENT DUE TO TRAILING-EDGE FLAPS.
The method for estimating maximum lift increment for a flapped airfoil is based on
Reference 4-4 and given by the following expression.

t 0140

*b
0i)

is the po~wer-off three-dllnenslonal lift curve slope based
on exteiuded wing area (Equation 4-5).

c) is the power-off twc-dinirensio "t lift curve slope based
iao on extended chard, (Equation 4-7).

K is a correlat~mg constant based on the leading-edge con-
figuration.

5-14



M - ýW MY

K =1. 21 for a clean leading edge.
MAX

KIVX 1. 00 for Lslat or Krueger leading edge.

Act is the increment in the two-dimensional
maxTE) maximum lift coefficient, power-off2E~

(Equation 5-13 or 5-14).

Using thin air~ ol~ thory and assum:,ng that stall is sensitive only to the leading-edge
loaing th inre- n~nt in the two-dimensional maximum lift coefficient,Ac

is estimated by first obtaining the ratio Ac1  a/Aci as:mxE/

sineI
max = ______(5-10)

AcI 0 +sinO0
= 0 f f

where:

cos 0 =(1 -2 c'Jc') (Equation 4-16)
f

Equation 5-10 is plotted in Figure 5-10. This expression assumes that separation
occurs at the leading edge of the airfoil, but this is not always the case, especially
on airfoils with large leading-edge radii or with highly efficient leading-edge devices.
The thin airfoil theory was modified to account for an arbitrary separa~.ion point, xS Ic,
and Equation 5-10 became:.

Ic I sin -(X 0)/sin -(X~ - fI 0
~max ~ f jI 2 f 2 (f11

ac, 0 + sin 1+ 0 tan X/2j

where-,

Cos X /( c') (5-12)

Equation 5-11 is plotted in Figure 5-10 at constant flow-soparation values. Lift
Offctivcajess at taLlM decreasos, as tie flow-separation point on the airfoil inoves aft

(closer to die flap).

The two-ditnensIonal iiuaniuni lift increment, CI() duo to Rai) deflectiou is

obtained for a igesotdfa ycmiigEutos4-18 and 5-11. Thei resulting
expresakin is:



AC

..- c

mAc T ?s C 6 (5-13)
max Ace

al' TE~o a = 0)

Similarly, for double- and triple-slotted flaps, Equations 4-19 and 5-11 arco combined
to give:

max .\c (5-14)
maxTE/ i 'i 6. a=O i

where:

I is 2 for double-slotted flaps and 3 for triple-slotted flaps.

The choice of the separation point, x /c', to determine maximum lift ratio from
Figure 5-10, depends on the leading-Idge configuration. For clean leading-edge
airfoils, the point of flow separation is assumed at the leading edge, x /cf = 0. For
airfoils with leading-edge high-lift devices, the point of flow separation is assumed to
be at the knee of the leading-edge device, x. = cf /c'.

The preceding method for estimating AC is correlated with test data from

Reference 3-11, and t:,7 results are shown in Figure 5-11 for several flap and leading-

K_ c•Ige coffigurati.ns and wing planforms. The correlation is generally good for those
%MIfgunnatious WiA'h attac'ied f'low caial tl~ikp: Zup up Ih iiiuCr ~du-~

stall, as postulated in tL8 tnethod. At large flap deflection angles (especially for the
plaiu and single-slotted flaps), however, the stall may also be influenced by flap
separation, which is not accoumted for in the method. This is shown in Figure 5-11b,
where the single-slotted and plain flap test data shows large devWatioMN from the theory
at the high deflections, espeoially with a 15-percent-chord leading-edge Krueger
(which delays leading-edge stall).

5.3.2 POWER-ON MAXMVIUM LIFT INCREMENT DUE TO TRAILING-EDGE FLAPS.
Maxim=m lift increment ,uo to trailing-edge flap blowing is defined as:

AC TE - C" (5-15)

SXI MAX 1 MAXMJ E PWRo



where:

CL is the power-on lift coefficient at the power-on
MAX stall angle of attack, a .s

C' is the power-off maximum lift coefficient from
NLAX Equation 5-1

0

Thin airfoil theory concepts have been developed in References 5-1 and 5-2 to predict
the maximum lift incremient due to blowing with supercirculation for IBF and EBF
systems, respectively. These methods are similar to the procedure discussed in
Section 5.3. I for calculating the increment in r.ax!mum lift coefficient due to
mechanical flaps in that they assume that stall occurs at the leading edge and at a
pressure loading that is independent of the jet momentum coefficient. The mechanical
flap and power-on methods are also similar in that they are basicaily two-dimensional
methods, with finite aspect ratio corrections being m,.de by reduzing the predicted
maximum lift increments by the ratio of the two-dimensional to three-dimensional lift
curve slopes. The basic difference between the mechanical flap procedure and the
power-on methods of References,5-1 and 5-2 is that pressure loading in the leading-
edge region is assumed to be that described by the Spence Iwo-diwenulonal thin jet
theory (Reference 3-18) in the blowing case. An empirical factor equal to 1. 8 has
been introduced into the EBF method of Reference 5-2 to obtain improved agreement
with EBF test data.

The methods of References 5-1 and 5-2, without introduction of empirical factors,
predict that the change in maximum lift coefficient ACm )* due to powerCmaxTE /p~wr

equals three-fourths of the change in lift coefficientzq, 2 E) due to power at the

power-on stall angle of attack, %s. As is shown in Figure 5-1, the increment
AC' is to be based on a calculated power-off datum with the same• I•n"'-"TE)pw'P

degree of BLC effectiveness (or equivalently of flap separation) as assumed for the
power-on calculations. The stall angle of attack for the power-off datum has been
designated as* in Figure 5-1. Figure 5-1 shows that the relationship between
Act and iC ) implies that the power-on stall angle of attack,

max TE'/pwr ACLTE/pwr

, a inust decrease with increasing blowing coefficient, a result that is contrary to
•:• test results to be discussed in connection with Figuarc 5-12. To obtain improved

agreement wit, power-on stall data, the methods of References 5-1 and 5-2 have

been modified by introducing finite aspect ratio corrections directly into the pressure
distribution at the leadintg edge. Using idealized lifting-line expressions for the in-
duced downwash angle gives the change in maxiniun lift coefficient due to Ix~wcr as:

5-17



i3
U -

+. 
I~ a

* ~ ACt 2i r]aACLmaXTE)Pwr 3 TE)pwr + pwrJ (5-16)

where:

Aa. is the change in induced angle of attack (downwash angle)
pwr due to power and is to be evaluated at the power-on stall

angle of attack and with the flaps extended. Equation 5-16
is independent of the form for determining Aa

I'1

Equation 5-16 reduces to the result of References 5-1 and 5-2 for the high-aspect-

ratio limit in which Aaip vanishes.
1pwr

For the current methodology, Equation 5-16 is expressed in terms of the change in

stall angle of attack due to power (Aa = a -aC ) rather than in terms of the change

in maximum lift coefficient. The expressions for •ower-off and power-on lift (based
on Equations 4-1 and 4-10) and the lifting-line equation for AŽap are 1,sed and the

result is:

sin - °- o K WR sin PWR)
Aa = (5-17)

-os( O

where:

is the power-off angle of attack at maximum lift
o (Equations 4-1 and 5-1).

ao
0L is the power-off angle of iero lift (Equation 4-2).

5-18
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aL is the power-on angle of zero lift (Equation 4-2).

pwr

C

3 /(5-18)

AU4 Ct
L

All the other terms were defined previously. The superscript *)denotes that this

power-off term is derived using the same BLC effect as assumned for power-on
conditions.

In the infinite aspect ratio limit for which cw - 3/4, Equation 5-18 predicts that the
stall angle of attack decreases with increasing momentum coefficient. However, for
w = 1, Equation 5-17 predicts that the stall angle of attack should be independent of
momentum coefficient. For values of w exceeding 1, Equation 5-17 predicts that the

stall angle of attack will increase with momentum coefficient. Wind tunnel test data
for STOL transport-type configurations in Reference 3-11 shows the parameter wo to

vary between 1,09 and 1.22; hence, the power-on stall angle of attack should increase
with power.

Equation 5-17 has been compared with IBF and EBF test data from Reference 3-11

in Figure 5-12, and appears to predict the observed variation in stall angle of attack
reasonably well, except at the lower momentum coefficient values for which partial

BLC efect mayinfluence the test data.

In terms of &a., the power-on still n.agle of attack is given by:

Sand the maximum lift coe-)ff ic ant I power-on) is simply the value of lift coefficient ob-

._tned from Equation 4-1 for an angle of attack equal to a

P
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SAMEPLE PROBLEM

GIVEN:

f5~i4e /C =0.439
f

1~ 6.4 deg c/'=.6

f /c 0.2622 1c~ 71 -df c Ac' 0. 13263 f

I CALCULATE:

1.The increm~t;t 'n "wo-diensijna maximaum lIf t due to the ltraiing-edge flaps,using Equation 5-13.

C,7,6 (5-13)max 
L

A. EBF and IBF

c 4.87

c 3.94 From Figure 4-6.
62

S 2. 84

7 5-20



=0.321

•max =0.378 From Figure 5-10.Ac
SAcl = 0 .3 1

0= 10
ACI

1max

s 1

02= 1.00 Full BLC effect assumed.

=1.00 J

28.4 6.415Ac. aTE o= (4. 87) (0. 3 21) +"2"5.9/ +(3.94) (0.378) +57 [ 649 (2. 84) (0. 415) ( g

Imax 57.295 +(.4(.7)(57.295 + 57. 295)

0.775 + 0.426 + 0.309

1.510

B. MF/VT

c 87

61
c =3-1.4 From Figure 4-6.

26

c =-2.84

163

4-5 5-21 4



*I.N 
.EM>1- 

______________

~0. 321
Ac

a I

Ac

max 0.378 From Figure 5-10.
ac 0/'2

Ac1 n~) 0.415

Ac

717s 0.770

~ 0,770 From Figure 4-10.

ct Eo 487 0.770) 031 28.4-. + (3,94) (0.77) (0.328 16.-4
Imax F.25

TE~o / 15
+ (2.84) (0.608) (0,415) 1 -

0.597 + 0.328 + 0.188

1113

30' The t~hroee-dimensional increment in maximum lift due to trailing edge, using
Equation 5-9.

A. EBF and IB
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AK =0.858 From. sarr~qle problem in Section 4.2.b
0

=0. 6141 From sample problem in-Section 4.2.
ci

AC L = (0.858) (0.1i141) (1L00) (1.510)

0.796

B. MF/VT

=]X 1. 00

A 0.858 From sample problem in Section 4. 2.

=I~ 0. 680 Fromx sample problem in Section 4.2,

ACo (0. 858) (0. 680) (1. 00) (1.113)

S0. 649

4. The power off tmaximiun lift, u~Iig EquAition 5- 1.

C {CL c AC Act1 ~i1L, S LC L
MAX M AxN A IAX,

A. EBFand Ili

C 1.o0i6 1' .- u iunpie. pciblo.1 in soctieti 5. 1.
EMAX

ACL 1.139 'rem in~atni~pc r4Auotzi In Secotion .2,

MA-2



L 1.09((1. 068) + (1. 139) + (0.796))
MAkX

-(1. 609) (3. 003)

] -4.832

B, MF/VT

C =1.068 From sample problem in Section 5.1.
LMAX

L ~ = .39 From sample problem in Section 5.2.

MAAX

-(1. 609) (2, 85 6)

-4.595

I ~5. The power-off lift at zero angle of attack, by eliminating the povi'1r effect
terms from Equations 4-1 and 4-13. Equation 4-13 reduces to

Act =~ c K I

wing ~o

A. EBF andIBF

C?
a 0. 6141 From sample problem in Section 4,2.

ct

K =0.858 From sample problem in Section 4,,2.b
0

Act =,1~.470 From sample problem in Section 4. 2.
0

Act (0.6141) (4.470) (0.858)
L

WING

=2,355
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B. MF/VT

..... .... .

La =0.680 From sample problem in Section 4.2.

b 0. 85 rmsample problem in Section 4.2.

0

A(,'t =(0. 680) (3. 364) (C. 85 8)L
WING.

1.963

6. Equation 4- reduces to

0 U ~L L PWR
00

A. EBF and IBF

C' = 4.473 From sample problem in Section 4. 1.

0 10

KW 1,0 ]ower-off conditions

-a sin [2,355/4.473]

-31.76 deg

E. MF//VT

C L 3.715 From saruplo probleni in Sootion 4. 1.

0

K =1.00 From samiple problem in Sectioia 4. 1.
PWR

Sillj' 1.963/3.715~
L

-3l.8do~;5-25



7. The angle of attack for stall, power off, using Equation 4.1 without the power
effect terms.

CL =i[ ct) . sin (a-a L-Aaj

A. EBF and IBF

Au 1.74 deg From sample problem in Section 4.4.
t C (1 60) (4473 (1 0) in a 3. 76- 1 74

L 10)(.7)(.)sn( 17-.4

C =7.197 sin(a +30,02) 4.832

asin (4b~130.02 deg
V7.197/

a= 12.15 dog:; a

B. MF/VT0

Ace L74 deg From sample probl3m in Section 4.4.

C =(1.609)(3.715)(1.0Ysin(~+ 31.89 -1.74)
LI L 5.977 sin a c+ 30,15) 4.595

C'= sin30,15 ~20.08 deg a

S.Calculate die term 4 y Equatirn 5-18.

A. EBF anid 110

3/ 7 284k
4~ 4.423)

S1.221



B; MF/VT

13\ 5.46263

r4/ 73.15 /)

4 = 1. 103

9. Calculate the increase in stall angle of attack due to power effects, using
Equation 5-17.

0 10
K Cos a 1O ao -I

IPWR OL 0

A. E BF

K 1. 1969 From sample problem in Section 4.* 1.

12. 15 deg
0

=-3L.76deg

a-35. 21 deg From sample problem in Section 4. 4.
PWR

sin (12.15 + 31.76) - (1. 196~9) sin (12,15 +35 21)
S 1. 2211

(1. 1969) cos (12.15 + '05. 21) - cos. (12.15 + 31.76)

sin - 1 99 i 4

( -0.1869-3 )6;
0. 0590 rad 1. 38 dog



"~-t

B. IBF

K 1.2234 From sample problem in Section 4. 1.
pwR

e 12.15 deg

-31.76 deg
O L

i~ 1 0

=42.41 deg From sample problem !n Section 4.4.

sin (12.15 + 31.76) - (1.22341 sin (12.15 + 42.41)

s (1. 2234) cos~. (12.15 +42.41)- [1.221 1 co (12.15 +31.76)

sin (43.91) _(1. 9,234) sin (54.56)

(1. 2234) cos (54.56) 5.15725) cos (43.91)

-327 10)

-0. 0927 rad =5. 31 deg

C. MF/VT

K 1.000 F rem sample problem in Section 4. 1.
PWR

0 20.08 deg

~ j-31.89 deg

0

-31.89 dog Front samplo probkm in Section 4.4.
Lpw

sill (20,08 31. j-(1. 00) s it (20.08 +31. 89)

(1.00) cos (20.08 +31.89) -. jos(2-0. 08 +31. h,1,
Li.103-1J

-0.0 dog'

b -28



9. C~alculate the power-on stall angle of attack using Equation 5-19.

S=a~ +(
s s s (5-19)

0

A. EBF B. IBF C. MF/VT

a 12.15 +3.38 a 12.15 +5.31 uk =20.08 +0.0

15.53 deg =17.46 deg =20.08 deg

T ~ ~ ~ ~ ~! SL I4 C insn 1/2 (4 Of)/Sl.l 1/2 (X-. Of)

~ AC tan x/2

0.o. '- (1" 2f/c') Cqs X 2( S/c') 2

sini
Ac f

L 0.) 0., 0. .......fl 0

Fiumm1.IceetinMxmmLl 0WA~L o rdigEg ~p

0.32



~T W 311k 15%c KRUEGER -Ai . I I

a S'3 (55 DEG) 0.1 - TSF 114 15%c KRUEGER

.21. 2, 0TSF 311 CLEAN LEADIN~GEDGE- 1. 2 PDF2((5DG)C-.
~ DS 32 LEANLEADNG EGEA DSF 12 CLEAN LEADING EDGE'

'A (NACELLE OFF) 4**

'CLEAN LEADING EDGE X LEAN LEADING EDGE- .:
0815 kRU6EG'ER --.~~~ 0. 0.815%c KRUEGER vF

... .... .. . ......

T 0

0 20 40 60 0 20 6 40 60
Sf f

a. Double- t-nd Triple-Slotte]l Trailing Edg.Ž F~lap... with Wing Sweep 2 5 Degrees, A 8

1.2 .-

CLEAN LA'eA)ING LDGEF CLEAN LF;ADING EDGEf

S0.8 15 KI PU oEs V..0 15%,?c KRUEGER KDEC) CA 0.~ (5iD 0.1

.4 0.4 <~. 0.~4 I ,

0 20 40 6c0 2040U

Singic-Slttted (N (. 2) andu Phdn lZMlllg Edge Flup With Wing Swoop~I ý5 lX.grta~, A 8

Figure 15-11. Corrohittion of Me0thodology With Maudimum Lift bicromont
Duo to Flap Deflection
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TT-SF311 15%Yc KRUEGER

AA
1.DOSF 321 CLEAN LEADING EDGE c/41.

A ~12. DEG 1CLEAN LEADING EDGE .
00.8 ~c/4.. 7

CLEA .. ~.8 -1517c KRUEGER

C LAN(55 DEG) C 0=.1i
''"LEADING ~- H

-.. EDGE .. .-.. , ..

12 -.. ... . ..... .. 1.2

11' N L (D5N EDEG) CG 0..1

0 2 .0

020 40 110 0 20 40 6
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5.4 MAXIMUM LIFT CORRELATION

-7. The sample problem and correlations are for the wings described in Section 4.4.

SAMPLE PROBLEM

GIVEN:

STALL

CALCULATE:

S1. The power-on maximum lift, using Equation 4-1 at the stall angle of attack.

S,

CL SFL K) R sin (a-o -a Aqt C' si (a+ %)] (4-1)

SA. EBF

A at 1. 74 deg from sample problem in Section 4.4.

Ac' =0.038 from sample problem in Section 4.3.

CL) 4.473 from sample problem in Section 4. 1.

a =35.21 deg from sample problem in Section 4.4.
oL

cy= 15,53 deg from sample problem in Section 5.3.

6 T 3.5 deg

I-WR =1. 1965 from sample problem in Section 4.1.

C (i.609) (4.473)(1.IU69) sin (15.53 +35.21-1.74)
L=

+ (0. 038) sin (15. 53 - 3. 5)]

=(1.609)[ (4.473)(1. 1969) sin (49.)+(0.038) sin (12.03)

(1. 609)(4. 041 + 0, 308)
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B. IBF

Au 1. 74 deg from sample problem in Section 4.4

AC t  0. 0 from sample problem in Section 4.3.

C'=4.473 from samaple problem in Section 4. 1.

a =-42.4i. deg from sample problem in Section 4.4.
OL

~1 a=a =17.46 deg from sample problem in Section 5.3.

K=1. 2234 from sample problem in Section 4. 1.
PWR

6 T -3.5 deg.

C (1.609) [(4.473)(1.2234) sin (17.46 + A2.1 1. 74ý
L

+ (0.0 M sin (17. 46 - 3. 5)1

(1. 609) [(4. 473)(1. 2234) sin (58.13)1

=(1. 60 9)(4. 64 73)

7.478

C. MF/VT

Aa =1. 74 deg from sample pioblem in Section 4.4.
t

A~C' -0. 621 irom sample problem hi~ Section 4.3.

a -31.89 deg from samplo problem in Seu.tior. 4.4.

Ce a =20. 0$ dog from sampte problem in Section 5. 3.

K 1.0 from sample problem- in Section 4.1.
PWR

65 69 deg

C' 3.715 frum sample problem in Sectiun 4. 1.



CL 1.609YL( 3.715) (1.00) sin (20.08 +31.89 -1.74)

+ (0. 621) sin (2 0. 08 + 69)
=(1. 609) E(3.7 15) sin (50. 231 + (0. 621) sin (89. 08)
(1. 609) (2. 8554 +0. 621)A

=5.594A

CORRELATIONS'

The EBF calculations for the Aspect Ratio 8, 25 degree swept wing with a triple-
slotted flap (bf 60 deg", are compared with test results in Figures 5-13 through
5-15. Figure 5-1*3, which is with the engines in the :highi position (Position A) for

A'. ~which the capture ratio is 0. 935, shows goodi agreeinent with the test data (power-on).
exetat C =4 when the methodology overpredicts. S

Figure 5-1.4 depicts a similar comparison but with the engines lowered to Position E,
for which the capture ratio has been reduced to 0. 57?9. In this case, the jet efflux no
longer passes through the first flap slot, and all computations are based on the same
degree of flow separation as for the power-off case. Good agreement is shown for
maximum lift coefficient at all C values except C 4, where the methodology also
overpredicts CLMAX

Figure 5-15 compares the m-ethodology and test results when the engines inPositioni E
are tilted upward by 15 degrees so that the capture ratio is increased from 0.579 to
0.99"7

Comparisons for double-slotted EBF systems of 30- and 60-degree deflections are
shown Wi Figures 5-16 and 5-17, respectively. T'he engines are in Position A (high),
for which the jets pass tharough the first flap slot. Data for the flaps at 30 degrees
(F:gure 5-16) agr-oes well with the computations except for the maximum lift valuo at
CP = 4, whicha is underpredicted by the m~ethodology for this condition.

Figure 5-17 indicates predicted vtdues of maxinIUM lift coefficient somewhat larger
than those shown by the test results at all C.~ viaues, rossibly due to flow separation
on the flap, which affects the leading-edge stall assumptions in tie methodiology. A
siillilar effect is shown in Figures 5-19 an -23, which tire also for flaps wvi~ih 60O
(IegToo deflocLion.

Fiue -8and ,-19 compare the miethodolog-y with test14 darta. for lW(1ow-utptr(-V~ti0
S ingle-_slottedl flaips of 30) and cio dogrees of deflection, re~sp~ctively. Although die juts
are still in the high position, zoro IILC effe-rtivoness wns aissumed for power-on be

c~tSL 010 iet, ufflux ttled 811 lui~~i'.e~r~ fly'1 'l. Te pl&o'iv'io
60 dvgreoo: deflectlion of C 1 "IA\ X s~ityedcc h~t~tv~c . iu

0(lge St.111 ill L1th C1 iJ 110LJ1df)(j)



Figures 5-20 through 5-23 present correlations between methodology and test data for
IBF systems with plain flaps of 15, 30, ,-5 and 60 degrees of deflection, respectively.
The methodology overpredicts CLMAX for the power-off case, possibly due to flap
sepaz'ation effects as mentioned previously in connection with Figures 5-17 and 5-19.
On the other hand, the method underpredicts CLMAX at the higher jet momentum
coefficients. The latter discrepancy may be due to the delay of stall to higher angles
of attack than predicted in the methodology, because of the reattachment of the sepa-
rated leading-edge flow near the jet slot. This type of flow, with a trapped separation
bubble at high angles of attack and high flap deflection angles, has been observed with an
internally blown flap in Reference 3-19.

Figures 5-24 and 5-25 compare methodology and test data for MF/VT configurations
with the jets in a low and rearward position (Position F). T'he comparison in Figure
5-24 is for a double-slotted flap with 30 degrees of deflection and with an effective
thrust vectoring angle of 37 degrees. rthe comparisons in Figure 5-25 are for a triple-
'dlotted flap with 60 degrees of deflection and with an effective thrust vectoring angle of
69 degrees.

NA('EI:tu LOCATION A ~ A 'A} 0.9:15
NACWLLE ILOCACTION A 'AH )0.935Maximum lift 3orrelitions between theSWITH BtIc :F'LCT (6 DW:t sPREA~rING1

--- WITHOUT BLC EFFECT |W (FS ,;12 -:1 predictions and test data ior two
- - WITH SIC EFFECT (F9LI. SPREADING) RUNS 2=-?t4

BI OWN I.FADIN(; 4IX;E K:iI'('; II WV;c. 6.E U)?.;, c 0. 1) additional aspect ratios (7. 2 and 9. 5)
12 with wing sweep at 25 degrees are

I27-. 1'0'shown In Figures 5-26 and 5-27. Good
--.. ' correlation with maximum lift is

K ..... •- p Maximum lift correlations between

c Usweeps of 12.5 and 25 degrees with
aspect ratio at 8 are shown in Figures

' .. -- 5-28 and 5-29. The theory tends to
A - overpredic e thi mxNimtun lift for

these configurations.

Figure 5-13. Corrohition of Maximum Lift
Generalized Metliotology with EIBF Test
DatA. A :- -8, It c/4 t, 25 Degrees, Triple-
Slotted Flap (6f 30 Degrees), Na1celles tighU
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A
NACELLE LOCATION A X /A -0.502

WITH IILC ETFEc r REF: GDL.ST 612-3
WITHOUT BLC EFFECT RL`Z 104-108

BLOWN LE.ADING-EDGE KRUEGER (15ýc, 6 LE35 DEC, C -0. 1)

C 4.0.

.01

a (degrees)

Figure 5-16. Correlation of Maximum Lift Generalized Methodology
with EBF Test Data, A = 8, A1c 4 = 25 Degrees,
Double-Slotted Flap -(6f = 30 Degrees)

NACELLE LOCATION A A /A 073Xc . 3

-WITHI BLC EFFECT HEF: GDLST 612-3

- - - WITHOUT BLC EFFECT RUNS 80-84

BLOWN' LEAI)TN6 -F.G[" KRUEGER (155,c, 6 -5 DEG, C 0.1)

AlA

6 2

L

21.

1! 10- 10 20 310

Figur 5- 17 * Correlation (--I Maximum Lift Genecalized Methodology
with EBF Test Data, A =8, Ac! 25 Degrees,
Double-Slotted Flap (6f =60 Degrees)
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4 ~NACELLE LOCATION A XA I .8

REF: GDLST 612-3
- -WITHiOUT BLC EFFFCT RUNS 194-198

BLOWN LEADI)Na-EDGE KRUEGE11 (15%c, 6 55 DEG, C -0.1)

LE 09

0.47
CL S.

a (degrees)

9 . Figure 5-18. Correlation of Maximum Lift Generalized Methodology
with EBF Test Data, A 8, Ac/4 25Dges
Sirgie-Slotted Flap (6 f 30 Degrees)

NACELLE LOCATION A / A 0. 5i62

WITO1'BLCEFFCT I{IF C.DLST 612-3l
-- -WITHUT BC EFECTRUNS 213-217

BLOWN. LI'ADNG-EDGE KIIU DEGE(5T 6 5 DEG, C 0
'LY

-- =4 0 -

-10~~ 3 0 10

.2.

Figure 5-19. Correlation of Maximu~m Lift Generatlized Methodlology
with EBF Tost Data, A 8, A 25Dges

c/4 25D re,
Single-Slotted Flap (6 f =60 Degreos)
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NACELLE LOCATION A (CC 0) A /A =1. 0

-WITH HLC EFFECT REF: MA1T 612-3
--WT1T4OUT BLC EFFECT RUNS 488-492

BLOWN LEADONG-EDGE KRUEGER (157c, 6 =55 DEG, C 0.1)V. 0L2

6 I
AC: 20

-..r" V

S(degrees)

Figurixe 5-20. Correlation of Maximum Lift Generalized Methodology
with IBF Test Data, A 8, A 0 / 4  25 Degrees, Plain
Blowr' Flap (6k 15 Degrees)

N1ACELLE LOCATION A (C 0 /A 1.0

WITH B1.C FFFECT HELF! GDI.ST 612-3
- -- WITHOUT BI.C EFFECT RUNS 504, 508

BLOWN LEADINC.-EIXW KRUEGER 05%(-,6 IF 5 DEG, C 0.1)
UO

9 ~Figure 5-2l. Corr Oxatloi of td-~dwinurn Lift Generalized Metilodology
7with 1131' Test Data, A -8, 1, 5Do~e, hi

Blown Flap (6~ f 3 Degrees)
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NACELLE LOCATION A (C =0) A IA =1.0

WIT H BLAC EFFECT REF: GDIST 612-3
- -- WITHIOUT BI.C EFFECT RUNS 514-517

BLWN~ LEAflINO2YDGE KRUEGER (15%c, '
6

LE. 55 DEG, C1 0.1)

2.0

I6

L

00

Figure 5-22. Correlation of Maximum Lift Generalized Methodology
with IBF Test DaW., A =8, Ac/ 4 =25 Degrees, Plain
Blown Flap (6 f 45 Degrees)

'fACELLE~ LOCATtON A (C M1 Ai A 1.0

- WTH flULC EFFII 1FF: GI)L5 ,1
- --WITHOUT JILl E FFECT RNSN 525-F,29

BL1OWN LE1ADUNG-EDGE K~lIVEGER (1'v' 6 55 DEI C. 0.11

I21

cIP

A

' / *~ ~t5

Figure 5-34or~tmo ixvin itG caic ehdlg

vvith TBF Tost Data, A :--J8,,I/ 5 ore li

Blw Flap,?.2 (6 6 ogos

57:41



NACELLE LOCATION F 6T 37 DEG) A,/As 0

REF: OOLST 612-3
WITHOUT HLC EFFECT RN 6-6

BI ~WN LEADING-EDGE KRUEGER (16%c,6 55 DEG, C 0.1)U

C;0 ' 3.38

CL

0 10 20 30
C1 (degrees)

Figure 5-24. Correlation of Maximum Lift Generalized Methodology with
MF/VT Test Data. A = 8, Ac! 25 Degrees, Double-
Slotted Flaps (6f 30 Degrees), Thrust Vectored Downward
37 Degrees

NACET.LE LOCATION FO '(6 w10 wi /A
T

--- WITHIOUT I'LC EFFEI~CTI HUNS 640i6b24

'4MNLAIGEG 1"EE 1 .5MXC 0

Cj' :1.4

1'igru 525.Currcoittion of MNhximuin I'M c;,uer'dizeA NMLthm-olf)v.widl
\1-'./VT T ut 1)ata, A A , ~ ' 25 I)ogrew-~ Tripik-
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...- ~ ij* - INACELLE LOCATION A 0./35

44WT BLC EFFECT (6 DEG SPREADING) 0S61-
I~~~~~~ -..:.jiw.. - WITHOUT BLC EFFECT R~RN 96

SRN 59-63~
BLOWN LEAPING-EDGE KRUEGER 115kT, 6 LE 55 DEG. C',1 0. 1)

LL 17I
~v I"'i

-0 0 10 20 30

Figure 5-26. Correlation of 7Ma.xnu~m Lift Generalized Methodology

with EBF TJ.est Data, A =7. 1, Ac/4 -25 Degrees,

Triple-Slotted Flap (6 f =60 Degrees)

12 7 T 7 V
C 4.0

....J4 L.' ..4.. I A('l IX IA: X'ATI'1lN A A /A 0. 1152
-W L) C EFFEC IT (6i DEG SPREADYNG)
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-. .. MAR 1 1 o .I%91' 11 KRIIE(.l1f 11:v. 6 .1ý Iwu;' c 0. 1
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.. IX TýO
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pigre 5-27.* Clumclation of INIL 1Zu~m Lift GonoridIcyA Methodology
wi th E~~'D F es t Da ta, A in 9, 5, Ac(-/41  25 Dogreoo,
Trilpo-Slottod Flup (6~ -GO DogrOADS)
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SECTION 6

DRAG METHODOLOGY

The total drag force coefficwent, CD, including jet thrust effects, is expressed as:

C C -rc +C (6-1)
D D D, L D

p RAM

where

C is the power-off minimum profile drag coefficient of the
total aircraft including thrust recovery from leading-edge

0 blowing.

CD. is the power-3n induced drag coefficient discussed in Section 6.1.
1

r is the thrust recovery factor discussed in Section 6.2.

C is thu, overall gross jet momentum coefficient at the blowingnoz7•e for an IBF, or at the jet exit for EBF and MF/VT

sy'stems.

C is momentum loss coefficient due to the inlet, ram drag,
DRAM It is generally zero for the IBF system in the wind tunnel.

Methods for estimating the minimum profile drag ooeffloient, CD , of the entire
DP

aircraft are not presented in the current m,:thodolegy because methods of this tye
are published in numrcrous handbooks. in particulax, the method outlinod in
Reoftrenee 6-1 may be applied tV ST'OL trarsport cord igurations with inultiplo-
slotted flaps and includes ofcijcts of Rleyno.ds munber, slot gap, Mach numbe r, xirtial
span, and fuselage out-out and corrections to account for wing sweep and airfoil thick-
nesses. The inethodolo~y presented does not address the estimation of C• ani CDIAM

which are assuneo to be known from engine performance characteristics or from
calibiratins of vhe model Jets and/or nozzles. All equationls required to eatimate the
reonining toems iii Equation 6-1 arv shown in Figure 6-1,together with referc co toW
e,*eoailic •quations in the text where Cho tterminology is dofined in catail.
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EQUATION
NO.

(6-1) CD =CD +C -rC +CD

0 RAM

6.0 6.1 6.2 6.0

(-)rfor 6 6 T for MF/VT

(6-8) I Cos 6fo6< .4

(6-9) r o~<

S77 0.80 for IBF

(6-111 t77 0.4 C03 
6 

+ rcos'6 1. 25 for EBF

A
A f

2

V A

r~~g~~ii'o1 0-1. 0rgMtid~

8-2



6.1 INDUCED DRAG

The induced drag coefficient, CD,, in Equation 6-1 is defined according to classical
lifting line theory as:

C 2

L T(6-2)

where

0L is the overall lift coefficient of the entire system, including
the jet reaction lift, as obtained from Equation 4-1.

A is the aspect ratio of the wing based on the reference area, S.

e is the induced drag factor (aerodynamic efficiency), which
depends on blowing coefficient and the type of STOL system.

Equation 6-1 is used either power-on or power-off for the IBF, EBF, and MF/VT
systems. As mentioned previously, effects of power for the various STOL systems
may be included in Equation 6-2 through the definition of the induced drag factor, e.
fThlms, it may be readily demonstrated from the application of apparent mass concepts,
together with the conservation of vertical momentum and energy, that the induced
drag factor will be of the form:

11 C 2I

o [(0/) 2  (6-3)

where

i 6* is the effective jet turping angle.T
c is the average spanwise wing downwash angle at infinity

K is equal to 2.0 for IBF and MF/VT system and equal
to 1. 0 for E BF systems.

0 Is the power-off aerodynamic efficiency.
0

Equation 6-3 includes a loss in jet thrust coefficient (or equivalently an incrense bi
drag cocileficnt), which is given by:

kCA (1 elm
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In addition, no interaction is assumed between the supercirculation lift and the
reaction lift from the uncaptured part. of the jet, and the normal small angle approxi-
mations have been made.

The effective jet turning angle, 6 *r, depends on the jet nozzle deflection angle, 6 To
with respect to the wing reference plane (in the partial-capture-ratio EBF and MF/VT
cases) and on the downwash angle, E. Expressions for 6*Tr and E are:

, A

6 * E (6-4)
T A 'C AI\Tý 6 T +1(

2[% C (i C / )Csn T)I (6-5)
1T A +2 (/Aj e

0I
where

A /A is the average jet capture ratio defined in Se.-tion 2.

In the limit of Ac/Aj = 1, which is the case for IBF systems and for EBF systems with
full capture, Equation 6-4 gives 6 *T/E = 1.0; hence, the induced drag factor, e, from
Equation 6-3 reduces to the familiar idealized result of Spence and Maskell
(Reference 6-2). Differentiating Equation 6-3 shows that the induced drag factor is a
maximum for this value of 6*T/A. Induced drag for the IBF system should therefore
be less than the induced drag for either the EBF or MF/VT systems for which P
may be either less than or larger than one. A second reason for higher induced drag
for the EBF systems, even with full capture, is the highly peaked span load distribution
encountered with the system. (See Figure 3-12.) The effect of this nonuniform span
load on the EBF induced drag factor is not included in Equation 6-3. As shown in
subsequent comparisons with test data, this effect is approximated by arbitrarily
setting the coefficient of the CA in term K. in Equation 6-3 to 1.0 for the EBF system.

C Correlation of results from Equation 6-3 with test data is shown fn Figure 6-2. For
the IBF and ,,BF systems, this correlation indicates that good agrwement with test
data when a power-off induced drag factor, e. between 0. 8 and 1. 0, is used as the
,;, value. The lower value of this range corresponds to flaps at large deflection

angle aml with substantial separation (no BLC effectiveness), wheres the higher
values correspond to flaps at low deflection and negligible separation (fuji 13LC
effectivences). Determination of the particular value of eo to use in Equatinn 6.3

for EBF and IBF systems should be based on test correlations for the particudar flap
aystem. Figure 6-2 also shows variation of the induced drag factor uith CA for
several X1F configurations. As noted in the preceding paxragraph, improved vor-
rlation with Equation 6-3 is obtained by setting Kr . 0.
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Correlation of the theory with test data for the MF/VT system is satisfactory at all
but low values of the blowing coefficient, providing the power-off Induced drag factor
has been set equal to one. Since the discrepancy at low values of C is apparently a
BLC effect, it appears reasonable to use eo = 1 when estimating induoed drag of
MF/VT systems with power on.

A -8.0
A,0/4 25 DEG

IBF
1.4 1 PBF

WITH BLC 15':; KRUEGER (55 DEG) C = 0.1
1.o 060 DEG L

.•.1 . & 4 5 D E G

e NO BLC 30 DEG DSF :32 (30 DEG)

0. ~15 DEG ' E

A T

0 1 2 4 0.8

EBF NT

2.4 U DSF 32WITH1 
oTSF 311 0.60

1.2 tC

A iJ TSF 311 (60 DEG)

1.0 • .i •.,.._/ - -Kr 2.100 NO0BLC Kr=. ~69 DEG

1.0

0.8 .••S
1 1 2 3

C

Figure 6-2. Induced Drag Correlat.LG for IWE, EBF, and MF/VT Systems

... .
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SAMPLE PROBLEM

GIVEN: 1~0 deg

A. EBF

L =5.932 J. 1.0

A = 8.0 e =0.85
0

5 = -3.5 deg K=.

r

=0.935

B. I3?

C L -6.811 oA= 1. 0(Based on exposed area)

A~~ = . 0. 868 (Based on reference area)
e =8.80

0 A

e~ ~ ~ 0 .01.00

KK = 2.0

4-.0

0.04



CALCULATE:

1. The downwash angle using Equation 6-5.

2 IC A (i ,/A, C sin ( + 6

A. EBF

2 [5.32 - (1.0 - 0.935)(1.0) sin (10 - 3.5)]
r(•r)() + (2)(0.935)(1.0)] (0.86)

11.849
22.952

S0.516 rad

B. IBF

2 L62[.8 - (1.0 - 1.0)(0.868) sin (10 3.[-v)(S) + 12)11.0)(o.s868• (0.80)
-- @•!:2(6.811)

• _ 21.495

_• •0. 634 tad

c •. MF/VT

TIr F[h4_o, o6 ()]o
24.86 - (1, -.0.0)QI,0) sin (10 + 69

7.707
26. 133

S0.307 r'xad

•f •2. EffcctMso jet turning -na using Equtimto 6-4,

(6 -7
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A. EBF

JL. (0. 935)(0. 516" +i (1 G. 935) /102 I .5

=0. 490

B. IBF

6* (1. 0) (0.634) + (1. 0- 1. 0)T + 10)

-0. 634

C . MF/VI'

6* = (0)(0. 30 7) + (1. 0- 0. 0)(57.95+1

= 1. 379

3. Induced drag factor using Equation 6-3.

_ \ / ITA (6-3)

1+ T. TT

A. EBF

I [ +(~z~~ (1. 0)(')

105 (0.85)

-0. 884

6-8
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B IBF

2
_[+0.634 8)

e(.3)(.)06 (0.80)

1 + (2 0.3 0) 86
L 0.*634/ (20( (8)

'429)(. o

=0,855

C. MF/T

1+ (".-307 (2 .6)( 0r8 )

~0.307 i(8)J
e= (10

C2

1 + '7T' (6-2)

j~ ~ ~ .0 C7r(8)(r(8(.85

1 .8 2 812

1.0)31
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6.2 THRUST RECOVERY

The thrust recovery factor, r, In the curr~mt methodology is defined as:

r =-dCD /d C (6-6)

where:

C is the power-on minimum profile drag coefficient.
ID

C is the gross jet momentum coefficient at tha nozzle

or jet exit.

The value of CDp is found by extrapolating the linear portion of the drag curve, plotted
as CL2 versus CD - CDRAM, to the zero lift coefficient as sketched in Figure 6-3.

This definition of thrust recovery makes the thrust recovery factor independent of lift
coefficient, but thrust recovery is closely coupled to the slope of the drag curve used

in establishing the intercept at a lift coefficient of zero, or equivalently to the induced
drag factor. However, errcrs introduced into the thrust recovery and induced drag

factors by changes in slope d CD/d CL2 tend to cancel when estimating the overall drag

coefficient.

The thrust recovery factor includes jet thrust losaes due to the additional skin friction

and separation drag as the !jet passes over the wing and flaps (scrubbing drag), and

losses due to failure of the jet momentum to completely recover to the idealized down-

wash direction far behind the flap system. The thrust recovery factor also includes

induced thrust losses frotni the fuselage cutout and nonuniform EBF jet spreading,

which may be indepejident of angle of attack. Power-on as well as power-off partial-
span flap effects such as aileron cuto'lts would be expected to introduce additional

i•.ruced losses and to affect both the thrust recovery factor aid the power-off mini-

mum profile drag coefficient. Such partial-span flap effecOt are not included in thu

current methodology.

Based on test data from Reference 3-11, the thrumt recovery factor for the MF/VT
system may be approximated as:

• 3

forr 6 •for6f (6-7)
6T f T

r cos6 for6f<6 (6-8)
T f6T
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For flap deflection angles much greater than the jet deflection angle (aft>y, r is
AYassumed equal to the EBF thrust recovery factor.

These equations are compared with the test data in Figure 6-4, where thrust recovery
is plotted versus static turning angle for MF/VT systems. (The static turning angle
is assumed -oqual to the jet deflection angle.) At a turning angle of about 70 degrees,
thrust recovery decreases with a decrease in flap deflection, approaching the value of
thrust recovery given in Equation 6-8 at the lowest flap angle of 30 degrees.

The thrust recovery factor for IBF systems is assumed equal to static turning
efficiency, 1s

r =(6-9)

The value of ?1 0.8 seems to fit test data from Reference 3-11 over a wide range of
flap defl-ctionSangles, as shown in Figure 6-5a. Figure 6-5b shows the corresponding
thrust recovery factors from Reference 3-11. Thrust recovery is shown to exceed
static turning efficiency for these cases. This apparent discrepancy with Equation 6-9
occurs because thrust recovery includes a reduction in drag due to clean up of separa-
tion on the flaps, especially at large flap deflections, viz. BLC effect. This is also
shown in Figure 6-5c, where thrust recovery at each flap deflection angle approaches
the static efficiency value as blowing coefficient is increased. Therefore, if the
power-off minimum drag coefficient, CDp , in Equation 6-1 does not include drag due to

separation on the flap, the value of static Wrning efficiency for thrust recovery will
evaluate the drag level adequately.

Thrust recovery for EBF systems is also essumed to be equal to static turning e€f"-
ciency (Equation 6-9). Correlation of thrust recovery =nc static turning efficiency foL,
EBF systems is shown in Figure 6-6, as obtained from test data i. Reference 3-11.
This data indicates that for double- and singi -s,:;-ted flaps, thr,. st recovery is equal
to or slightly greater than the static turning angle. I or the triple-slotted flap config-
uration, however, thrust recovery is greater than the static turning efficiency by as
much as 15 percent. This discrepancy could be due to the method of duta analysis,
where thrust recovery and the induced drag factor are interrelated as mentioned
previously.

EBF 3tatic turning efficiency, ,77, as obtained from Reference 3-11 is plotted versus
static turning angle, 0., for single-, double-, and triple-slotted flaps in Figure 6-7.
Figure 6-7 also shows a theoretical relation from Reference 6-3 that estimates jet
t,,rning efficiency for a planar surface at the jet centerline. In the present methodology,
jet turning angle, 0., is related to the flap deflection angle, 6 f, by:

S •-• __ (6-10)
s A f

"6-11



Using Equation 6-10 in conjunction with Reference 6-3 leads to the following expression
for t~ in terms of flpdeflection angle.

~1=0.4 [Cos 6~ +,Cos 2 6. + 1.25] (6-11)

Equation 6-11 correlates well with the test data, as indicated in Figure 6-7.

SAMPLE PROBLEM

GIVEN:

5 59. 8deg
f

=69 deg (for MF/VT)

CALCULATE:

1. Thrust recovery for EBF using Equations 6-9 and 6-11.

r 71 0. 4 [Cos 65 + V0os 67 1.2 (6-11)

=0. 4 o(59. 8) +~~o 59. 8]) + 1. 25]

=0. 6916

2. Thrust recovery for IBF using Equation 6-9.

r= ?1 0.8 (6-9)

3. Thrust recovery for MF/VT using Equation 6-7.

3 -

(6-7)

VCos (6 P

0.7103
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a

1.0 PLAIN BLOWN FLAP

A(.. 4 = 25 DEG

0850 15% KRUEGIER (55 DEG), C 0.1

LIL

S45 DEGI

030 DEG

~. 0.4 0.6 0.8 1.0A D/T

4~~~ W . . . . . . . . . . . .

~0.6.-

0 0 40 0so100 120 140

I I 6if TE

1.0 t:I

0. LAu.

0 .401.62 ' 2.0 WV'Ah'14

Figure 6-3. Thrust Recovery Cor'relation for 11W System
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AWN~

SI

A 7.LT .

&1 0.7

C S '1(GA DEG)
A. DSF -J', (60, 45, 30 L)1'

/ S SF (66, 45, 30, .15 DEG)
0.6

0.5 ___-

STATIC TUJRNING; F.FFXcWNcY, 'AFigure 6-6. Corrfation c-f Thrust Recavevy with Static l".unilng
Efficiem~y for EBF ys tern

CTS F 311 (60 DEI-X 1 1-1 C KRUEGERI (55 1DEC7 C 0.1
[I DSF :ý2 NO0, 4ý, 30 WUK)

4188FSV (600 :10 IAhG; A -8.0
7.0i A "4 2.5 Dk:G

4/

/ 4"1 0 0 17 0.4,11. 1 Vc o

Figrure 6-7. -Stntie Turyi~ng U.'ficiclc Correlation for FlIF sys.C?211
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6.3 DRAG CORRELATION

The sample problem and correlations are for the wings described in Section 4.4

SAMPLE PROBLEM

GIVEN:

C =0.0D
p0

C =0.0170 for EBF
D

RAM

C =0.123 for MF/VT
D

RAM

C =0. 0for IBF
DRAM

CALCULATE.-

Total configuration drag using Equation 6-1.

C ~C C -rC +CD D D. L D RAM1

A EBC =1.0

r0. 6916 frow saumple problem in Section 6.2.

C 1. 584 fromu sainple problem in Sectioni 6. 1.
D

C 0.0 +1. 584 -~0.17 -(0. 6916)(1. 00)

1. 062



I.K
B. IBF

C 0.868

r 0.8 from sample problemin Section 6.2.

oi =2.159 from sample problem in Section 6. 1.
D..

CD 0. 0 + 2. 159 + 0. 0 - (0. 868)(0. 80)
D

=1. 465

C. MF/VT

Cd = 1.0

r 0.7103

C = 1.316

§ CD 0.0 + 1.316 + 0.123 - (0.7103)(1.0)

.= .729

CORRE LATIONS

Several assumptions have been made in the drag Lvrrelations with regard to the
vhnin of anrodvnamic naroaneters which are not explicitly defined in the methodology.
Thus, the minimum-profile power-off drag cooticitfit, de•,igýiatod CrK,, lirs boon

asswned to be cancelled by the thrust oonpopunt of tho leading-edge jot momenthwx.
Measured values for tho RAM drag :oeffict, CDeMo,, as obtained from wind timnal
calibrations, have boen included in dte prtdictod drag levoes for the EBF and MF!VT
conffigurations because the wind tknnel balanco readings include this drag contribution
for these systems. The power-off induced drag factor, <0 (,a.o termed ariivntminic
efficiency), was takai as 0.8 for alb IBF calculations, 0.85 for all I-'IF calculations,
and 1,0 for all MF/VT calculations. A singl, valuo of Cu was used for each S7TO,
system to simplify tho calculations :is much as possible, although improvedx agroe-
Smut in drag -night have bien obtained for s.•oie, configurations by reforritg to test
dam for t.hei particular value of Co.



The EBF calculations for the wing with a triple-slotted flap (6f = 60 deg) ara compared

with test results in Figures 6-8 through 6-10. Figure 6-8, which is with the engines
in the high position (Position A) for which the capture ratio is 0. 93!, indicates that the
drag data compares reasonably well with the calculations for all values of C/2 and is

relatively insensitive to the degree o; assumed flow separation.

Figure 6-9 depicts a similar comparison but with the engines lowered to Position E,
for which the capture ratio has been reduced to 0.579. In this case, the jet efflux no
longer passes through the first flap slot. Drag data also compares well wi, i the calcu-

lations at lift coefficients below stall.

Figure 6-10 compares the methodology and test results when the engines in Position E ,R

are tilted upward by 15 degrees se that the capture ratio is increased from 0. a79 to
0.997.

Comparisons for double-slotted EBF systems of 30- and 60-degree deflections are
shown in Figures 6-11 and 6-12, respectively. The engines are in Position A (hi&,
for which the jets pass through the first flap slot. Data for the flaps at both deflec-
tions agrees well with the computations.

Figures 6-13 and G-14 compare the methodology with test data for low-capture-ratio
single-slotted flaps of 30 and 60 degrees of deflection, respectively, Although the jets
are still in tOe high position, zero BLC effectiveness was assumed for power-on,
because the jet efflux failed to pass through the single flap slot.

P Figures 6-15 through 6-18 present correlations between methodology and test data for
IBF systems with plain flaps of 15, 30, 45, and 60 degrees of deflection, respectively.
As indicated in Figure 6-15, the methodology agrees reasonably well with the drag
data for the 15-degree flap deflection. Similar agreement is shown in F iure 6-16 fr
the 30-degree flap deflection. Similar results are shown in Figure 6-17 for the 45-
dogree flap deflection and in Figure 6-18 for the 60-degree flaM deflection.

FIgurest 6-19 wid 6-20 compare methodology trd test dat for NMF/VT configuratlons
with the jots in a low rad rewardxl position (Position F). '11oe comprison in Figure
6-19 is for a double-slotted flap with 30 degrees of defiection and with al offective
thrust vectoring aigle of 37 degrees. Power-off daut and calculations are similar to
the powor--off EBY comparison for the flap Showr, il Figure 6-11, ,•xcepi tht Co V'ag
taken equal to one fur the Mi.VT eaculatio~us, as discui&d previously.

The compotrisons ir• 7igure 6-';0 are for a triple-slottd flap with 60 dtgrees of defloc.-
Uion and with an efloctive thrust vetori-g anitle of t9ldgrues.

(



NACELLE LOCATION A "

-WITH BLC EFFECT (6 DEG SPREADING) REV: ODIEST 612-3
- - - WITHOUT BLC EFFECT RUNS 24-28
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Figure 6-8. Correlation of Drag Generalized Methodology with EBF Test
Data, A = 8, \o/4 25 Degrees, Triple-Slotted Flap
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NACELLE~ LCCA,,ur. A A /A 0.735

-- WITH! EtC FI'ECT REY: 01)1ST 612-3
- WITHOUT SL( EFFECT RUNS 80-84

BLOWN' LEADING-EDGE KIrUFGER 41&(t, 8 LE55 DEG, C IL0.1)

10

C 4.

80

22

00V.

(O 00 '1res

Figur 6-13. Correlation of Drag Generalized Methodoloigy withi SBF Test
Data, A u8S A0/4 -*2S Degrees, Double-Slotted Flap
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N~ACELLE LOCATYON A A IAA
REP: GDIST 612-3

--- WIThOVT BWC EFFECT 1U1 -I

91 OWN LEADING-EDGE XRVWEGE 115U. 6 > 5 DEC. C =0. 1)
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-20
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Figure 6-14. Correlation of Drag raiedMtolgywith EBF Test
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Fkre6-15. Corr.1ationi of Drag Generalized Methodolog, with I11W Temt
Data, A = 8, A c/ 4 25 Degrees, P~lain ll3owi Fa
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NACELLE LOCATION A (C =0) / A 1.0
0 j

-WITH BLC EFFECT REF: GDLST 612-3
- -- WITHOUT BLC EFFECT RUNS 504-508

BLOYWN LEADING-EDGE KRUEGER (15%c. 6 55 DEG, C =0. 1)
LE M

1.98

CL 0 051

4 022IL

L
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C
D

Figure 6-16. Correlation of Drag Generalized Methodology with IBF Test
Data, A = 8, A~/ 25 Degrees, Plain Blown Flap
(6 =30 Degrees)
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Figure 6-17. Correlation of Drag Generalized Methodology with EBF Test
Data, A = 8, Ac/4 25 Degrees, Plain Blown Flap

('f45 Degrees)

6-23



NACELLE LOCATION A (C *0) A /A = 1.0
Ai, c
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Figure 6-19. Correlation of Drag Generalized Methodology with MF/VT Test
Data, A =8, Ac/ 4 =25 Degrees, Double-Slotted Flap

(6f 30 Degrees), Thrust Vectored Downward ý7 Degrees
1.f
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NACELLE LOCATION F (6 =69 DEG) A IA 0
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Figure 6-20. Correlation of Drag Generalized Methodology with MF/VT Test
Data, A = 8, A c/4 = 25 Degrees, Triple-Slotted Flap
(6f 60 Degrees), Thrust Vectored Downward 69 Degrees
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SECTION 7

FLAP PITCHING MOMENT INCREMENTS

The basic problem in estimating pitching moment increments for the mechanical
flap and 1BF concepts is to determine the two-dimensional characteristics of their
flap systems. Planform effects (i.e., aspect ratio and sweep) are overshadowed
by the contributions from blowing on the IBF and by basic flap geometry on the
mechanical flap. For the EBF concept, the most important consideration is to
develop a rational. mathematical model to represent engine exhaust plume impinge-
ment on the flaps. The effects of EBF planform variations are small in comparison

with pitching omeonts produced by the powered lift system. The generalized method-

ology developed to solve these problems is discussed in the following paragraphs.
Figure 7-1 shows the pitching moment methodology and the equations used.
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7.1 MECHANICAL FLAP

The two-dimensional flap pitcing moment increments at zero angle of attack for
mechanical flaps are estimated by the methods in Reference 7-1. The methodology
for pitching moments is developed parallel to the methods used for estimating the
lift increments, which extend thin airfoil theory to cover multiple-slotted flaps with
extensible chords. The trailing-edge flap ineremeiital pitching moment at zero angle 4

of attack is given by:

Ac= ,TE (7-1)

TE T 6 /theory TE

where:

1cm
(6

oris the trailing-edge flap center of pressure
6 eyT louation from thin airfoil theory (Figure 7-2).

Ac' is the trailing-edge flap lift increment at zero
•TE angle of attack as defined by Equation 4-19. The

flap efficiency factor, '0, in Equation 4-19 is

determined from Figitres 4-8, 4-9, and 4-10 for
single-, double-, and.triple-slotted flaps.

The flap chord ratios and deflection angles for obtainingn from Figure 4-8, 4-10,
and 4-11 are explained in Figure 4-11.

Pitching moment increment for a leading-edge flap is given by-

= m6. ACLE (7-2)In LEL

w 4 heory LE

• where:

Icn
6)theo"Y /is the leading edge flap center of pressure location
6 )theory LE from thin airfoil theory (Figure 7-2).

Ac' is the leading-edge flap Iift. increment at zeroCLE angle of attack as defined by Equation 4-22.
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The three-dimensional test data on mechanical flaps did not inicate any appreciable
effect of sweep. These effects are shown for power-off in Figure T~-6. An empirical
correctbio factor was applied:

S C
=exp eXP r -(3

Z where:

S is the wing area..

Sr is the exposed. wing area
a is the mean aerodynamic chord.

C is the exposed mean aerodynamic chord,
exp

A~c is the two-dimensional pitching moment increment
in from Equation 7-1 or 7-2.

SAMPLE PROBLEM

GIVEN: Triple--Slotfted Flap

FLAP GEOMETRY

~ c -0.75 8
c

0 z.287 8

(C~ ~~~ 4
( ~(( , 0. 2425C

I~~~ f 1:

S29dg

C' '2

3

4C f

I OT: 0 deg
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4 WING GEOMETRY

A =8.0 A 12.5 degc/4

S 558 sq in. c =8.89 in.

s =480.6 sq in. (3 =8.44 in.exp e.,p

CALCULATE:

C? = 1.5236

=0.507:1 C?

Ci

=0.319

C?=0.160

Obtain 17 from Figure 4-11 to determine Aci from Equjations 4-19 and 4-22,

f

A, )Theory TE
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Flap pitching moment increments from Eat-_Z "-1.

Cm
= ( ) C~T,¶(7-1)

\) theory TE

Ac (-0.0954) (2.9852) =-0.2847
m

Ac(-0.1488) (3.b980) =-0.5355

II
Ac (-0.1979) (3-1831) =-0.6299

In3
3r

The total 2-D pitching moment Increment is:

1<Ac)_ Ac~ + Ac + AC -1.4501
01 23

"Test value -1.4961

The three-dimensional case. is calculated using Equation 7-3. '

9

exp exp Ac1(3
7-67-3

m hll S z ni 2

480._6(8. 44) 1
558 (8.9)(-1.4501) 2 =-1. 2440

Test value -1.32
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1.2 -0.24r

LEADING EP IE FLAP:7

~~7.7

0.4 -0. 08~
0.0.0 0.1 0.2 0.3 0.4 0.5

'"t

Figure 7-2. Flap Center of Pressure Location as given
by Thin Airfoil Theory

4--



7.2 INTERNALLY BLOWN FLAP

Spence's theory was used to determine two-dimensional pitching moment increments
for the internally blown flap. The theory can be readily extended to include multiple-
slotted flaps by methods analogous to those used for the mechanical flap. Mathematical
superposition was discarded in favor of superposition as applied by the ))ATCOM. This
was done to improve correlation. The following expression is used to calcut ate the
moment increment,

where:, -) e

c= cfi, extended chord.
x I

is the mean aerodynamic chord.

is the moment reference center as a fraction of the
mean aerodynamic chord.

80
_f and are derivatives obtained from F-uvres 7-3 and 4-14.

86f

n is the number cf flap elements from Figure 7-5.

is the efficiency factor fol a flap segment at an angle 6'
from Figure 7-4. f

is the flap segment angle in radians.

6 5is equal to > fi"f f~cO

The flap chord ratio values required to detemine and from Fiu•r 7-38 

-

and 4-14, and the flap deflection angles to obtain n from Figure 7-4 are Illustrated in
Figure 7-5.

Changes in sweep and t~ie percentage of spanwise flap blown are Incorpo<ri4rd iU Ql
two-dimensional expression to form the following three-dimensional equation.

Sexp exp'> ~ L ~ ~ ~ rfceA (5
:• !: aC =k ex -[ i (7-5)
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A is the sweep at the quarter chord.

k is the span of the flaps expressed as a fraction of• • exposed wing span.

NIA -*A TN4040 developed a method to three-dimensionalize two-dimensional pitching
moment increments. This method was included In the IBF method and shows up asthe cos2 A c/4 term.

SAMPLE PROBLEM

GIVEN: Triple-Slotted Flap with Blowing at the Knee od the First Flap Segment.

FLAP GEOMETRY
+ ~8f

+ - " Ic = 0 . 7 5 c
X___, f =f 0.28c 6,= 28 deg

c 0.23o = 17 deg

+- + 1'. 3 f3
÷C ÷CY f

S° o +

+.:a'WING GEOMETRY

A 8.0 A 12.5 deg
o/4

SW 558 83

S 480 8.44+
oxp 0Xp

CALCULATE:

I. Flap chord ratios -and deflections.

28
. + 2 0 . 2 7 2

0 75+28

'2 23
t - 3 0. 182
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Vc
Cf

•c3 23
3 = 23 0. 154

CI3 75 + 28 + 23 + 23

f6 = 28 deg

8' 6 + 6 = 28deg+ 17deg =45deg
f f f
2 1 2

f' = • 6 + 8 = 28deg + 17deg + 15deg= 60deg
f 3 f 1 f2 a

ac a
2. 86 and from Figures 4-14 and 7-3 for the specific flap chords and

-f f
Moment= coefficient and the 17 from Figure 7-7.

- f /Cext
11

CAT ac

S. . .. .. . . .. a 6 . f

1.0 6.50 -3.05 0.95

2.0 8.5-4.10 0.193

3.0 10.15 -5.10 0.95

f ext
---- C- - - -

1.1

1.0 5.8 -3 00 0.87

2.0 7.85 -4.15 0.87

3.0 9,G5 -5.10 0 $7
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..... .. .... .. .. ......... ." - ......

C f / C.f

3 3

1. 0 5.65 -3.0 0.80

2.0 7.65 -4.15 0.80

3.0 9.35 -5.30 0.80

3. Flap pituhing moment incrementL from E .Luation '7-4. V

A c'(*; 11j f fI. : - 1 ._

• .•cN 1.0

2 a

i• i Ac =(•3.05)i0.488)(1.03)2(0.95) + (6.5)(0.488)(1.03)(0.95)(0.25) = -0.7242

kc =(-3.0)(0.296)(1.26)2(0.87) + (5.85t(0.2913)(l.26t(0.87)(0.25) =-0,7519

•.:•)ii ; c { -3,0)(O.26i2)(1.49)2(0.80)" + (5.65)(0,262)(1.49)(0.80)(0.25)' ~-0,9549

•,= mtotal

?•Test value =-2.3701

o ~2.0

M 
-4

Ac (0z=-4. 10)(0. 488)(1. 03)•(0.9~5) + (8.45)(0.488)(1.03)(0.95)(f025) =-1.0078

__• m2
-- A.: c =1-4 .1 5)(0 .29 ) i. 0. 7 (7. 65)(0.2 62)(1. .I 9)(0 ,8 0)(0.2 5) - -1. 3338m3

in3  ~ •-3.4015

S~~~Teat Value -. 39
!7-1'



0 3.0

Ac =(-5. 10)(0.488)(1. 03)2(0.95) + (10. 15)(0. 488) (1.03)(0. 95)(0. 25)= -1.2967
2

Ac =(-5.30)(0.296)(1.26) (0.87) + (9.65)(0.296)(1.26)(0.87)(0.25) =-1.3841

k ~ ~ ~ A 2 (53)022(49(.80) + (9.35)(0-262)(1.49)(0.80)(0.25) -17j

LAc .4.171m
A total

4. Deriv~ttives, efficiency factor, and flap apn factor. Tetau -432

T -~ 77k
f f

~ c1 1.6 7.70 -3. C .0-95 1.0

o/cj 1.6 7.20 -3 9, 9J.87 1.0
f 2,

/C 1.6 .7.00 -3.55 0,80 1.0

5. Uvree-dirnonsioWmoen increnmeats..

exp p 480 8.44 = 81
IS- C 558 8.80wI 2

cot; AOs 12.5 0.95i3

2
4C (1)(0.81SM(-3,65)(0.488)(1.03) (0.96)+(-,.70)(0.488)(1.03)(0.95)

(0.25)(0.953)] -.0.752

22
(0,25(0.953)] -0.755

2
AC (1)(0-818)1(-3.56)40.24;2)(1.49) (0.80)+(7.00)(0.26~2)(1.49)(0.80)

(0.5)(.95)1 -0.925
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The three-dimensional pitching moment increment is calculated with Equation 7-5.

AC =k exp exp 11+\rf(-5

AC =aC 6fC +A
BFF m1 i= f f

=-0. 752 -0. 755 - 0. 925 =-2. 432

Test value -2, 517

I I I

F~igure 7-3. Pitching Momient Effec 1veness About the i exinfhg Up~

for' UF f rom Spenicte IsTtwory, Two flimnics otiu



1.6

0 INhGLE-SLOTTED)
i. 4

-:DOUBLE-SLOTTED .....

0 08 TRIPLE-SLOTt1

0,6 ______________________________

0 10 20 30 40 50 60 70
FLAP SEGMENT DEFLECTION, 6*(degrees)

Figure 7-4. IBF Momentum Loss
Chart, Two Dimensional

cc

Fig~uro 7-5. Tripl-Slott"I F'lap Geometry
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7.3 EXTERNALLY BLOWN FLAP

An EBF method was developed to predict the pitching moment increment due to a flap
system that has jet engine exhaust impingement. Of the schemes attempted, none
showed as much promise as the one in the following discussion. The increments are
for zero angle of attack. The EIBF test data is shown in Figure 7-6.

This method Is totally dependent on wing-flap geometry and engine location. A totally
mechanistic view of this system was adopted. The method consists of two parts:

Part 1 calculates the contribution due that portion of the flaps influenced
by the engines (Figure 7-7).

Part 2 computes the portion that is not influenced by the engines.

The systern for Part Ilis modeled by representing the portions of the flaps affected
by the engine exhaust flow as semi-circular airfoils (Figure 7-8). The following
simplifying assumptions were made:

1. No spdlage along the flaps. The engine affects only the area in its
expanding plume.

2. A 6-degree exhaust plume expansion angle.

3.Constanli tngine exhaust velocity in the piuzue for a specified
power setthig.

4. The exhaust velocity vector ch~anges direction bii the samne manner as
the flap segments.

5. Constant radius of the pluine Ilroni its first imphigement point.A

6. "enter of pressure at mindabord for each flap segment.

Noinanclature for the flap geometry of the EI3F is defined In Figure 7-9.

F or constant pylv4 length, the vertical distance f romn Uhe mean chord plane to tho
engine centerlin~e relative to its local chord changos.~ witi enigine spanwise location.
Consoquently. ain avorage location for both ougines was ,Asod.

Sb/2 - h1 (1-i,) b/2 - h (1-AX)(-)
ave r/b/2 b2 21



where:

b/2 is the wing semi-span.

h is the engine buttock line location.
1 or 2

A is the taper ratio.

0 r is the wing root chord.'

The equation is rearranged to the following expression:

Cav [2 ~+ (h, + h2 ) (X-1)j (7-

The vertical distance from MCP to the centerline of the engine at the exhaust plane
for the average location, Z, is defined as a fraction of actual ze

By ZeeZ

Baffixing the origin of the coordinate system on the mean chord p~lane a distance
X5 behind the leading edge, the equation describing each individ .Aal flap segment was
defined as:

-x ' tan 6 4  C Xe ' overlap, + Cf Co }tan 6f

Inii
ga,+ of (sin 6(79

whore:

III to Laiv nuaiher of flap clo..Ionts.

C is OWe distzanco fromn the leading edge to the leadlng oxlg
of the first flap.

X Ws the hori zontal distance f rnin die loading odge to the
C eongine elxhaust plane.

overlap1  is the overlap bet-yeen uvwcess~vo olom mits.

gap ~ t diste gap between successive aleiii 'its.
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To determine the flap segment, n, on which the upper boundary of the engine exhaust
first impinges, determine the value of n for which the following equation is true:

n n

(Z R )-C -X Eoverlap1 +E- (cos5) ton (i +s8)
e- e x c ~f * j e

E gapi ÷+ cf (sin E2f) (7-10)

If no flap segment is in the exhaust flow, the scheme reduces to the mechanical flap
model. Once the flap segment number is determined, the horizontal distance from
the engine exhaust planc to the impingement point, Xp, is calculated:

n n i-n 1  n
overlar + cf (COS tan

X j-) 1 - L, 6i.f ~Z6f)~lL

i= i=1 J==
.n1gapl+ Y•i-- cf (s 6inilI

The radius of the circular wing, RI, I computed by:

Rt•uRe + (X cos I) tan a. (7-12)

The portou of the nth flap segment that is in hc exhaust flow is clculated by:

f c_-X0 > overlap1  o (cos >6 )1. )3Xp/0O 4 (76S

W This value should be used for the effective chord of the nth flap segment in the remain-
tug calculations.

The nortnal force on each flap segniezt for a given value of CtoI dotermined from the
u 1odified Rlbnor formula for ring airfoils in aonaxial flow (t'WoFlronco 7-2).
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M n 2Rt/lr c 2 ir 3R t C

N N e 4 V k (7-14)i-1 io n/ 1- \ 180 sw

where:

C is the normal force coefficient for each flap segment.
Ni, C

n is the number of engines.
e

V is the engine exhaust velocity.

V t is the free stream velocity.

J1/2

k is equal to 0, 625 (C )1/2

To compute the moment increment due to the externally blown flap, the normal force
components times their respective moment arms are summed, assuming the normal
forces act at the midchord of eanh segment. a

Sweep and aspect ratio corrections are applied by-.•

SThe moment due to vertical for'ce components Is:

n-n
S5m/jV)I~~ • p+ o 1

• + 0.50 cf COP o -WsOS 1 os 6 7-16)SI , C

SXr is moment reforence center.
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The momeut due to horizontal force components is:

AC (H) (X- C + X + overlap) tan 6f + gap,
mC ii

fn-1 n fni1I =

The direct thrust moment is:

ACm =C Z (7-18)

The moment due to the EBF portion is:

AC AC - AC (V) - C (H) (7-19)

In MnimT/ErT mC C

The moment due to the area of the flap system that is undisturbed by the exhaust flow
is computed with the linear theory previously discussed for the mechanical flap. The
total expression, then, is:

AC a Cm + AC (7-20)
total ineclianical T/EBlF
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SAMPLE PROBLEM

GIVEN: Triple-slotted flap on Wing No. 1 at Position E3 P4

GEOMETRY

CONFIGURATION

A=$,0 A 412.5deg X=0.3874
c/4

7. 0534 =8.895 in. c =12.02 in.
SW r

b/2 =33.406 hi. hI =10.40 in. h2 =17.5 in.

C =0.756 X =0.0a X -0.256
x e ref

R 0.,1485Z s=6.0deg i =1.6deg
e e

z =0.285 nu z;4 m=3
e e

FLAP (Same as in Sample Problem in Section 7. 1)

f 0.287c cf 0.242c c Z0.244ef 2 f3

5 5 .deg 6 16.5 deg 6f _14.7 deg
If 2 3

Overlap 1  0. 0a Overlap 0, 0056 Overlap3 4 0. 009c

12 3-:gap 1  0 . 022• gap 2  0 . 0Q22 gap3  ( i. 022

ENGINE CHARACTERISTICS (V.- 115 ft/Wac)

C -1.0

V 728 Waso
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CALCULATE:

1. Ve-itical distance from mean chord plane to centerline of engin~e at the exhaust
plane with Equations 7-7 and 7-8.

cae [2 ~+ (h, + h) (X-1)] cr

an2(33.406)+ (10.4 + 17.5)(0.3874 1)-i2(-3346 8. 9451

e e verip

(.) 8 .9452 0 .2865a

2. Slap egen o. which0 1~ the uper bonary Iofm r dtheegn xastfrtipne
with Eq ation '0-0 n1.



3. Horizontal distmace from the engine exhaust plane to the impingsment point with

Equation 7-11. (For this case, n = 1.)

(sn n J s

X = (Z -- R)e.+ 4 -8 X -(0.7p + c (cos2 . tan
•-" i-•l ~= 1l J

-• - gapi + cf (sin /[ta (i+s a

1 1 i'-1 i J=l i1•

•Ia
SX (10."2866 -0."1485) + (0. 75 -0. 0 +0. 287cos !J5) tan 29. 5

p -(0.022+0.287sin29.5)l jt~an(I.6-+6.0)-itan29.5J

0OO..7728

4. Radius of the circular wing with Equation 7-12.

R' Rc +(Xp Cos ie )tan s.

-0 1485 + (0.772B cos 1.6) tan 6. 0

- 0, 2297

5. Portion of the ftirat flap segment that is it) the o',hauat flow with Equation -7 -13.
(For tOis casen, n 1.I)

I.• ( 75 - Q. 0 - 0.• 0 0 12.87 e-oi; 20-, 5) 0.+772 8 1 9,

20,

7-22



6. Normal force on ec-.ch flap segment from Equation 7-14.

mn mn Mti c V Rt c f
C=Zc __ ___e

i-~in 4R' V~ 180 S k

c (* 2(0. 2297Vi7r (0. 2608) 72 7r (0. 2297)(0.20)2. 5414(0. 2297) /v (0. 180(7. 054

[0. 625)(1. 0)] 1. 1428

Similarly,

N 0. 6140
2,1

c 0. 549CN
3,1 4

7. Wing aspect ratio and sweep effects for each flap section with Equation 7-15.

CI
iC ,C l A +2 cos AA-c C/4

C/ 8.4 20 1. 3 6N ~8.0+ o=1148 k (12. 0.)36

Similarly,

C =0.5033N
2,1

C =0,4504
N
3,1
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8. Moment Increments for each flap section, and sum with Equations 7-16 and 7-17.

AC (Vr n-i
xn 6 Cos> 6 -overlap.

nl~ nn
+0.50 c COSk 6f CCos - CN Cos 6.

f N ~ ~ df ref N, =~

AC () AC (V)
Ci--n n

AC (V)=I077280.0 - 0.0 0.50 (0.2608) cos 29.5m 10 5

(0. 9364) cos 2 "9. 5 -(0.25)(0. 9364) 008 29. 5 0.519

Similarly,

AC (V) 0. 289
I 2 ,1

IC (V) 0. 212

AC (V) (0.5619 +0. 289 +0.212) 1. 020
inc

AC x C +X+ overilaptn - a
C i

(7-17)

+C sinl >7 4 0 5 0 C silljj sin

S-i 1~ 1 1 iz I .CI
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AC (H)= AC (H)
In E I

AC (H-) [(0. 728 - 0.75 + 0. 0 + 0. 0) tan 29.5
Mi1 ,1

+0. 022 + 0.0 + 0.50 (0.2608) sin 295(0.9364) sin 29.5 =0. 0457

Similarly,

AC (H) =0. 0986
In

2,1.

AC (H) =0. 1913
* In

AC c 0. 0457 +0. 0986 +0. 1915 =0. "358
mIn

9. Di ruct th rust moment wi th Equatior, 7 -18.

AC ~c z

T
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10. Total moment due to the EBF W'th Equation 7-19.

AC-A n AC in (V)- AC in(H)4
T/E BF

=0. 2865 -1. 020 - 0.3358

--1. 07

The mechanical flap increment from the sample problem in Section 7. 1 is equal to
-1.244. The total moment increment is determined with Equation 7-20.

AC i C ACm

1.0 WI -1.2'44 : -1.0 -2.31

4. PI

-1.1)1-*11-.1.0 -4.

0PWtIIhInAl M.en 0nrmwt

4 Alt 7.VI7-26.
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REAR VIEW

Figure 7-7. Flap Area Affected by the
Engines on an EBF System

REAR VIEW 
SIDE VIEW

4

Figure 7-8. Representation of Engine Exhaust with Semicircular
A irfoils

j. 
-. !

)V1ERLAP*

Flguie 7-9, LefiAUt011 of Flap G*nomotry for EDF

•iI



7.4 CORRELATION OF THREE-DIMENSIONAL FLAP INCREMENTS

Tables 7-1 through 7-3 show the correlations with test data for the mechanical,
internally blown, and externally blown flaps. Table 7-1 shows the various combina-
tions of flap configuration, aspect ratio and sweep for the mechanical flaps that were
tested and correlated Talq- rsnscmiations of flap configuration, momen-
turn coefficient, sweep, and aspect ratio for the internally blown flap. Table 7--3 has
the added factor of engine configuration and position for the externally blown flap case.

Table 7-1 Mechanical Flap Data Corr-elation

Flap Slots A A, 4  Ac 04 E nror

(deg) (deg)0
Test Calculated

30 Double 8 12.5 -0.3965 -0.3965 14.2
60 Double 8 12.5 -0.9217 -0.6700 27.3

80 T rIple b 12.5 -1.3282 -1.2240 7.3
30 Single 8 25 -0,.1806 -0.2614 44.7
60 Single 8 25 -0,1883 -0.3037 61.3
30 Double 8 25 -0.4888 -0.4836 1.0
60 Double 8 25 -0.9619 -0.7420 22."q
60 Triple 8 25 -1. 421j3 -1.3513 5.5

30 Double 9.5 25 -0.6215 -0.4685 24.6
60 Double 9.,G 25 -0.3123 -0.7286 20.1
60 Triple 9.5 25 -1.4096 -1.3249 6.0
30 Double 7.14 25 -0.5804 -0.49-22 13.2

60 Double 7.14 25 -0. 8914 -0.7313 13.6
60 Triple 7.14 25 -1.3534 -1.3696 1.2
30 Double 8 35 -0.5800 -0.5638 2.9
60 DouNe 6 35 -0, 909? -0. 8905 2.1

460 Triple F 35 -1.3208 -1. 36722 18,0

Average E.rroi' 17.,1

Table 7-2. Internally Blown Flap Data Correlation

PatIip lilolt' U /4 Alt k "C01 -01) 0

30 lixigle I 03.3 'k 3' II. G.-I

30) Single 2 12. 5 0. . -. 3 1.31 7.9t
3D) 111ldAn 1 12.15 '..1 -0, 9- 1.7

30 P'lain 3 12.3 .01.0 1 - .37 1.2

61 ll4ln 2 0171 0 1.o 21Q -2 .13 4.0
30 'lala 1 .3.0 . .( 2 -1.13 '.

44 PWs, 2 2.0 -1.47

40 111.Iti I 34l. 0 *.u I.() I0 it -2.017 o.I

W0 Plain I V 'o .0 1A -4 1. AQ4k -1.%I 4.1

Mai'ln 2 21.v H. o 1.0 .15 -1.474 G.0

.u .1t~. Il I60 80 os 1.4-10 1,41 .1

SPio 2 'J5. 0 k.0 0,01 2.041 2r.01 1.4
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Table 7-3. Externally Blown Flap Data Summary Substantiation Correlation
vlap Engine A . AR C"' ACo ACM)%
Slos Position cTesf Calculated

60 Triply E P 12.5 8.0 1 -2.395 -2.473 3.3
3 4

E P 12.5 8.0 2 -3.093 -3.126 1.1
3 4

E34 12.5 8.0 4 -4.315 -4.192 2.9

60 Double E3P4* 12.5 8.0 1 -1.7673 -1.667 5.7
3 4

E 3 P4. 12.5 b.0 2 -2.288 -2.213 3.3

E 3P 12.5 8.0 4 -3.124 -3.091 1.1

30 Double E 13 25 8.0 1 -1.0013 -1.059 5.8
3 4

E6P 25 8.0 2 -1.247 -1.377 10.4

E3P4 25 8.0 4 -1.594 -1.383 13.2

E3P4 25 9.519 1 -0.9235 -1.004 8.7

E P 25 9.519 2 .1,0431 -1.2829 23.0

E3P4' 25 0.51P 4 -1.2018 -1.2360 2.8
E3P 25 9.519 1 -1.8239 -1.6035 12.160 Double 259419 11.

E P 25 9.619 2 -2.3306 -2.1147 9.3
3 4

E P 25 9.519 4 -3.1516 -2.9306 7.0
3 4

60 Triple E P 26 9.519 1 -2.538 -2.3522 7.3
3 4

E34 25 9.516 2 -3.2379 -2,9547 8.7

E3P4 25 9.519 4 -4.4362 -3.92(,1 11.4

30 Double E 31P4 25 7.14 1 -0.8698 -1.1328 30.2

E3P4 25 7.14 2 -0.9777 -1.499 53.3

3 4F3P4 2-3 7.14 4 -1, 1383 -1.564 37.4

60 Double E31 4  25 7.14 1 -1.8968 -1.7120 9.7

E P 25 7.14 2 -2,4133 -2.3051 4.5
3 4

E 25 7.14 4 -3.3385 -3.269% 2.1
3 4'

60 Triple E 3P 25 7.14 1 -2.5033 -2.4719 1.3

E34P 25 7.14 2 -3,2313 -3.169 1.9

F P 25 7.14 4 -4.5320 -. 4,3127 4.8

30 Double 3 35 8.0 1 -0.8854 - 1. 13477 31.1F314

3534 1 8.0 . -0.9857 -1. 246 54.7

E3PA 35 8.0 4 -1.1463 -1.5583 36.0

60 Ct3le 314 3.5 8.0 1 -1.4036 -1.6745 7.2

E P) 35 NA 2 -2.3006 -2.2572 2,3
34

F3 P4 35 8.0 4 -3. U12 -3. 1997 3.9

pl'tpi. K I' 35 W.0 1 .4.4219 -2.3401 1.8
34,

X.3P4 15 8.o 2 ..'Of 3 -3.0726 0.7

35 8. .42465 -4. 1413 2.()

Trtpe V.P11 12.6 0.0 1 -1. t 6 *t.7194 .--

1,.5 .0 2 .1,7424 .175 a.7

7 Tr'Ij4e i:'F-Pl I.?. i.' 1 -.1 -1,.•37 4.0

i 8.0 . .-U.47l -1.48 h.it

FP~t 2S u,0 4 11,935 t.13085 0.

'lwt V~OWS. 7hoet Pyctm

I F Al. ..n i'..r-1. • 607-29



SECTION 84

17DOWN WASH4

A simple, universal procedure is presented for the prediction of downwash at the
horizontal tail. The proceell- was developed on the basis of the conclusions and
data trends determined from ax, ,lownwash data analysis presented in Section 6 of
Reference 8-1 and is shown in Figure 8-1. The referenced data analysis and the test
data provided a sound basis for development of the downwash calculation procedure. Of
fundamental inv~ortance is the fact that a major portion of the testing was accomplished
using an auxiliary rake probe to measure tail flow-field characteristics for a wide

varetyof ai-off model configurations. The results from approximately 560 cas.
are summarized to substantiate the use of the procedure for 15 combinations of wing
geometry, trailing-edge flap configuration, and type of lift augmentation system.

Static calibration runs provide data to determine the thrst recovery factor, r, and
the turning angle, e), of the thrust vector. The availability of these t-hrust parameters
for each configuration permits the direct thrust portion, C LDT' of the total lift coeffici-
e nt, CL to be determined from one of the following expressiona.

C -C (r) s in(a + E)i(-)L W W
DT J

or

LW(r si (8-2)
DI T

where:

C is the thrust coefficient (EI3F or MW/VT).

C is t10 mome101b~nt coefficient (llBlF).

wis wing iooatck

Lw is wing incidence wngle.

Th otllft-ofiitf .ributWhlo to direct thrust is3 subtracted frLrottl lif t
coufficietit to dotorinine the aerodynamnic lift covfficient, CL

Th data analysis prescaited in lleforonc e 3-11. indlicatos that tWe dowinwash behlixi a
wing with a powered lift systomi rzniaiznw . function of aerodynamic lift coefficient.
rurdier, if proper adjustment is mnado to account for the downiwardl displacm-Ient of



EQUATION

NO.

(8-8) basi +4fA 6 A+a( IBF MF/VT + B

bSSIA A IBF MF/VT, %21

A'F FROM FIGURE 8-6

A FROM FIGURE 8-4

basic f0  )nr
C C -C

(8-11 CI C (r) sin (a . , .
LDT 1iA W

(-)C I C (r)sin (a fe~i

(8-6) 0 -- 1I
A ii J FROM FIGVIRE 8-3

lur

VA to-4 I(si,

F igue 81-A. tDownwash Methodology

8-2



PRIM_? M1.71. 
T3

the wing wake below the vortex plane due to Increasing wing angle of attack, the
* k ~ downwash varies in a manner closely resembling, the variation predicted by lifting-

line theory for elliptical wing loading.

The adequacy of the procedure was tested with-varlations of wig% aspect ratio and
sweep angle. Displacement of the wing wa.ke with respect to tt'e vortex plane, at
several longitudinal positions where the downwash angle haid been measured, was
represented as a function of wing normalizee4 angle of attack,, The wake displacement
values were determined by an rms averagirg of the values required to obtain perfect
agreement between calculated Pnd measured down-wash angle. The final normalized
version of the resulting wake displacement curves are presented in Figure 8-2. The
wing angle of attack- at which maximum aerodynamic lift coefficient, a.(L~
is attained was used as the normalization factor for O h omlzdv Itia
placement of any point from 0. 25 5 in stability axes was determined by using the
following axis rotation equation.W

r/ \ H sin ( 1 '8-3)kj7 4QJL-) Co (P~) w Vw>J
where:

Z ~ is vertical displacement from 0. 25 Zin body-axis system.

X is longitudinal displacement from 0. 25 Ein body-axis
system.

0 is the wing mean aerodynamice chord.W

The normalized vertical displacement of any point with respect to the vortex sheet
wa~s then determined as the algebraic sum of displacement fromn the 0.* 25 refer-
once. plUs the incremental displacement of the vortex shoot.W

is the increraental d~isplacceniot of the vorexf shoet.

Assuming ani elliptical wing loading, the ratio of dlownn-O at an arbitrary vertical

location to the downwash in the wing wake is determined by lifting-line theory:



2Z

b

where:

is the downwash angle at the vortex plane.

Z is the vertical disxDlaoement from the wing wake determined

by ( H!6)

b is the wing sparn.

The following relationship was used to detc'rmine downwash at positions in the wake
far enough downstream from 0. 25 Z WG be suitable for locating the horizontal tail.w

go_ (bl)2[ _ ___ b

C 2T b8-.O

where:

is the downwash angle in the vortex planie (degrees).0

' is di acrodynainic lift coofficiout.L
aero

A is the wing aspect ratio.

b is offective width of wake.

(b) 0. 785 due to a~ssumaed elliptic wing loading,

The dowuwazah at the clesirol potnt is:

C ,1I - (8-7)

8 -4



A comparison of measured downwash with calculated results revealed that if a single
nominal curve was used to represent the theoretical variation of downwash angle with
longitudinal displacement, the effeL" -Af wing aspect ratio and sweep angle can both
be satisfactorily represented by sim'ple downwash angle increments (AEA and AEA)
applicable for all practical values of thrust coefficient (Cpj = 0 through 4.0). The
fiaal curv6 selected to represent theoretical variation of normalized downwash with
normalized longitudinal displacement in the vortex plane is presented in Figure 8-3.
This figure was developed using a baseline aspect ratio of 8.0 in Equation 8-6.

Downwash angle increments for wing sweep angle (Atý and aspect ratio (AEA) are
presented in Figures 8-4 and 8-5, respectively.

The proceduxe was then applied to an IBF configuration. The difference between
calculated and measured downwash, at point suitable for locating a tail, was mini-.
mized with a single conup ant value of incremental downwash (A•EBF = 1.49 degrees)
applicable for values of momentum coefficient, CAT = 0 through 2.0. Similar results
were obtained for the MF/VT, a triple-slotted flap with thrust vectored to 90 degrees

(&'cMF/VT = 1. 21 degrees).

Next, the proced;:re was applied to an EBF configuration that used a double-slotted
flap at several deflection atiles. Thc- Incremental value of downwash, for suit~ably

lncating a horizontal tail at any a: hitrary point, was a function of thrust coefficient
and flap deflection.

The normalized version of the downwash incra-ment for EBF configurations (4,f)

at various values of C~j is presented in Figure 8-6 as a function of A C/Aj.

The following express4on waR developed to calculate dowuwash for lift-augmented
systems:

asic A A IAFA M"/VT F (8-8)

where:

•basic is tie primary downwash angle, Equation 8-7.

cA is tie dowuwash angle incrczeinrt for wing sweep angle
A ieffects oblainod from Figur' 8-4 q, a function of . 4

is the downyash anglo increnment for wving aspect ratio
Affec t. obuttilid from Figure 4-5 as a function of aspect

ra tlio.

S8,-5



... .......

Ar is the downwash angle increment for aD IBF configuration
IBF and is equal to 1. 49 degrees.

Ar is the downwash angle~ increment for an MF/VT configura-~
&IvI/VT tion (6 90 degrees) and is equal to 1. 21 degrees.

T

AC EBF is the downwash angle increment for an EBF configuration
EBF and is obtained from Figure 8-6 as a function of averaged

capture ratio, defined Wr Section 2, and the thrust coeffi-
cient, C > 0.

As ind!ýýtnd in Figure 8-6, no more than one of the three downwash angle increments
related to the type of powered lift augmentation (Y~BF &C or AC shul
have a non-zero -.'alue for any specific case. M/T CB)sol

SAMPLE PROBLEM

GIVEN: Externally blown flap configuration with a triple-alotted Glap and leading-
edge flap

A =80 "L 7.1964

b 66.813 in. C '~.

6c 8. 8 1.5 in.

A,~ 0,de 1
/4.

6 55 dog
aw 100:og. LE~

IV
aeo Max, lde 56 46dog

x ~-2. 00 ill.

Z 12. 89 tn.H

A /A 0935

8-6



CALCULATE:

1. Lift coefficient due to direct thrust with Equation 8-I.

C TC (r) sin (a +e+ i
L W W

DT J

= (2)(0.6569) sin (3.5 + 56.46 + 10,05)

1. 2346

2. Aerodynamic lift coefficient.

CL = CL - CL
aero DT

-7.1964 - 1. 23,.:

S. 59610

S3, Normalized vertical displaoement above the 0.25 6W referenLe poi" with
Equa.lon 8-3.

~, 7,

1390)o8 (10.Q5 - 3. 50) - ) 9 iin (M 05 - 3.50)

4. Normalized diplacomf o tho voW VW plane.

•"1, 4 2 . 00

a 1•o.31• - w
(L
' aozro) Mahx

%4-7



From Figure 8-1

/Ah\ 0. 282
\w wake

5.Vertical displacement of 0. 25 abv hewnHak ln with Equation

8-4.

Ib

vortex (~wk

=1. 1841

6. Theoretical ratio of downwasli at 0. 25 Zýto the downwash wake plane with
Equation 8-5.

2Z
E 1 b

o 2Z
±b

where Z 6W~) (1. 1841)(8. 895) =10. 533 in.

2Z -(2)(10. 533)-0.35
b 66. 813

C 0,31-53
E -- 2

o 1+ 6731473

=0. 6993

7. Effecti-e theoretical ratio of downwash to aerodynamic lift coefficient on

the wing wake plane.

4. 0035 from F'gare 8-2 nYt -- 4.72
L w

aero

8-8



'p I6
8.Basic downwash at 0. 25 6- with Equation 8-7.

basic E01  C\ari CLar

=(0. 69WI3(4. 035)(5. 0618)

=16. 82 deg

9. Downwash increments.

AEA 0. 00 deg from Figure 8-4 for Ac/ 25 deg

AE 0. 17 deg from Figure 8-5 for A =8. 0

AE 0. 0 deg (not applicable)
IIBF

AE 0. 0 deg from Figure 8-6 for 6T 0 deg

A =0. 0 deg from Figure 8-6 for A/A. =0. 935,0 C 2.0
EBF C

The total downwash is calculatecO with f~quation 8-8.

EE AE +E +A +~basic A A IBF MF/VTI EFE

=16.82 +0.17+0+0+0

=16. 99 deg

Test Value 17. 02

IN



10.

0 . ... . .. . ...

0.5 I

0.4

0.29

0.1 . .

0 0. 1 0.2 0.3 0.4 0.5 t. A 0.7 0.0 0.9 1.0

Figure 8-~2. Variations of Normalized Vertical Displacement of Wake

with -Normalied Angle of Attack at Several Normalized

Longitudinal Locations
5.5-

5.0 . .

4.5.

'4.0

VA Iii ATVY).

Fig-ure 8-3. Thooroti~al Variation of Norinaliztld Dowrnwash Al~gl( with
NormaizedI~ng~ud -d Dispiatce~nint in Vort(.< Plano

NormaizedLongi -10n
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5.0 -

T 1. USE FOR EBF CONFIGURATION ON'LY

*1~~~~ IBF VT =.DG

2. USE Ac 1.49 DEG FOR 11F

4.0T 
.0DG

2. USEA(FV -1.21 DEG FOR VECTORED
MFUS F/VTC>

-3.0 ... ... Ac 6 0. DEG

.1.0

StEC
-f SqCTION 2 FOR DJEFINITION .

OFA/A OR HIFs IN I E RDIS

OF I DELECTION ANGLIE.

0.4 0. r 0.h 6. 0,09

Fi 91, v 8 -4i. Downwiash Angle tflc1'Uolset for Ext'Jrinaly B~lowni T1rai~ling [dg-,
I/ap iDtflctioI ll atvariou Vd.s vaue( Thrwlmt coofficlont



CORRELATION

The results from approximately 560 cases similar to the sample calculation -.re com-
pared with the measured values and summarized in Tables 8-1 through 8-5. Table
8-1 shows tile 15 combinations of wing geometry and flap configuration for the differ-

ent types of au~qnentation. Table 8-1 also indicates the appropriate tables to locate
each combinatki..,

Table 8-2, G3iheets I through 5, presents the data for the various combinations of the
externally blown flap configurations. Table 8-2, Sheets 1 through 3, generally indicates
the relatively small effect of wing aspect ratio. The small effects of wing sweep are

shown in Table 8-2, Sheets 2, 4, and 5. The effects on downwash of vectored thrust

(OT - 90 degrees) and for an internally blown plain flap are indicated in Tables 8-3
and 8-4, respectively.

Table 8-5, Sheets 1, 3 and 5, show the adequacy of the procedure in predicting
downwash for the externally blown flap configuration when the T-type horizontal tail
is a reasonable longitudinal distance from the wing. Similar comparisons are shown
in Sheets 2, 4, and 6 for cases where the horizontal tail is vertically located close
to the fuselage at the same longitudinal displacement. The adequacy of predicting
downwash for the vertical locations of horizontal tail is shown in Sheets 7 and 8.

The largest differences between measured and calculated downwash angles occur at
extreme values of wing normalized angle of attack. At low values, the nonlinear
stalling effect induced by the leading-edge flap are just becoming significant.

U-l3
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Table 8-2. Substantiation Data for Externally Blown Triple-Slotted Flap (Sheet 1)

A 9.52 Ac! 4 =25 deg XH 4.72 W Z 1,45W

H= 9.2 W H * W
6 LE 8f55deg f =60 deg 6 =0deg A/A = 0.935

C WAW(Cr)m Lmeasured 'caicilated % Difference

4.0 -0.098 11.80 11.28 -4.41
0.053 13.65 13.25 -2.21
0.204 15.32 15.38 0.39
0.355 17.64 17.55 -0.51
0.480 19.77 20.11 1.72
0.657 21.88 22.41 2.42
0.805 23.92 24.78 3.60
0.904 25.27 25.88 2.41
1.000 (20.94 deg) 26.69 26.79 0.37

2.0 -0.116 10.22 9.65 -5.58
0.040 11.75 11.45 -2.55
0.193 13.59 13.38 -1.55

0.347 15.36 15.34 -0.13
0.500 17.41 17.24 -0.98
0.652 19.08 19.39 1.62
0.804 20.75 21.1 2.70
0.902 21.99 22.09 0.64
1.000 (20.46 deg) 23.27 n2.-9

1.0 -0.142 8.63 8.58 -0.58
0.031 10.35 iO .08 -2.61
0.206 12.07 11.76 -2.57
0.375 13.44 13.36 -0.45
0.548 15.22 15.19 -0.20I 0.719 16.66 16.74 0.48
0.888 18.05 18.43 2.11
1.000 (18.15 deg) 18.69 18,95 1,39

0 -0.181 4.53 5.08 -8.41
0.003 7.26 6.89 -5.100.. I. -.7• - 2 i

0.309 9.93971 -2,. 22
0.536 10.91 10.91 0.00
0.710 11I.83 12.01 1.52

0.gei 12.79 13.05 2.03

8-oviion 2.86



Table 8-2. Substantiation Data for Externally Blown Triple-Slotted Flap (Sheet 2)

55 ~sdeg 8J60e a ~0deg A /A =0.935
LE T

A W/CW( measured calculated % Difference

aero/max

4.0 .-0.097 11.43 11.44 0.09
0.045 13.11 13.24 0.99
0.199 15.28 15.37 0159
0.351 17.33 17.61 1.62
0.502 19.58 19.89 1.58
0.654 21.44 22.30 4.01
0.803 23.62 24.42 3.39
0.902 24.71 25.91 4.86

E. N1.000 (20.76 deg) 26.20 27.14 3.59

2.0 -0.124 9.73 9.69 -0.41
0.031 11.54 11.39 -1.30
0.186 13.42 13.13 -2.61
0.340 15,09 14.84 -1.66
0.495 17.02 17,01 -0.06

0.648 18.91 18.8.4 -0.37
0.801 20.59 20.88 1.41
0.903 21.75 21.96 0.97
1,000 (20.31 deg) 22.49 22.65 0.71

1.0 -0.152 8.31 8.50 2.29

0.198 11.63 11.58 -0.43
0. 37 1 13.52 13.08 -3.25
0.544 15.24 14.95 41.90I
0.715 16.69 16.37 -1.92
0, 80Y 18,12 07.95 -0.94

1.000 (18.01 dog) 19.03 18.70 -1.73

0 --0.188 (1.02 4,87 -19.10
-0.004 7.00 6.81 -2.71
0.179 8.05 8. 23 2.24

03610.68 9.53 -10 717
0.534 10.77 10,78 0.01)
0.709 12.26 11.39 -2.94

1.000 (17.43 dk% 13.35 13.3(- 0.0

Mea ife lc -0.61I

8-16



Table 8-2. Substantiation Data for Externally Blown Triple-Slotted Flap (Sheet 3)

A 7.14 Ac/4 25 deg Xt = 4.,726 W ZiH 1.4 5 W

6 =55 deg 6f 60 deg 6 =0 deg Ac/Aj 0.935
LE fT cj

C Ij UW measured ecalculated % Difference
aero/max

4.0 -0.112 11.14 11.49 3.14
0.040 13.14 13.33 1.45
0.192 15.24 15.35 0.72
0.342 17.03 17.64 3.58
0.493 19.07 19.68 3,20
0.644 21.37 21.95 2.71
0.795 23.23 24.23 4.30
0.904 24.40 25.62 5.00
1.000 (20.75 deg) 25.89 26.65 2.94

2.0 -0.130 9.71 10.00 2.99
0.027 11.52 11.76 2.08
0.181 13.45 13.29 -1.19
0.336 15.41 15.01 -2.60
0.491 17.09 17.00 -0.53

0.645 18.97 18.97 0.00

0.799 20.84 20.8i 0.05

0.900 21.88 22.07 0.87

1.000 (20.18 deg) 22.75 22.68 -0.31

1.0 -0.157 8.47 8. 9 2 5.31
0.018 10.42 10.34 -0.77

0.194 11.94 11.83 -0.92
0.369 13.70 13.4- -1.75

0.542 15.38 15.09 -1.89
0.715 16.86 16,59 -1.60
0,886 18.52 s18.12 -2.61
1.000 (17.84 dvg) 19,41 18.77 -3,30

0 -0.193 5.29 5.35 1.13

-0.007 7. *2 7.23 0,14

0.174 8.91 A. 5,1 -4.15

0.352 o0.C2 9.83 -6.56
0,531 11.44 11,06 -3. 3?

0.708 12.94 12.2, -5.31
0.8,44 14.12 13.15 -ti 87
1.000 (17.43 dog) 14.11 fl.50 -4.32

an ': Difforoetw - -0.16

Stwu le Deviation =1.05

U-17



Table 8-2. Substantiation Data for Externally Blown Triple-Slotted Flap (Sheet 4)

A 8.00 A! ~12.5 deg XH ~4.72 B ZH ~1.45~ Z

5 55dg 8 f 60deg 6 0deg AC/Aj 0.935

wj w mesue 'calcuzted. % Difference

40-0.110 11.17 10.91 -2.31

0.196 14.94 14.87 -0.47
0.349 17.29 17.06 -1.33
0.500 19.31 19.3?2 0.05
0.653 21.64 21.66 0.09
0.802 23.99 23.81 -0.75
0.902 25.17 24.99 -0.72

1.000 (20.159 deg) 26.68 25.99 -2.59

2.0 -0.125 9.64 9.58 -0.62

0.186 13.17 12.99 -1,37

0,341 15.12 15.02 -0.66
0.496 17.08 17.06 -0.12
0.647 la3.89 19.08 1.01

0.800 20.65 20.74 0.44
0.901 21.88 21.56 -1.46
1.000 (20.22 deg) 22.51) 22.37 -0.93

1.0 -0.1.35 8.80 8.53 -3.07

0.022 10.13 10.08 -0,49
0,180~1 118'116

0.336 13.49 13.41 -0.59
01492 15. 45, 15.13 -2.07

.6716.96 16.83 -0.77
0.300 17.63 18. L 2.84

0.902 14.9z 18.82 05
11.0'0 (Iz1&30deg) 18.80 XP..0 0.32

0 _-O, I 2 5, 27 4.36 1.71
0.01 Do .91 M0.58

0. 1QW 6.39 8.34 -0.60I

3 19. 8? 9.80 -0,20
0.4* UW88 11.17 Z6
61611.66 12. 24

0,79 a M286 13,36 11.80
0.897 13.17 14.00 6.30
1.000 (19.46 dog 13.57 14.32 5.53

Me=n % WI~(Oroflve' 0. 16C

.*c.. .~; .



Table 8-2. Substantiation Data for Externally Blown T:iple-Slotted Flap (Sheet 5)

A 8.00 A =35 deg X =4.72 W Z 1.45 Z
c/4 H W H W

a 55 deg 6f =60 deg 6 0 deg A /A =0.935
LE T c

C C /UW (measured calculated % DifferenceC j Laer ax

4.0 -').112 10.98 10.72 -2.37

0.041 12.97 12.44 -4.09

0.195 14.94 14.34 -4.02

-0.347 16.87 16.37 -2.96

0.499 19.05 18.44 -3.20
0.650 20.99 20.66 -1.33

0.802 22,99 22.80 -0.83

0.902 24.13 24.19 0.25

1.000 (20.72 deg) 25.32 25.26 -0.24

2.0 -0.128 9.47 9,37 -1.06

. 0.026 11.14 10.96 -2.15

0.182 13.00 12.54 -3.54
0.337 1.1.63 14.34 -1.98

0.492 16.55 16.15 -2.42

0.645 18.30 17.96 -1.86
0.797 19.89 19.83 -0.30

0.899 91.03 20.84 -0.90
1.000 (20.33 deg) 22.04 21.86 -0.82

1.0 -0.140 7.94 8.42 6.05

0.016 9.99 9.76 -2.30

0.174 t2.29 11.28 -8.62
0.331 12,91 12.82 -0,70

0.436 14.51 14.42 -0.62

0.642 15.87 16.12 1.58
0.798* 17.34 17.73 2,5
0.900 18,10 18.72 3,43

1.000 {2-0.02) 18.71 19.29 3.10

0 -9,174 5.14 5.36 A.28
-0.008 6.57 6.80 3.50

08.1 8.26 11.85
0.316 9.38 9.57 2.0,1

0.476 10.55 10.78 2.16

S1 0.636 11.58 11.97 3.3V
0.792 12.54 12.8( 3.55

0.8 12.55 13.51
1.000 (19,4L deg) 12.34 13,00 13.73

MoAv % MfferVco4 U.
-twigdard Daovitaton 3. 5

•:• 8-19



Table 8-3. Substantiation Data for Triple-Slotted Flap with Vectored Thrust

A=8.00 A =25 deg X.A=4 .7 2 U ZH 1.45 E
c/4 W H * W

6 LE 55deg 8 =30 deg 90 deg A/A o0.935
f T cJ

L. J L)ma measured ecalculated %DifferenceI

3,4 -0.140 0.79 6.58 -3.39
0.006 8.70 8.34 -4.14

0.151 10.19 9.87 -3.14
0.294 11.54 11.45 -0.78

0.438 13.54 13.33 -1.55
0.581 .14.61 15.07 3.15

0.814 17.93 17.30 -3.51

0.907 18.73 18.12 -3.26

1.000 (21.83 deg) 19.68 8.K-4.32

2.0 -0.186 6.67 . 6.69 0~

0.004 8.28 A 1  8.21 -0.85
0.193 9,73 /9.66 -0,72
0.380 11. 1 1AX1D.17 0.54

0.568 il, 12.81 0.00
0.817 14.92 14.90 -11
0.953 15.92 15.31 -3.83
1.000 (16.70 deg) 17.01. 15.90 -6.61

1.0 -0.179 6.14 6.6005
0.000 7.76 8.15 5.03j I0.179 9,14 9.61 5.14
0.356 19.47 11.09 5.92
0.534 11.93 12.50 4.78
0.701, 13.37 14.07 5.24
0.886 14,78 15.69 6.16

*0 -0.211 6.08 6,12 07

-0.004 6. 87 6.69 .6

0. !199 7.97 7.86 .0,13

. 0.804 11.6 or14I2 -2. tw
1.000 (15. 36dog) 12,50 11.S9 -4.88

o.t)
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Table 8-4. Sýubstantiation Data for Internally Blown Plain F!Pp

AR =8.00 A 25 deg -4.72 w ZH = 1.45 a
0/4 =1.455

L =55 deg g 0 deg Ac/A 0.935
6f U60dgT

C 0

C14 T W •W/ L meabured 'calculated % Difference

\ aero/max

2.0 -0.113 10.42 11.47 10.08
0.029 11.89 13.11 10.26
0.169 13.86 14.74 7.91
0.309 15.69 16.46 4.91
0.449 17,66 18.24 3.28
0.589 19.86 20.26 2.01

0.727 22.00 21.96 -0.18
0.819 23.06 23.05 -0.04
0.910 24,32 23.83 -2.61
1.000 (22.27 deg) 25.16 24.49 -2.26

1.0 -0.176 9.00 9.55 6.11

0.021 10.55 10.91 3.41
0.218 12.31 12.30 -0.08
0.415 14,24 13.70 -3.79
0.610 16.04 15.05 -6.17
0.1806 1.7.58 16.48 -6.26
1,000 (15.84 deg) 19.15 17.00 -11.23

0.5 -0.193 7.40 8.12 9.73
0.008 8.81 9.45 7.26

0.209 10.57 10.80 2.18
0.407 11.636 11.99 2.83
0,607 13.42 13.25 -1.27
0.804 14.64 14.51 -0,89
1.000 (15.59 dog) 16.09 15.26 -5.16

0.2 -0.210 6.09 6.72 10,jj

-0.006 '.87.89 6.91
10. 19 8.94 9.10 1.90

... 0.399 91.97 10.10 2.11

0.001 11.31 11.38 0.89
S0,800 12. C4 1.1131 -1., 3

1.0O 4.90 .4d%~) 11.47 11h54 0d

B2.47

........................ .. .. . ..... . .. 0



Table 8-5. Subsbtntiation Data for Externally Blown Double-Slotted Flap (Sheet 1)

A 8.00 Ac/ 4  25 deg XH=4.72 6WZH =1.456

6 55 deg 6f 60 deg 8 T 0 deg A/A= 0.828

-- •:Cpj ' OW/W (CL arom measured fcalculated % Difference
S.. . . e-o- a

4.0 0.029 12.23 12.35 0.98
0.170 13.93 14,27 2.44
0.310 16.04 16.33 1.81
0.449 18.00 18.39 2.17
0.589 20.39 20.66 1.32
0.729 22.36 23.04 3.04

0.820 23.37 24.21 3.59
0.910 24.31 25.28 3.99
1.000 (22.45 deg) 25.33 26.08 2.96

2.0 0.020 10.60 10.67 0.66

0.177 12.47 12.25 -1.76
0.332 14.26 13.93 -2.31
0.489 16.19 15.b5 -2.10
0.644 17.95 17.70 -1.39
0.798 19.26 19.41 0.78
"•0.901 20.30 20.46 0.79
1.000 (20. 0 deg) 21.45 21.30 -3.70

1.0 0.011 9.30 9.19 18
0.170 11.28 10.63 -J.76
0.327 12.58 12.17 -3. 1
0.485 13.83 1.3.78 -3.36
0.640 15.91 15.40 -3.21
0.796 17.91 16.97 -5.25
0.898 17.63 17.75 0.68

1.000 (19.83 deg) 18.41 18.28 -0.71

0 -0.016 5.94 5.34 -13.47
0.149 7.21 6. :,-10.69

0.309 8.33 7.44 -10.68
0.469 9.50 8.66 -8.84
0.629 10.79 9.99 -7.41
0.790 12.07 11.22 -7.04
0.81,3 12.47 11.91 -4.,49
1,000 (19.29 deg) 12.49 12,40 -0.72

Mean % Difference 2.00

_ _ _ _ _Standard Deviation = 4.19

8-22
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Table 8-5. Substantiation Data for Externally Blown Double-Slotted Flap (Sheet 2)

A 8.00 A '25 deg XH 4.725 a z 0.556
c/4 WH W
= 5de f60deg 6 0Odeg A /A =0.935

W C measured Ecalculated %Dfeec
w Caero~nax

4.0 0.029 16.11 18.04 -0.43
0.170 18.39 18.53 0.76
0,310 20.98 21.16 0.86

5'0.449 23.02 23.70 2.95
0.589 25.72 26.41 2.68
0.729 27.80 29.18 4.96
0.820 28.98 30.47 5.14
0.910 29.82 31.59 5.94
1.000 (22.45 deg) 30.42 32.38 6.44

2.0 0.020 14.04 13.93 -0.78
0.177 16.35 16.01 -2.08
0.332 18.28 18.12 -0.92
0.489 20.07 20.54 -0.16
0.644 22.93 22.76 -0.?4
0.798 24.43 24.75 1.31
0.901 25.38 25.94 2.21
1..000 (20. 10 deg) 25.96 26.85 3.43

1.0 0.011 12.50 12.09 -3.29
A0.170 14.36 13.98 -2.65

0.327 16.03 15.94 -0.56
0.485 17.94 17.94 0.00
0.640 19.77 19.89 0.61
0.796 21.31 21.75 2.06
0.898 21.57 22.66 5.05
1.000 (19.83 dog), 21.99 23.13 5.18

-0.016 7.35 6.88 -6.39
0,149 9.50 8.59 -9.58
0.309 11.02 9.87 -10.44
0,465 12.70 l1.412 -10.08
0629 13.72 13.06 -4,81
0,790 15.22 14.52 -4.80r
0.895 14.89 15.33 2.96
1.000 112.98 1 5. 8 P 22.19

fAoan%Diff#)enc-o -0.52
Standard Deviation = G.93
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Table 8-5 Substantiation Data for Externally Blown Double-Slotted Flap (Sheet 3)

A 8.00 A 4 25 deg YXý,4.72 a Z =1455

LE 55deg 8 f 4 5 dg a 0 deg A /A, 0.740

AM CiW aw cmeasured Ecalculated % Difference

4.0 0.006 10.18 10.00 -1.77
0.128 11.93 11.72 -1.76

0.249 13.64 13.57 -0.51

0.488 17.81 17.52 -0.51

0.468 17.59 17.51 -0.51

XI0.608 20.06 20.23 0.85
0.687 21.46 21. 61 0.70

0.769 22.73 23.06 1.45
0.846 24.37 24.91 2.22

0.923 25.47 25.98 2.00
1.000 (26.22 deg) 26.94 26.84 -0.37

2.0 0.001 8.84 8.50 -3.85

0.133 10.32 10.00 -3.10

0.265 12.13 11.58 -4.53

0.395 13.64 13.41 -1.69
0.526 15.57 15.20 -2.38

0.657 17.48 17.46 -0.11
0.742 18.19 18.51 1.76

0.829 19.73 19.90 0.86

0.915 20.76 20.92 0.77

1.000 (23.92 dog) 21.67 21.84 0.78

1.0 -0.005 7.83 7. "' -6.13
0.142 9.04 902 -0.22

0.285 10.66 10.27 -3.66
0.430 12.03 11.78 -2.08
0.574 13.85 13.41 -3,18

0.716 !5.27 15.08 -1.24

0,812 16.35 16.44 .0.55

0 .907 17.03 17.15 07

1.000 (21.68 deg) 17.79 18.06 1.52

0 -0.017 5.27 4.62 -12.33

0.134 0.93 6.18 -10.82

0.280 8.40 7.65 -8.93

0.425 9.53 8.88 -6.82

0.372 10.3f) 10,21 -1.45

0.716 11.49 11.36 -1.22

0.811 11.93 12.07 1.17

0.906 12.O 12.67 0,24

1.000 (211. 28 dog) 11.86 13.07 10.20

Meanu % Dhifeinoo -1.37
Rarz1ard Dev1iaiwi 3.90

8-24



Table 8-5. Substantiation Data for Externally Blown Double-Slotted Flap (Sheet 4)

A8.00 A 25deg X: .4.72 W Z 0.5
c/4 H W

55 =5deg 8  45 deg =0 deg A./A. =0.740
LE fT j

W measured calculated % Difference
\aero/mi)

4.0 0.006 13.38 12.47 -6.80
0.128 15.76 14.74 -6.47
0.249 17.60 17.12 -3.11
n ? 67 20.25 19.53 -3.51
0.488 22.55 22.22 -1.46
0.608 25.15 25.19 0.16
0.687 26.67 26.76 0.34
0.765 27.91 28.37 1.67

0.846 29.62 30.45 2.80
0.923 30.64 31.55 2.97
1.000 (26.62 deg) 31.54 32.41 2.76

2.0 0.001 11.58 10.81 -6.65
0.133 13.20 12.77 -3.26
0.265 15.49 14.81 -4.39
0.395 17.43 17.09 -1.95

0.526 19.84 19.27 -2.97
0.657 22.24 21.97 -1.21 4
0.742 22.93 23.14 0.92
"0.829 23.95 24.742 3.22
0.915 24.52 26.82 5.30
1.000 (23.92 dog) 24.99 26.79 7.20

1.0 -0.005 10.26 9.57 -6.73
0.142 11.74 11.32 -3.58
0.285 13.8r 13.26 -4.33
0.430 Ir.52 15.15 -2.38
0.574 17.27 17.14 -0.75
0.716 18.97 19.12 0.79
0.812 19,66 20.73 4.38
0.907 19.79 31.50 8.64
1.000 (21.68 dog) 20.09 22.50 12,00

0 -0.017 6.87 6.17 -10.19
0.134 9.13 8,24 -9.75
0.280 10.45 10.14 -2.97
0.425 12.04 11, 69 -2.91
0.572 12.79 13.32 4.14
0.716 13.60 14.65 7.72
o.811 1•.79 15.47 12.18

0.006 12.51 1 (J. 10 28.70
1.000 (21.28 dog) 11.32 16.52 ---

SMtt % )tlioro,}ix v 0.54
______-.__________St~undan~l Dorviatlon 7.45



Table 8-5. Substantiation Data for Externally Blown Dou~ble-Slotted Flap (Sheet 5)

A=8.00 A ~12.5 deg 476ZH 14

LE 5 deg 5f 30 deg 8 = 0deg A /A ~0.502

CMre a W/W CL) ated Difference

4.0 0.099 7.79 9.11 16.94

0.212 9.49 10.68 12.54
0.326 11.30 12.43 10.00

mv,0.439 13.41 14.28 6.49I
0.551 15.62 16.34 4.61

0.628 17.30 17.97 3.87
0.702 18.88 19.40 2.75
0.776 20.39 20.83 2.16

0.851 21.71 22.35 2.95
0.925 23.36 23.47 0.47
1.000 (27.77 deg) 25,01 24.91 -0.41

2.0 0.099 6,64 7.33 10.39
0.212 8.54 8.81 3.16

0.326 10.07 10.50 4.27
0.439 11.41 12.20 6.92
0.553 13.55 14.22 4.94

0.628 15.00 15.45 3.00
0.703 16.21 16.86 4.01
0.778 17.61 18.24 3.58

0 .851 18.84 19.70 4.56
0.926 20.05 20.63 2.89

1,000) (27.61 deg) 20.97 21.39 2.00

1.0 0.106 6.64 6.38-3.2
0.228 8.01 7.73 -3.50

0.352 9.42 9.44 0.21
0.474 10.87 11.01 1.29
0.596 12.28 12.80 4.23

0.678 13. KI 14.08 2.85
0.758 14.61 15.14 3.63
0.839 15.6.5 16.40 4.86

0.P,21 10.73 17.99 7.53
1.000 (2Li.47 dug) 17.31 18.17 4.97

0 0.103 G. 45 4.20 -21.28
0.228 0.11 3.79 -13.71
0.353 7.89 7.29 -7.60

0.475 9.29 8.82 -5.06
0.397 10.ft 10.29 -3.02
0. 67a 11.05 11.15 0.90
t).760 1'.74 2.82.90

0,830 12.09 12.89 6.62

0.920 12.82 13.69 '3.79

1.000 (25. 26 dvo 13.30 14.30 1.52

D4n~%fifferonco 2.58

5tuagtdiw Devai~4on 6.45



Table 8-5. Subatmitiation Data for Externally Blown Double-Slotted Flap (Sheet 6)

A=8.00 A 12.5 deg 4.72Z = 0.556
c/4 XHWH W

E=55 deg 8f =30dog T 0deg A /Aj 0.502

LE fT0j

(c
W CL aero, measured calculated % Difference

4.0 (, a 099 11.57 10.46 -9.59
0.212 13.81 12.77 -7.53
0.326 16.18 14.96 -7.54
0.439 18.46 17.28 -6.39
0.551 20.73 19.75 -4.73
0.628 22.15 21.68 -2.12
0.702 23.57 23.31 -1.10
0.776 24.87 24.94 1.28
0.851 26.01 25.37 -2.47
0.925 27.03 27.89 3.18
1.000 (27.77 deg) 28.57 29.42 2.98

2.0 0.099 10.23 9.04 -11.63
0.212 12.25 10.94 -10.69
0. 326 -4.15 13.07 -7.63
0 439 16.11 15.21 -5.59
0.553 17.83 17.65 -1.01
0.628 19.16 19106 -0.52
0.703 20.03 20.73 3.49
0.778 21.06 22.24 5.60
0.851 21.83 23.90 9.48
0.926 23.11 24.83 7.44
1.000 (27.61 deg) 26.10 25.61 -1.88

1.0 0.108 9.49 8.12 -14.44
0.228 10.99 9.89 -10.01
0.352 12.53 12.04 -3.91
0.474 14.41 13.99 -2.91

0.596 15.72 16.13 2.01
0.678 16.68 17.63 5.70
0.768 17.33 18,87 8.89
0.839 18.25 20.29 11.18
0.921 19.01 22.07 16.10
1.000 (25.45 deg) 19.51 22.'9 13.47

0 0.103 7.99 5.93 -29.78
0.228 9.44 7.89 -16.42
0. 353 10.89 9.80 -10.01
0.475 12.29 11.68 -4.96
0.597 13.34 13.42 0. W
0.678 13.72 14.47 5.47
0.760 13.67 19.48 13,24
0. 83f) 12.32 10,30
0.920 8.12 11.21 ---
1.000 (25.25 do-) 8.34 17.84

SSta1dard DovitUon e -8.92
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Table 8-5. Substantiation Data for Externally Blown Double-Slotted Flap (Sheet 7)

A 8.00 A/ 4 =12.5 de H =2.92 Z 1.45 Zi

8 =55 deg 8f 30 deg =0 deg Ac/Aj 0.,502
LE fT cj

AC aW/aW(er) 'measured 'calculated % DifferenceW (CL

4.0 0.100 8.96 9.68 8.04
0.213 10.55 11.26 6.73
0.327 12.70 13.01 2.44
0.440 14.51 14.88 2.55
0.552 16.0d 16.89 5.04
0.628 17.22 18.21 5.75
0.702 18.60 19.68 5.81
0.777 19.75 20.99 6.28
0.853 21.08 22.45 6,56
0.927 22.59 23.77 5.22
1.000 (27.77 dog) 24.30 24.86 2.30

2.0 0.098 8.03 8.01 -0.25
0.212 9.69 9.44 -2.58
0.326 11.01 11.11 0.91
0.439 12.70 12.90 1.57
0.55, 14.18 14.76 4.09
0. 627 15.34 15.97 4.11
0. 7, 16.68 17.26 3.48
0.777 17.79 18.47 3.82
0.857 18.78 19.62 4.47
0.926 19.81 20.80 5.00
!.000 (27.63 dog) 21.10 21.42 1.52

1.0 0.106 7.63 7.03 -7.86
0.230 8,71 8.43 -3.21
0.352 10.18 10.03 -1.47
0.474 11.42 11.67 2.19
0.597 12,96 13.35 3.01
09.6'. 7 13,.79 lit. 50 5.15

0,749 14.70 15.67 6.17
0.839 15.62 16.368 6,79
0.921 16.48 17.82 8.13
1.000 (25.48 dog) 17.31 18.58 7,34

0 0,103 6.44 4.93 -2-3.95
0,227 7.68 -. 4I -1'4.53

<•0,350 9,02 7,80 - U•. 63

0. 4V 9.99 9.39 -6,.11
S0.595 11.02 it) 119 -I.18

0.674 U1.77 11.62 -1127
O. '116c 12.06 12.35 2.40

•:0 ,836 12.33 11.21 7.14

';ti 1)• Ilf toIla,' 1 2, 07
• S~tdalx]Dovia-t*Iou 7.04

..



Table 8-5. Substantiation Data for Externally Blowni Double-Slotted Flap (Sheet 8)

A 8.00 A 4 =12.5 deg XI, 2 . 9 2 w ZH z 0.55 a

8 55 deg &f 30 deg 6 0Odeg A /A 0. 502
LE fT c

ww m easured Ecalculated % Difference N

4.0 0.100 12.76 11.4.5 ~ 0F 0.213 14.42 13.51-61
0.327 17.44 15.8- -9.35
0.440 19,47 18.16 -6.73A
0.552 21.78 20.65 -.5.19
0.628 23.34 22.34 -4.28
0.702 24.88 24.03 -3.42

0.777 26.11 25.51 -3.831
0.853 27.91 27.20 -2.54
0.927 30.01287-41
1.000 (27.77 deg) 32.85 29.89 -9.01

2.0 0.098 11.39 9.94 -12.73 1
0.212 13.39 11.82 -11.73
0.326 15.50 13.94 -10.06
0.439 17.44 16.19 -7.17
0.553 19.4? 18.51 -4.93
0.627 20.66 19.97 -3.43
0,702 22.00 21.49 -2.32
.0.777 23.14 22.95 -0.82
0.85? 24.48 24.29 -0.78
0.926 26.443 25.51 -3.48
1.000 (27.63 dog) 30.07 26.14 -13.07

1.0 0.106 10.50 8.97 -14.57
0.230 12.26 10.81 -11.83Z
0.357 13.86 12.84 -7.36
0.474 1.5.67 14.9*5 -4,s9
0.597 17.38 17.00 -2.19
0.677 18.58 18.37 -1.13
0.759 19.36 19,80 2,27
0.838 20,25 !,0, 91 3.26
0.921 21.15 22.1,21 5.01
1.000 (25.48 clog) 22.19 30 3,83

0 0.103 8.94 6.74 -24.61
0.227 10. 59 8.78 -17.09
0.350 12.26 10.62 -33
0.472 13.76 1~.1 -4.2
0. 5UM 14.91 14. .4 -3.82

k0,674 15.41 15.18 -1.49
G".755 16.35 16.06 4.35

0.36 1 0 5 17.04

Merin %~ t)iflomciw -5.85
Statndardr Ihf. katkt (1,625

8-29
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SECTION 9

LATERAL-DIRECTIONAL STABILITY DERIVATIVES

The effects of powered-lift systems on lateral directional stability derivatives should
be manifested through the wing contributions to Cy., C, ,and Crý. In the current
DATCOM, wing contributions to C and Cn are calc ated from tl±e method given in
Reference 9-i. Experience with the metho (and also the correlation curves given in

the DATCOM) has indicated very poor correlation with test data. The recomnmended
procedure for estimating Cy and Cn• is to consider only the body and wing-body

interference contributions, Lsing the rationale that the wing terms are small. The

DATCOM method for C1 , taken from Reference 9-2, is dependent on the wing con-
tributions and is primaPly a function of sweep, dihedral angle, aspect ratio, and

taper ratio. Experience with the method has shown it can predict CV to satis-

factorily correlate with test data. A deficiency associated with the method is the

lack of a technique for the power-off effects of high-lift devices on the static lateral-

directional stability derivatives. A method for predicting these effects of high-lift

devices is presented in Reference 9-3, but it has not proven very satisfactory.

The proposed methodology shown in Figure 9-1 consists of extending the charts from
? Reference 9-2 (for wing terms that are dependent on CL) to include the effects of

high-lift devices and powered-lift systems, based on the test data shown in Refer-

ence 3-11.
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9.1 ROLLING MOMENT DUE TO SIDESLIP, C1

The methodology to estimate C1, in Reference 9-2 basically consists of developing
an analytical expression for predicting the effects of sweep. Aspect ratio, effects

were taken as the difference between experimental and calculated values for swept
wings. The power-off problem is to determine the parameters (C.,/CL)A and

S (Ci•/CL)A for wings with high-lift devices.

The basic data used to determine sweep effects on C1, is shown in Figure 9-2. The
slopes of d(Cj,)/d(Ac/ 4 ) were obtained from Figure 9-2 and converted to the pare :.i-

eter (CI /CL)A to produce the chart in Figure 9-3 (equivalent to Figure 6. 1. 2. 1-27
in the DATCOM). The sweep angle has now been referenced '.Y, tite midch(crd, t the

curve for 6f 0 is in good agreement with that presented in 'he DATCOM.

Aspect ratio effects were determined from configurations with a wing sweep of 25

degrees that had aspect ratios of 7.14, 8. 00, and 9.52. The C8 increment due to
sweep was subtracted from total measured CA for these wings Tnd the remainder
plotted as a fauction of 1/A, for which the theory Y)redicted an approximately linear
relationship. The results are shown in Figure 9-4, from which Figure 9-5 was sub-
sequently constructed (equivalent to Figure 5.1.2 1-28b in th,- DATCOM).

The effects of a powered-lift system (in this case, the EBF) were handled like those
of the power-off case, by determining incremental values for Cfp arising from sweep
and aspect ratio contributions with power on. In this case, the lift coefficient in-

cluded only the aerodynamic ternms, CLacro.

Basic data used to determine sweep effects with power on is shown in Figure 9-6,
where Cý, = 2.0. The difference in the slopes, d(Cfl)/d(A,/ 4)* between the power
on and power off cases were used to obtain the parameter( C2•/CL Aand a
design chart for the sweep contribution with powVt- on was constructeW Figure 9-7).
Similarly, the effects of aspect ratio were determined, ar-d the plot ofi(AC /CLaro)A
versus i/A is shown in Figure 9-8.

The desi6p chart for the. aspect ratio contribution is vireinted In Figure 9-9, By
using the design charts presented in this section and the existing DATCOM, C1,, for
the wing/body is obtained from the relationship given in Equation 9-1.



KL A1 L Lpower L mr
LLA Off

A 6C A AC

_____ -can A +/ ) +1CL
\O 0ta n A ,/ , / 4 LC LLa r

(2Is from Figure 9-3, or can be obtained from DATOOM for 6 f 0.

CI

(~~ i frm igue -5, or can be obtaiL,3d from DATOOM for 6f0.

V (cis from Figure 9-7

Cir A

A~31.

(C is from Figure 9)-9.
aeoA

All romnainiag, torrns are ot4Wived frota DATC01M.
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S~I

SAMPLE PROBLEM

GIVEN:

Triple-slotted flap, f= 60 deg

Engine Location F (low, aft)

CL =3.853
power
off

C =4.485
L

aero

CALCULATE:

Rolling moment due to sideslip, C, through use of Equation 9-1.

/C F ACg.

- - K K + CL + A+-C r
A \CL/A power r' " ~off.

tal A,

* (9 -1)
Tho following terns are obt~aied from~ DATCOM,

K + V' 0.00088 dog

(AC!) -o0. 014G do-

*- 0ta Ai)iO tan A 0. 0000048 deg

ý C I" ýtm • -I .",:'• • " . '''.> , • C/ CA • - • • , iI i' • ,k' '' -- . . • -'••



The total of the above terms = -0.000532 deg-1.

The following information is obtained from the designi chart~s.

(- )= -0. 0021 deg- from Figure 9-2.
W L/A

- 0.00095 deg- from Figure 9-4.

= -0.00077 deg-1 from Figure 9-6.

aero A

. 0. 00095 deg from figure 9-8.

!\Laero A

Using the above information:

C (-0.002 1+0.00095) 3,853 +(-0.00077 +0.0009M 4, 165 -0.000532

• • ~-0. 00416 deg•1.

Test value - -0.00447 dog
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9.2 YAWING MOMENT DUE TO SIDESLIP, C

It was noted previously that the equations for determining wing contributions to Cn
given in DATCOM were considered inadequate. The test data has indicated that
there is a large effect on Cn from high-lift devices and power. Since the mechan-
isms that induce these effects should be analogous to those that produce changes in
C1, a similar approach to that used in Section 9. 1. has been applied in determining
C•. The effects of sweep and high-lift devices are shown in Figure 9-10. Effects of
th• engine nacelles are also shown.

The resulting design chart for sweep effects on Cn, power off, is given in Figure
9-11. Aspect ratio contribution to Cn is derived from Figure 9-12, and the design

chart for estimating this effect is presented as Figure 9-13. The increments for
Cnp due to the powered-lift system are given in Figures 9-14 through 9-17, where
Figure 9-14 shows the test data used to determine sweep effects and Figure 9-15 is
the corresponding design chart. Test data for aspect ratio effects is shown in Fig-ure 9-16, and the design chart is in Figure 9-17.

The stability derivative, Cnp, can now be obtained from the relationship in Equation 9-2.

S C C 1
B I n(n

C K KK [ ) ( J
n N b + Cb \ CL/)A power

0off

An CL A2

4 A]
L aero A aero a er

where:
B Is B

-K K is obtained from Paragraph 5, 2.3. 1 of tho DATCOM.
N RS bw

Is from Figure 9-1:,

--is from Fure 9-13-\cL



/AC~

(C~aro)Ais from. Figure 9-15.

IC

CL
aero )A.

SAMPLE PROBLEM

GIVEN: Configuration defined for sample problem in Section 9. 1.

CALCULATE:
Yawing moment du to sideslip, from Equation 9-2.

ACLn
SoafA

L aero A aer

-0. T(from ATCOM)

INRI SW b

n ) 0. 000242 dog-I from Figure 9-10.

CL)

" i" \ L/A =0. 00010 dog1 from Figure 9-12.

i -0. 0o0o3 do-g f.om Fig(r2 9-14.

aer .A

ES



)=0. 00028 deg from Figure 9-16.

Laero )A

Using the above information:

C =-0. 00277 +(0. 000242 +0. 00010) 3. 853 +(-0. 00003 +0. 00028) 4. 485
np

-- 0. 000331 deg t

Test value =-0.00422 deg 1
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9.3 SIDE FORCE DUE TO SIDESLIP, C
yp

Design charts for wing contributions to Cy were generated by following a procedure
similar to that used to evaluate C1 and C . Side force is inherently the least
accurately determined static lateral-directlonal stability derivative because it pro-
duces the smallest load on the model balance system, which causes poor resolution
of this force component. Fortunately, CyR does not influence aircraft flying quali-
ties to the same extent as C1 and C. The data presented for determining Cy, is
shown in the following figures.

1. Figure 9-18. Test data for determining sweep effects and the influence
of high-lift devices, power off.

2. Figure 9-19. Design chart for wing sweep contribution to Cy , power Off.
yo

3. Figure 9-20. Test data used to establish aspect ratio effects, power off.

4. Figure 9-21. Design chart for aspect ratio contribution to Cy, power off.

5. Figure 9-22. Test data to establish increments due to powered-lift systems
on the sweep contribution.

6. Figure 9-23. Design chart for sweep contribution to C with a powered-
lift system.

7. Figure 9-24. Test data to establish aspect ratio effects with powered-

lift system.

8. Figure 9-25. Design chart for aspect ratio contribution, with power ed-lift
system.

The stability derivative, C , can now be obtained from the relationship in EquationS9-3. Yo•:

C = K #) Bod reference area\

YOr
CA

L 0V cr AJ
off8

S~(9-3)

•". 9-18



where:

The first two terms are obtained from Paragraph 5. 2. 1.1 of the DATCOM.

~C~ Is from Figure 9-19.

AC

CL Is from Figure 9-21.
a)rA

(~tro)A is from Figure 9-25.

rufeenc Ato\

AC ( ,+ \ )
{()(yo ~ C ~

is fro Figur 9-25

C~()~(~Yr~r ec 0 OQdg(ri ACM

L-1

aero A



-1
(AC) = 0. 00035 deg (from DATCOM)

Total of above terms =-.0.00765 deg 1 .

Iy\-

II
= 0.00122 deg from Figure 9-18.

LC

•C )A -0.00532 deg- from Figure 9-20.

p/A
Yc 0.00195 deg from Figure 9-22.

aero A

/AC

"" -0.0036 deg from Figure 9-24.
\ aero /A

Using the above information;

C =(0.0019v•,2+0.00Q32) 3.853+(0.00195 - Q.0036} 4..485 - 0.007(65
Yo - -0.o0-085 deg-

Test vaI lw -0,03109 deg

: 
2
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94DATA CORRELAT±1ION FO AEA-IETM L TBLT EIAIE

The comparisons of calculated and test values for C1, Cn and Cy, are shown in
Tables 9-1, 9-2 and 9-3, respectively. The errors obtainred for C4p and Cy~ for the
power-on case are appr~oximately equal to those indicated in DATOOM for the power-

* off case. However, the Pre~dicted C., values generally show more instability than the
test data. The predicted values 'can be made close to the test values by adding

a constant value of 0.0015 deg-1 to each predicted value.

Table 9-1. Data Substantiation forC

A Flap Slots 6 C ~ ~3 C -30 AC x 1-

25 Double 30eg -3.55L -3.192 0.358
25 Double 30 ~-3.55 -. 8 .6
25 Double 30 ~-3.52 -. 2 .9

25 Double 60 -3.72 -3.988 -0.268
25 Trpl 0 -41 4.470 -0.:~310

25 Double 30 -53476 -4.136 -0.5426

25 Triple 609-4.8-2775.6



Table 9-2. Data Substantiation for C
n13

A FlapSlots 6 c ýO 3 An x ioc/4 f 10 n x 0-3
(deg) (deg) ICATC )TESTj

25 Double 30 -2.43 -1.684 0.746
25 Double 30 -2.35 -0.845 1.505
25 Ol~be 30 -3.06 -1.297 1.763
25 Double 30 -3.04 -1,138 1.902
25 Double 60 -1.07 2.339 3.409

4,25 Triple 60 -0.33 4.223 4.5534
25 Triple 60 -0.44 4.061 4.501
25 Double 60 -1.03 2.731 3. 76 1
25 Triple 60 -0.23 -1.935 -1.705
35 -- 0 -1.902 -2.18 -0.278
35 -- 0 -1.421 -2.78 -1.359
35 -- 0 -1.268 -2.09 -0.822
35 Double 30 0.969 0.79 -0.179

135 Double 60 2.578 :3.37 0.792

35 Triple 60 2.574 2. 67 0.096

kcn ave 1A n x 0 : 1.825 x 10-:

Table 9-3. Data Substantiation for C

A Flap Slots (Cp) - (c~ -3 z-C -0 3

(deg) (deg) CALC TEST

25 Double 30 -26.85 -16. 53 10.32
25 Double 30 -27.29 -14.27 1:3.02
25 Double 30 -22.79 -14.34 8.45

2.j Double 30 -22.96 -14.76 8.20
2 50 Double 60 -24.70 -25.00 -0.30
25 Triple 110 -30.85 -32.0o1 -1. 1

2 Triple 60-30.,19 -31.09 -0.90

25 Doubt" 60 -25-00 -215. 531 -0.53
2ý60 -32,031-88 32

35 -- 0 -9. 224 -10.29 -1. 066
315 -- 0 -6. 815 -12.75 -r).885

:, -- 0 -6. 08 -11.43 -5.348
35 ~ ou:1 0 -2.0 -17. 03 6. 97

31 Double 60 -12.4,10 -24.3$-19

Triple 13).~.3tiW -24, 21 -10. 866

;1 __ ____ ____ ____ ____ ____o___



SECTION 10

CONCLUSIONS

A general methodology has been developed for predicting the low speed aerodynamic
and stability characteristics of STOL transport aircraft. Th¢• methodology is applic-
able to the EBF, IBF and MF/VT STOL concepts. The basic procedures, which
predict the lift curve versus angle of attack, maximum lift coefficient, induced drag,
thrust recovery, pitching moment, and downwash angle are easily hand-calculated
for a single case or programmed on a small computer to calculate a large number
of configurations. The methodology has been evaluated by comparing its results
with wind tunnel test data obtained under the current STOL program for EBF, IBF
and MF/VT configurations over a range of iet momentum coefficients from zero to
four and with a wide variety of jet nacelle locations and trailing flap configurations.

The following conclusions are based largely on the results of namerous cor relations
indicated in Sections 4 through 9.

A• 1. The lift and induced drag characteristics of EBF, IBF, and MF/VT con-
figurations are estimated reasonably well by using the EBF/IBF analogy
method and the assumption that only the portion of the jet momentum cap-
tured by the flaps contributes to the supercirculatory lift.

2. The assumption made in the methodology that there is no suporcirculation
(favorable lift interference) from the jet momentum not captured by the flapa
agrees well with the EBF test data for partial capture. The methodology
underprelicts the MF/VT lift at high jet momentum coefficients, indicating
some favorable interference for the latter system - especially when the
thrust vectoring angle is close to the flap deflection angle.

3, EBF lift values are relatively insensitive to the aseumed extent of spanwise
jet spreading,. The assumptiom in the methodology of a minimum jet expan-
sion angle of 6 degrees gave satisfactory agreement for the EBF cxmpari-

4. The mothodology utilizes previous empirical correlations of flap turning
efficiency to account for effects of boundary layer separation on flap effec-
tiveness and on lift curve slope. These correlations toen to overestimate
the adverse effects of separation on lift for the triple- and double-slotted
flap configurations.

10-1



5. Plain IBF configurations at CIT > 0.5 have effectively eliminated flap sep-
aration effects on lift and achieved the full potential-flow theory values of
lift, including supercirculation effects, beyond this jet momentum coefficient.

6. EBF-system nacelles must be located so that the jet exhaust penetrates the
first flap slot to be effective in eliminating flap separation effects on lift
and achieves a BLC effect over the entire flapped span of the wing for

kC k 1. 0.
7. The assumption, for maximum lift, that stall occurs when the pressure load-

ing near the leading edge reaches the same value as at the stall condition
with flaps retracted and with no blowing was found to lead to a satisfactory
prediction of maximum lift coefficient under the following conditions:

Separation must be assumed at or behind the knee of the leading
edge device rather than at ýhe leadlug edge of the wing.

o Effects of power on maximum lift coefficient itclude the influence
on the downwash angle on the pressure loading, as introduced into
the current methodology.

* Stall does not occur over the trailing flaps.

8. The methodology assumes that the aerodynamic efficiency (induced drag
factor) increases with increasing jet momentum coefficient one-half as
fast for the EBF configaration (because of the peaky spanloading) as for
the lBF cases.

9, Detailed methods for predicting the power-off minimum profile drag co-
efficient and the power-off induced drag factor are not included and must
be found from either test results or alternative procedures.

10. The defined thrust recovery is the negative of the rate of change of minimum
profile drag coefficient with jet momentun coefficient and is Independent
of lift coefficient. The test values are sensitive to the assumed induced
drag factors when the drag curve is uonparabolic.

The thrust recovery in the moet-odology is approximately the same as the
jet static turning efficiency for both the EDF and IBF configurations. In
tlr9 1BF case, a value of thrust recov•ry equal to 80 percent was found to
be satisfactory for all flap dffloctions angles up to 60 degrees (jet upper
surface angles of 72 degrees). For the EBF case, the thrust recovery
was correlated with a theoretical equation for the idealized static turning
efficient.y of a planar wing.

11. The methods for the mechanical flap two-dimnesional flap-pitching momnent
ainrements wore not greatly affected by the planform "ariattioi, so tho three-

dimensional values were obtained by applying rudimentary 3-D corrections. The

10-2
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method for internally blown flaps with multiple chord segments was devel-
oped through an extension of Spencets theory. The mathematical model for
the externally blown flap configuration appears to give satisfactory results
for the flap slots immersed in the engine exhaust.

12. The extensive tall wake rake surv3ys indicated that the downwash behaved
in accordance with the trends predicted by simple lifting line theory. A
tail downwash methodology was developed, utilizing lifting line equations
with a correction to account for vertical displacement of the wing wake.
Powered-lift systems effects were accounted for by normalizing downwash
angle with respect to aerodynamic lift (i.e., lift coefficient with direct
thrust terms removed) to furnish impressive correlations.

13. The method presented in DATCOM for predicting C1 was extended to in-
clude the effects of high-lift systems and the incremental effects of the

powered lift. Analogous curves were also developed to predict the wing
contributions to C and C Satisfactory correlations with test data
were achieved for CI and Cyp but further improvement is required for

A recommended Phase II program is described in detail in Volume I, Configuration
Definition Report.

10-3
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