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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, "STOL 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, 8, Levinsky, N. A, Ponomareff, and J, C. Ramsey
were the principal confributors.

The research reported was conducted during the period 7 June 1971
through 31 Januaxry 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.

<:!J'0‘3‘;L~

ROSS JR.
Lt. Col USAF
Chief, Prototype Division
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ABSTRACT

The Design Compendium presents methods for sstimating 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 exterally hlown flap system has an external jet nozzle mounted below
the wing. The propulsion system exhausts a jet stream towaxd the flap,
which sprvads spanwise along the wing with the jet flowing through the flap
slots and deflected down by the flap, The lift augmentation of this system is
analogous to the internally blown flap. g

The internally blown flap system has high-velocity air ejected from the vicin- .
ity of the kree of the flap in a direction such that the flow will attach to the '
upper surface of the flap, Lift augmen ition is obtained with this system not
anly from the vertical component of the thrust vector, but also by increasing
circulation around the airfoil, :

The Dato. Analysis Report, Volume IV, summarizes the force and rake infor-
mation measured during the 1,087 hours of low speod wind tunnel tosting con-
- ducted by the Convair Acrespace Division of General Dynamies during the
STOL Tactical Aireraft Investigotion, Over 2,730 data yuis wore genorated
on 242 major configuration variables that goverad the above concopts, This
data and subsoquent analyses were used to dovelop the mothodology prosented
herein,

A review of various theoretical approaches i3 proesente! to fuorm a basis for
the gwneralized methods that are developed w estimate U, dreag, pitehing
moneit, downwash, and the lateral-directiona) stabllity devivatives. Sanple
problems are prosentod under the twe-digit sections to allow the most
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advantageous utilization 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 1ift/propulsion
system., o

A general methodology has been developed for predicting the lew speed aero-
dynamic and stability characteristics of STOL traneport aircraft. The meth~-
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 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 jet momentum coefficients from zero to four and with a wide
variety of jet nacelle locations and trailing flap configurations,

iv
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NOMENCLATURE

Aspect ratio of wing

Aspect ratio of the extended wirg area

leading-edge blowing

Wing span In. or Ft,
¢ Airfoil sectior chord, flap and leading edge In, or Ft.
retracted
c' Airfoil chord with leading and/or trailing-edge % ¢
flaps extended
€ Cy Mean aerodynamic chord In. or Ft.
f CD Drag coefficient
§ C4 Section (2-dimensional) drag coefficient
o |
< %
§; CD Power~on induced drag coefficient {
i i
% |
CD Power-on minimum profile drag coefficient i
| P |
g CD Power-off minimum profile drag coefficient of the ]
P0 tetal aireraft including thrust recovery from |
i

£ C _Momentum loss coeificient due to the inlet ram drag

& D .

= RAM

g c! Ram drag based on the extonded wing area

g D

g RAM

‘;‘ cexp Exposed mean aerodynamic choxd In, or F,
%‘"

5:5

. o Flap chord % ¢

NOTE: Primed ccofficionts axe based on the extended wing area.
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NOMENCLATURE, Contd
Units

Trailing-edge flap chord (subscripts denote % c

Lift coefficient

Lift coefficient increment due to leading-edge device
Lif* cosfficient increment due to the deflection and
trailing-edge blowing

Total increment in lift coefficient due to trailing-
edge flap deflection, trailing-edge blowing,
leading-edge high-lift device deflection, and
leading-edge blowing at zero angle of attack

Section (2-dimensional) lift coefficient

‘Lift coefficient at zero angle of attack for the basic
cambered airfoil

Leading-edge flap section lift increment at zero angle
attack

Power-on tailing edge flap sevtion lift inorement
at a=0

Power-off trailing edgo flap section lift increment
at @ =0

2 e

H
i
3
<

Aerodynamioc iift (tota! 1ift minus direct thyrust
component)

Diroct thrust 1ift componant

Lead;ng-edge dovice chord %o
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NOMENCLATURE, Contd

Average extended wing -’chcird '.ﬁt the spanwise
station of the nth jet -

Maximum lift coefficient

Power-on 1ift coefficient «t the power-on
stall anglc of attack

Power-off maximum lift coefficient - -

Maximum lift of the bagic clean airfeil .
Increment in maximum lift due to the deflection
and blowiag of a leading-edge high-~lift device

Increment in maximum lift due tobthe deflection
and blowing of a trailing-edge flap system

Increment in maximum 1ift coefficient due to
leading-edge blowing

Power-off maximum lift covificient inorement
due to the deflection of the trailing-edge flap
system

Maximum lift coeificient increment due to blowing
on the trailing-edge flap system

Section (2-dimensional) maximum 1ift coefficient

Two-~dimensional maximum 1ift coofficiont us
estimated from DATCOM (Paragraph 4.1.1.4)

Two~dimensional tneromont in maxtmum Lift
ccefficiont
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NOMENCLATURE, Contd
Symbol : - Units _ -
; . Ac Z Increment in the two-dimensional maximum A L
A maxTE o 1ift coefficient, power-off
3 o Lift curve slope /Deg
o
l‘ s «g C'L Power-off lift curve slope measured at the angle
& ajo of zero 1ift MDeg
: 3
B # 'y Lift curve slope angle-of-attack, "g" /Deg :
, o o
Ci‘ ) Lift-curve slope evaluated at angle of zero lift /Deg
a fo
L
c'l Two-dimensional lift curve slope /Deg
a i
02 Two-dimensional power-off lift-curve slope Der.
(7 X 4] i
ck Two-dimensional theoretical 1ift curve slope /Deg
B %th
Cl _ Rolling moment due to sideslip /Deg
8 .
§ R
' ol Rate of change of 1ift with flap defloction at
g constant angle of attack /Dog
¢ Lift effectiveness for the i flap segment /Mog ; E
6 { (
¢ k Theoretical leading edge 1ift effactiveness /Dug
51T paramoeter : ‘ i .
Cm Motment coofficient basad on free-stream velooity | ’ :
Acm Two~dimonsional pitching moment increment {
i
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' NOMENCLATURE, Contd

Units
Trailing-edge flap pitching moment increment
at zero angle of atiack
Normal force ccefficient based on free-stream
velocity
Yawing moment due to sideslip Deg
Root chord In, or Ft,
Distance from tne leading edge to ihe leading
edge of first flap segment % ¢
Side force duo to sideslip /Deg

Overall gross jet momentum coefficient at the
blowing nozzlo for an IBF, or at the jet exit for
EBF and MF/VT sysvems

' Leading-edge blowing momentum coefficient
Bowing momentumn coefficient of engine blowing
sy«tem

Blowing momentum coefficient of engine

Portion of the enging blowing momentum coefficient
captured by the tralling edge flap

Blowing momentum coefficiont of the trailing
odge blowing system (IBF)

Blowing momentum cocffiotent at the trailing
odge flap

Momentum coefficlent of EBI system measured
at the T, E,




NOMENCLATURE, Contd

Section (2-dimensional) momentum coefficient
Section blowing momentum coefficient captured
by the trailing edge flap based on the wing area
spanred by the blowing per engine

Section (2-dimensional) leading edge blowing
momentum coefficient

Section ( Z—dimensionél) trailing adge blowing
momentum coefficient

Double slotted flap configuration No. 32

Diameter of the nth jet stream at the flap In, or Ft,
trailing edge assuming a six-degree jet

expansion angle due to mixing

Externally blown flap

Induced drag factor (2erodynamioc cificienay),
which depends on blowing coefficient and the

-type of STOL system

Power-off asrodynamic efficiency

Cap bstweeon successive flap clemonts %o
Height of the blowing slot In,
Eugine buttock line locations In, or It,

Number of slots or segments in the flap system
Internally blown flap

Subsoript that indicates the 1st, 2nd, 3xd,
oto, flap segmont of double- or triple-slotted
flap
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NOMENCLATURE, Contd

Engine incidence angle relative to mean chord
plane (MCP) | Deg

Partial span flap factor

Leading-edge partial-span factor
Partial -span blowing factor

Power-off partial -span flap factor

Ratio of the power~on to power-off {ift curve slope

Theoretical ratio of the 2-dimensional powered to the
unpowered lift curve slope

Correlating constant based on the leading-edge
configuration '

Equal to 2.0 for IBF and M}¥/VT systems and
oqual to 1,0 for EBF systoms

Mach numbor
Mechanical Flap/Vectored Thrast
Number of flap segmonts

Total numboer of engine nacelles coatributing
to flap blowing (EBF oaly)

Nacolle location A % b

Numbes of engines

&2

Overlap betweon successive clomonts ¢

Plain blown flap
xxif




- NOMENCLATURE, Contd
Units
Nozzle radius In. or Ft.
Jet efflux radius  In. or Fi,
Thrust recovery factor
Basic wing reference area Sq. Ft.
Extended wing ares including the chord
extension due to both trailing- and leading- _
edge high-1ift devices T Sq. Ft.
Single slotted flap, Configuration No, 2
_ Exposed wing area Sq. Ft. |
S', Extended wing area spanned by the blowing
’ nozzle Sq. Ft.
: SW Wing area ' Sq. Ft.,
] Spreading angle of jet efflux Deg.
§ i TSF 311 Triple slotted flap, Configuration No, 311 .
t/c Airfoil thickness ratio -
) ' Ve Engine exhaust velocity L Ft./Sec,
: v Free-stream velocity o . Ft./Sec. -
: LY -
X cosﬁl[ 2 (xg/c") - 1] k
| X Horizontal distance from leading edge to engine
€ exhaust plane In. or Ft.
XH Longitudinal displacement from 0,25 6W in
body-axis system - In, or Ft.
X Moment reference center as a fraotion of the 3
; ref .
l mean aerodynamic chord In. or Ft.
' xxiii
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NGMENCLATURE, Contd

Vertical displacement from the wing wake

Avorage vertical distance from MCP to center

of engine at the exhaust plane In, or Ft,
Vertical displacement from 6,25 EW in body-
axis system In, or Ft.

Actual vertical distance from MCP to centerline
of engine at the exhaust plane - In, or Ft,

~

Average jet capture ratio

Ratio of vortex span to georetric span

Empirical factor used to correct section maximum 1ift
coefficient for finite wings, including corrections for
wing sweep and leading-edge radius

Aspect ratio contribution to C )+ power off - /Deg
- p
Sweep contribution to C, , power off /Deg
3]
Incremental aspect ratio contribution to Cﬂ /Tog
due to power » )
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NOMENCLATURE, Contd

Incremental sweep contribution to C£
due to power

Incremental sweep contribution to CI
due to power

Aspect ratio contribution to Cn , power off
B

Sweep contribution to Cn » power off
B

Incremental aspect ratio contribution to
C_ due to power
g

Inoremental sweep contribution to (‘
due to power g

Aspect ratio contribution to Cy » power off
A

Sweep contribution to C:y » power coff
B

Incrementi! aspect vatio contribution to

C due to power
Yo XXV

/Deg

/Deg

/Deg

/Deg

/Deg

/Deg

/Doy

/Deg

/Deg
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NOMENCLATURE, Ccntd

Incremental sweep contribution to C
due 10 power yﬁ

Extended trailing edge flap chord to overall
extended wing chord ratio

Extended leading edge flap chord to overall
extended wing chord

Reynolds-number-dependent correoﬁion for
boundary layer displacement effects

Leading edge flap center of pressure location i
from thin airfoil theory

Trailing-edge flap center of pressure location
from thin airfoil theory

Vertical displacement from 0.25 Gy, reference
polnt in stability axes '

Vertical displacement of horizontal tail from
vortex shect

Incremental digplacement of the vortex sheet

Slope of the partial span flap factor curve

Eatimated fyaction of tho IBF jot momontum
remaining at the flap trailing edge wil based
on the ratio of the flap choxd to the et nozzle
height, hnoz (scrubbing loss)
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NOMENCLATURE, Contd

Syrubol
(1-0,12 ¢'/c) Estimated fraction of the EBF jet momenium
: ! remaining at the flap trailing edge and based
on the total flap chord ratio, c'f/c
(scrubbing loss)

GREEK

o Angle of aftack of the wing root chord with respect
to the forward velocity
Ao, 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
@, Zero-lift angle of attack for an untwisted wing
L
0, * Power-off angle of zero lift with full BL.C
L
@, 0 ’ Power-on angle of zero lift
L
pwr
Aoz Change in stall angle of atfack due to power
S
oz*s Power-off angle cf attack at maximum lift
o with full BLC
Ag ¢ Angle of attack effect of wing twist
Gy Wing angie of attack
Aao/a Change in wing zero-lift angle of attack due

to a unit change in linear wing twist

b .2
g Equal to J 1-M
¢ i T railing-edge flap deflection
¢ { ' Angle botwoon successive chord planes
i
0 Flap deflection of the oh flap segmeny

vl

Deg

Deg
Deg
Deg

Deg

Deg

Deg

Deg

Deg

Dog

Deg

Deg




NOMENCLATURE, Contd

Symbol: o Unite
0 H) EFF Effective deflection angle of the leading-edge
device and is expressed in teyms of the geometric

leading-edge device deflection angle, GH Deg
GLE Leading-edge high-1ift device deflection angle Deg
GT Deflection angle of the engme tailpipes, measured
relative to the wing reference plane Deg
O T Effective jet turning angle Deg
€ Average spanwise wing downwash angle at infinity Deg
eo Downwash angle in the vor’ox plane Deg
Ae A Downwash angle increment for wing aspect ratio
effects Deg
Ac Downwash angle increment for an SBF .
EBF
configuration Deg
Ae Downwash angle increment for an IBF
IBF .
configuration A Deg
Ay p/VT Downwash angle increment for an MF/VT
configuration (5,13: 90 degrees) Deg
Ac Downwash angle increment for wing sweep
A angle effects Deg
’Ii Efficiency factor for a flap segment
n ax and ?16 Empirical factors to correlate available test
m data on airfoils with trailing edge flaps
ﬂp Plain flap efficioncy factor depending on the

flap deflection angle, 4., plus the upper surince
anglo at the flap traliug edgo, .
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NOMENCLATULE, Contd

Static tviming efﬁciehcy

Slotted flap efficiency factor for the ith flap
i pegment ' :

6 Twist of the wing tip with respect to the
root section in degrees (negative for waghout) /Deg

9 1 e e/ ) /D

A cos L : (cf c¢’) eg
0 008-1 1-2(c /c')-] /Deg

LE LE J
GS Static turning angle /Deg 3
A'c /2 Mid-chord sweep angle of the extended wing

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

A Wing taper ratio

@TE Upper surface trailing edge angie /Deg
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SECTION 1
" INTRODUCTION

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

1, Mechanical Flap Plus Vectored Thrust (MF/VT) — Normal force components
due to conventional wing lift and to direct
engine thrust vectoring independent of wing
Systemo

2, Externally Blown Flap (EBF) — Normal force components due to conven-
tional wing 1ift, deflected thrust, and aug-
mented wing lift by high-energy, external
blowing,

3. Internally Blown Flap (IBF) — Normal force components due to conventional
wing 1lift, augmented lift, and vectored thrust
by high-energy blowing through wing duct
gystem,

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~
tion is mainly obtained from the vertical component of the jet thrust vector, Addi-
tional lift due to incressed circulation may be obtained by properly locating the vec~
tored thrust component,

The externally blown flap system is limited to an external jet nozzle mounted be-
neath the wing, The propulsion system exhausts a jet stream toward the flap; the
jet spreads spanwise along the wing with part of the jet flowing through the flap
slots, the romaindor deflected down by the flap. The lift augmentation of this sys-
tem ia analogous to the internally blown flap and full spreading is assumed,

The intarnally blown flap system i8 delined as a jeot flap, whore high-velocity aiz i8
ejootod from the vicinity of the kunee of the flap in & direction such that the flow will
attach to the upper surface of the flap. Lift augmentation is obtained with this sys-
tem not only from the vertical component of the thrust vector, but also by {ncreasing

_ circulation around the airfoll,

1-1




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 Tumnel in San Diego during the summer and
fall of 1972 are utilized in the development of the methodology, The tes.3 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 combinaticns, 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 made with 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, '
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SECTION 2

GEOMETRY

The important geometries used in Sections 4 through 9 axe presented in this section,
Basic definitions of the two-dimensional high~1ift systems, which are the basis of the
methodology, are given in Figures 2-1 through 2-5. Geomstyy for triple-slotted,

double-slotted, single-slotted, and plain {railing-edge flaps is illustrated. Similar
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 assoociated jet capture
area at the end of the extended chord.
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Figure 2-1. Triple-Slotted Flap
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Figure 2-2, Double-Slotted Flap

Figure 2=4. Flain Flap




Leading Edge Slat

Leading Edge Krueger Flap

Figure 2-5, Leading Edge Slat & Flap'
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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 he 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,

Prior 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 generasized method, For the MF/VT concept, comparisons
were made with the idealized lifting line equations and with a Convair Aerospsce 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 coraputer
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 jn the follow-
ing paragraphs.,

3.1 MECHANICAL FLAPS

The nonlinear span loading program and the idealized lifting line equations are com-
pared with power-off test data in Figure 3-1, The configuration consists of a wing
and fuselage, with and without four underslung podded nacelles, The wing aspeot
ratio was 8 and the quarter chord swecp was 12,8 degrees, Data s shown with flaps
retraoted, and with triple-slotted flaps extended 60 dogreos and the leading-edge
Kruegor at 55 dogrees.

Both methods agree well with the test results in the linear vegion with the flap ve-
traoted, Of speoial interest {8 the ability of the nonlinear spanload program to
prediot the stalling charactoristics for this condition, As discussad in References
3-2 and 3-8, the nonlineay progrom uses two-dimensions) afifoil section data that
must bo stacked along the span at a suffictent number of spanwise control stations,

An {teration procedure is used to obtain the eirculation along the lifting line, Refore
ence 3-2 also presents a semi-ompirvical procodure that modifies two-dimoensfonal
section characteristics in veglons of large spanwise flow, such as ocours with partial
span flaps and in the region of the fusdlage/wing juncture, The ealeulations prosented

=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 ¢ max as the clean airfoil; hence, modifi-
cations for spanwise flow effects in the fuseclage region were made only with the flaps
extended.

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 extended, although still
relatively good, is somewhat dependent on the semi-empirical fuselage correction for

c
fmax,

A= 8.0, Ay = 12.50, TSF No. 311

O CLEAN WING + FUSELAGE + NACELLES
O WING + FUSELAGE
A WING + FUSELAGE + NACELLES /7

5' = 80"
6‘.5 = 55‘
CpL" 0.10

C / THEQRY

NONLINEAR SPANLOAD PROGRAM
e WING ¢ FUSELAGE
- WING ALONE

4 e IREALIZER
RPN LIFTING LING
§= 0
{ ) I\ L L J
20 0 04 o 12 18
o\o ¢

Figure 3-1. MF Test Data Correlation with Nenlincar Span Loading
and Lifting Line Thooretical Methods

As noted proviously, the nonlineay program roguires two-dimensionsl aixfoll and flap
data (14, drag, and pisching moment) through the stall in oxder to be usad for prodict-
ing the coxreaponding ronlineayr throe-dimonsional wing chaxactexistios, Data of this
type 18 shown in Figure 3-2 for the basio NACA-G4 sorius alrfoll with a triplo-slotted
trailing-edge flap deflected 60 degroes, with and without a blown leading-edge flap

(ey, 5, = 0.1}, The data in Figure 3-2 was measured in the two-dimonsional wind
tunnel tost desoritxd in Reference 3-10, and reprosents various amounts of blowing
over the trailing-odgs fap (0 < ¢, < 3.0). Thus, the section data may be used to

u2




" 2D TEST DATA GDLST 610 S
" TSFLAP,5;=60° . , -

SOLID SYMBOLS ~ CLEAN L.E.
OPEN SYMBOLS ~ L.E. KRUEGER, c“L = 0.1
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e SPENCE JET FLAP THEORY CORRECTED
- FOR'LARGE ANGLES AND SEPARATION 1.0
(THRUST RECOVERY = 100%) *
R — = POTENTIAL THEORY NO SEPARATION
1 i d 1 1 : o
20 w0 o W0 20
~a {degrees)

sl PV s s sirwan

~ Figure 3-2, Two-Dimensional Test Data Required for Nonlinear
: "~ Span Loading Program

estimate the three~dimensional IBF characteristics assuming that the noulinear 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. Caloulations of
this type, using full potential theory for a ¢ g = 0 and the Spence thin airfoil theory for
¢, >0, are also shown in Figure 3-2. Good ¢greement with the two-dimnensional wind
tumne! data is obtained for the blowing coefficients indicated. '

3,2 INTERNALLY BLOWN FLAPS

The nonlinear spar -loading method was applied to calculate the aerodynamic character=-
istics of a wing with an aspect ratio of 8 and a triple-slotted IBY at 60 degrees. The-
experimental section data from Figure 3~2 was used in the nonlinear span load to
predict the results compared with the three~dimensional test data in Figure 3-3,
Reasonably good agreement is shown for Cr, .. for all blowing coefficients, A semi~
empirical method is used to estimate the section characteristics of that pari of the
wing buried in the fuselage, Predicted lift and 1ift curve slope values are found to

v . 3=3
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Figure 3-3. IBF Test Data Correlation with Nonlinear Span Loading -
and Idealized Jet Flap Theory Methods

depari somewhat from test data at the higher blowing coeificients. This possibly
could be attributable to the jet cheet effocts being neglected in the nonlinear program.
A modification for jet sheet effects was inserted into the nonlinear span load program
and will be subsequently discussed in connection with Figure 3-4, The nonlinear-

iprogram' is shown to agree with the drag data for all blowing coefficients.

‘Also shown in Figure 3-3 are calculations using the idealized jet flapped wing equa-

‘tions from References $-3 and 8~4, These equations yield a reasonably good agree-

ment with 11t and induced drag in the linear range. A thrust recovery of 75 percent .

- and a flap outout for the fuselage (partial-span flap factors taken from mechanical

flap calculations) were usedin the idealized calculations, The corresponding
agsumption on thrust recovery is not needed when using the nonlinear spanioad pro-

gram, bhecause the experinental two~dimensiona1 thrust recovery (drag) may be used .

uirectly from Figure 3-2,

The nonlinear span load program, after modification for jet sheet effects accoxding to
Reference 3-6, has been compared with test data in Figure 3-4 for a plain IBF wing
with an aspect ratio of 8 and a quarter chord sweep of 25 degraes, In addition, calou-
lations are shown using the idealized jet flapped-wing oquutions from Reforences 3-8
and 3-4 and using a computer program based on the lincarized lifting surface mothod
of Dag as described in Reference 3-7. Exporimental two-dimensional sootion duta -
was not available for the plain IBF, Henoe, the modified nonlineax span loading pro-
gram was based on ostimated linvar section characteristics and no computation of

" nonlinear stall could be made.
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4. 30-Degree Flap Deflection b. Zero fangle of Attack, Flap Deflections
- ’ of 15, 30, 45, and 60 Degrees

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

- All three methods overpredicted the power-off lift and lift curve slopes for a fiap
-deflection of 30 degrees because of separation over the flaps. Empirical corrections
- for flap separation are therefore required in the two~dimensional methodology to be

recommended, Corrections due to flap separation generally disappear at blbwing‘

coefficients 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

curve slopes at the higher blowing coefficients, This may be due to an over-correction

in the program for the effects of the jet sheet. The idealized jet flapped wing equa-
tions from Ref-rences 3-3 and 3~4, although relatively simple to apply, seem to
underprodict the lift at zero angle of attack at the highest blowing coefficients, The
Das-type computer program is a lifting surface method that satisfies tangential flow
boundary conditions on the wing and dynamic boundary conditions on the jet sheet at
oight spanwise control stations. In principle, at least, the Das meothod should be the
most accurate of the three methods for the IBF concept. Comparisons with test data
in Figure 2-4 are somewhat inconclusive. Limitations in the Das approach stem
from his assumption of a zero choxd jet flap, specification of the jot~induced vorticily
distribution, aad the limitation to eight predetormined spanwise locations for satis-
fying boundary conditions, The Das method also includes the usual small deflection
anglo and small thickness iinearity assumptions,
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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, & somewhat ,.
improved agreement has been obtained by using an alternative equation for the power- N

oon 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 Kpyp of the power-on to
power-off 1ift curve slope for test data on an internally blown flap with 15 degrees of
deflection (Reference 3-11), Test 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 Kpwg than predicted by 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 P
t.wo-dimensional value: L : (
Kowr ™ k cla /e, b,

R (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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The Das-type computer program was used to generate the IBF partial-span factor, Ky
for lift, The results shown in Figure 3-6 indicate that, for the range of parameters
considered, the IBF partial-span factor corresponds closely to the mechanical flap

(MF) partial-span factor, The MF partial-span factor has therefore been employed in
the generalized STOL methodology.

MECHANICAL FLAP

=0.33,10
OAO A IBF USING DAS LIFTING SURFACE PROGRAM A= 03

G, 0.6,1.0,20

K Yzt
b Vpjg o]
o b2
5
TAPER 2

RATIO
033

o2

Figure 3-6, Evaluation of IBF Partial-Span Flap Factors
3.3 EXTERNALLY BLOWN FLAPS

A wing-in-jet (WJ) methad was developed to estimate aerodynamic characteristics of
STOL aircraft with EBF systems, This method is based on analytical precedures for
caleulating the interaction between a wing and propeiler slipstream, and has been
desoribed in detail in Reference 3-8,

As depicted in Figure 3-7, the WJ method is a multiple-lifting-line vortex lattice
__botential theory method, Hors;shoa vortex elements of strength 'y, are distributed
over the wing, where h and i are indices referring to the chordwise row and span-
wise position of the element. In addition, horseshoe vortex elements of strength Thm

. and PYy 0 are distributed around the ingide and outside, respectively, cf cach of the

- Jets,” Heve h and m are indices referring to chordwise and angular locations on the

*jet surfaces, - The usual Sow tangenoy boundaxy conditions are satisfied at control
points on the wing and flap surfaces as shown in Figure 37, In addition, boundary

- conditions of constant static pressure and constant normal flow angle across the jet
-aurfaccs are: satisfiedr at control pomts on the jots (Figure 3-7),

. '&t present. um computor program for the WJ method is limited to consideration of a
single chordwise lifting line and to jots of circular cross section, Roduction of the
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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 systoms are taken at an effective angle of attack, aEFF » which may vary
across the span, The effective angle of attack is found from thin airfoil theory as:

aEFF = -06 (Cu’ flap geometry) . 6f (3-2)

where a5 must include effects of power in addition to the usual geometric parameters,
Methods to calculate o5 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 depthinside the jet as sketched in Figure 3-8a, However, for partial capture (viz.,
jets that lie below the wing and/ox for smail flap deflections), the single-lifting-line model
will prove inadequate whenfor the condition sketched in Figure 3-8b, thetrailingedge of
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Figure 3-8, Simplification of Wing-in-Jet Method for EBF,
Singlo-Lifting-Line Madel
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the flap is still buried inside the jet and the single-i:fting-line representation shows
the bound vortex and control point to be outside the j2t, Calculations using the single-
lifting-line model have exhibited high sensitivity ic the assumed vertical location of

‘he lifting line with respuct to the jet surface for *he partial-capture condition,

The WJ method is compared with EBF test data in Figure 3-9, The daia 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 frll 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 test results, All subsequent calculations
by the WJ method have been performed usirg this expaasion angle.

Computations at Cy = ¢ were perfornied with the o values over the wing reduced
from theoretical values for flow separation over the flaps. For Cp>0, full theoret-
ical a5 values were assumed over the entire wing span, Thus, it was assumed that
the jet efflux spread spanwisc over the upper wing surface to a degree sufficient to
provide full BLC, This agsumption appears reasonable since, as seen in Figure 3-10,

the jet intercepts just balow the firet slot of the triple-slotted flap for Engine Position
A,

" .
:‘; ;"‘ e . —ws THRUST RECOVERY = COS &

- Ac 12 = = THRUST RECOVERY » COS & -0.26
ENG. 703 A {HIH £ FORWARD!

w0

8° JET EXPANSION ANGLE
0u*23, " ey sxnlmsnou ANGLE

Q
) Qo

o‘ /30
S
V/

. ? A

.'Q

a. Data from GDLST 800

C -l\

h /’ i

¥ umcsm < )

iy :

/1

. 3 lll g -

30 o 3. ‘0 0% ] 6s ] 14 !
a(‘w: o H

b. Data from GDILST 632 s

3
,
5
=
33
RrA
k!
3
=3
3
2

Figure 3-9. EBF Test Data Correlation with the Wing-in-Jot
Theoretical Method - Full Capture
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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=cosa-0.25 (3-3)

where the cosine term represents thrust recovery of the jet engines at inclination «
and the 0.25 term corresponds to 4 loss of 25 percent of the jet momentum in passing
over the flaps. The computed induced drag values included in Figure 3-9 are higher
than would be expected on the basis of the idealized jet flapped-wing expressions,
which assuine 1 constant downwash distribution across the span because of the low
aspect ratio of the sections buried in the jets, Thie higher induced drag is in agree-
ment with EBF test resuits,

A comparison between the WJ method and EBF test data is shown in Figure 3-11 for
jots that have been lowered to Position F, resulting in only partial capture, {See also
Figure 3-10b.) The caloulations aszuming full BLC effectiveness when Cy, > 0 in
Figure 3-11a now appeayr to overprediot the lift at the lower values of C,. Calculations
assuming full BLC only on the wing sections immersed in the jets are s%ow in Figure
3-11b, These computations agree better with the test data at low values of C but
underpredict the 1ift at the higher values. Thus, only limited BLC effectivenass was
achioved for Position ¥'. This corresponds with results obtained when the jets do not
pass through the two upper flap slots, as shown i{u Figure 3-10,

As noted previously, the computer program for the WJ method treats the jets as cir-
cular in cross seotion, with no spanwise spreading or distortion due to the Jap system,
(The six-degree jot axpansion is attributed to viscous mixing offects.) The WJ
program thercfore yields a highly peaked span load distribution as shown in Figure
3-12 for Engine Positiors A and F at C, = 4, Rocent NASA test data (References 3-12
and 3-13) seems to confirm thiz type of spanload distribution ard therefore suggests
that EBF jot spreading may be relatively minor, exoept for BLC effacts. Some lift
augmentation is prodicted by the WJ method over parts of the wing outside the jots

due to upwash from the jots, from the highly loaded sections immersad in the jets,
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andd from the establishmont of BLC effeetiveneﬁs a8 diseussed in the preceding para-

A vevond and much simplor procedure for predicting aerodynamic charactoristica of
EBF systoms {5 the analogy mothod, A discussion of the analogy method, with sample

results, is givon in Reforonce 3-9. In brief, the analogy miethod (plotured in Figare 3-13)
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Figure 3-13. EBF/IBF Analogy for EBF

- assumes that the EBF jet spreads laterally after impinging on the flap and finally
leaves the flap trailing edge tangentiaily 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 coeificient, 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 EBF data, which ig Jor a 106~
percent capture condition (Engine Position A), clearly substantiates the analogy for
lift 'and drag, at least for the configuration investigated,
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Figure 3-14. EBF Test Data Corvelation with the EBF/IBF Analogy Mothod
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A mathematical justification for the analogy method may be obtained by following the
systematic expansion procedure in Reference 3-14, The expansion procedure is
performed in terms of the chord-to-span ratio (assumed small), Jet thickness is
assumed to be of the same order as the choxd., This procedure resuits in an inner
two-dimensional 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 solution

- is unaffected by defails 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 section lift chracteristics, cf(a) and

¢_(a), which are to be used with the outer solution. The values ¢)(a) and ém(cx)

depend on the airfoil and jet geometry and on the iet and free-stream velocity characteris-

tics. Methods given in Reference 3-14 for obtaining section characteristics are based on
two-dimensional airfoil theory in nonuniform sheared flows (Re.’erences 3-15 and 3-18),

These two-dimensional methods use finite-difference and iteration techniques to -

numerically solve Poisson's equation for the stresm 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 procedurc for determining the shape and 1ocation cf the jet boundary, has ‘
been documented in Reference 3-17,

' A highly simplified linearized treaiment of the interaction between a flapped airfoil and ;
jet is also included in References 3-8 and 3-9, and bas been showii ¢ reduce to the

~ Spence thin jet flap results (Reference 3-8) as the it thickness approaches zero, The
Spence theory may be used as the inner sclution 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 METHCDOLOGY

Suveral of the methods desoribed previously will be ured to foxrm the basis of the simpli-
fied generalized STOL methodology. Neither the o:igingl nor the revised version (modified
for jet sheet effects of the nonlinear span-loading program has been used as part of the
generalized methodology, The nonlinear program requires a two-dimensional data bank

to prediot nonlinear stall characteristios which is not readily available. Additional data

is required to account for fuselage intorference effects on Cy, with large flap
deflections and with blowing, The Das computer progrom s ¥ and was not used
directly for the IBF method, It handles only eight proviously prosecribed spanwise

control stations and uses a jot shoet corresponding to a pure joi flap,

Nevertheless, the Das program was used to caloulate the pactial-span Uft {aotor 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 concopt, the wing-in-jot method was not {ncorporuted
into the goneralizad methodology because onty the single-lifting-line approximation of
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the WJ method has been programmed. As mentioned previously, this model is sensi-
o 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 Cppp’

The generalized methodology presented inay be used to predict 1ift and net horizontal
force coefficients for either the MF/VT, IBF, or EBF concepts. This methodolngy
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- !
line equations with the partial-span lift factor, Ky,. The VT effects on lift and induced |
drag are included in the methodclogy, assuming zero lift augmentation, provided that ‘
the jets do not impinge on the flaps., For partial or total jet impingement on the flaps,
1ift 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 C, and to
. approach it at the higher GM values,

- “The generalized methodology uses the analogy method for the EBF concept. For full
_ impingement of the jets on the flaps (full capture), 1ift augmentation and induced drag
“are found from the IBF formulation, except for the effects of jet spreading an lift co-

efficient at zero angle of attack. For the partial-capture condition (viz., when the
wapture area of the jet strear captured by the flaps is less than the total jet siream
‘¢ross-section), the effective Cy for the EBF calculation is reduced by the area ratio,
The remaining fraction of the jet momentum, not captured by the flap, is trosied as
vectored thrust. Tha offect of jet spanwiae spreading on lift coefficiont at zero angle
of attack is included in the formulation us a partial-span lft factor.

For mintmwn spreading, the lateral exwnt of each jot is found by allowing u six-degree
expansion of the jot dlameter from the jet exit plane to the flap trailing edge. Distri-
bution of jot momentum captured by the flap is assumed constant over this laterai
distance, For maximwmn spreading, the total latexal distanoe covexed by all jots is set
equal to the wing span covered by tho flaps (excluding tho fuselage), Because of the
fack of an explicit theoxyy or test results for predioting spreading, caleulations ars
generally performed for the minimum and maximum spicading limits, The methodology
for maximum spreading then veduces to that used n the data analysis report (Rof-
erence 3-11).



In addition to considerations of jet capture and spreading, BLC effects are included in
the generalized methodology. The BLC effecte 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;
reiated 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. 2 had the inherent defect of not adequately predicting ac, . However, it -
does predict the slope of the C, / Cy, curve, Thus, attention was p%i?ﬂarﬂy directed
toward predicting the pitching moment increments. From the combination of the two
programs, the C,,/Cy, curve can be constructed.

The generalized methodology includes multiple-slotted flap configurations, For
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,

Spence 8 two-dhnensional theory is used for the internally blown flaps. Llowing has
the beneficial effect of causing the flow te approach the theoretical potential, Excellent
agreement has besn found 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 flop area is captured,

Early in the program, duta analysie indicated that sivaple lifting-line theory provided
downwash values that were in excellent agreoment with tha test values, The nonlinear
gpan load program could only provide similar resvits at the sost of added complexity and
it was not totally opexative in the asymmetric mode, I8 was {olt that the asymmetric
sase would reduce the confidonce level when using the program to predigt lateval-
directional derivatives. The generalized mothods presented to obtain the lateral~
dirvetional dorivatives ave extonsions of the €, ; wethod ewployed i DATCOM,




SECTION 4
LIFT CURVE

Three basic assumptions have been made to develop an expression that represent the
lift coefficient curve, Cy, versus o, 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 coniributing to producing the force,

3. The portion of the jet momentum not captured by the traﬁmg—edge flap
system is treated as a vectored thrust {erm,

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 repoxt
where a2 more detailed explanation of the terms may be found. The generaiized lift
curve as defined in Figure 4-1 is expressed as:

'fe § ol )+ ac avs
CL . KPWR . 8in ‘a- ao_ - Ao:t + AC_U sin ‘a+ 6'!‘) (4~1)
0,0 A i. / \

- is the basic wing referense arva,

« '}s the extonded wing area including the chod extensicn due to
both trafling- and leading-odge high-list devices.

{8 the power-off 1ift curve slope raeasured at the angle of zoxo
lift and based on the extendod wing ares (Paragraph 4.1, 1),

is the yatio of the power~on to power-oif lift curve slope

is the angle of altack referenced to wing root chotd for which
the 144 confficient will boe vstimuated,

18 the zero-Mft angle of attuck for an unbwisted wing and is
given by
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sin[-a )= AC’ c }.K (4-2)
0

e/ [y, RIR
Wheré:
ACL is the total increment in 1lift coefficient due to
wing trailing-edge flap deflection, trailing-edge

blowing, leading-edge high-1ift device deflection,
and leading-edge blowing ai zero angle of attack

(Section 4.2).
A% is the éffect of wing twist and is given by:
Aao
) 4"'3
Aat ) ] (4-3)
where:
Aao/ ] is the change in wing zero-lift angle of attack
due to a unit change in linear wing twist
(Figure 4-2),
6 is the twist of the wing tip with respect to the
root section in degrees (nogative for washout),
A linear distribution with span is assumed.
AC;1 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 4.3.

All pﬂmed coefficients are based on the extended wing area, S', whereas tha2 un-
primed coefficients are based on the reference wing area, S,
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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 KPW 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 Kpyg. 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, o, , The lift curve slope, C}, , may be obtained at other angles of attack,
a, (below su{ﬂ) by using the sine curve representation, which gives:

c! = C ) cosfa - a ) | 4-4

La) La o OL (4-4) :
°L

Equation 4-4 is applicable for both power-cff 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 C
curve slope, Cy,

E SLOPE - POWER OFF, The three~dimensional power-off lift
, is based on DATCOM (Reference 3-1, Paragraph 4.1.3.2),

o Jo
which expresses the lift ourve slope as a function of wing aspect ratio, msd—ohord

sweep angle, Mach number, and section lift curve siope. The subscript | refers
to the power-off value, In the present methodology: 0
’
o ) 27 A 4-5)
L 2 '
a/o ¢ o\2 tan. A
[ ()
B
where;
Al is the aspoct ratio of the extended wing area
A:: /2 is mid-chord sweep angle of the extended wing
B is oqual to l-l\d2 » where

M is free-stieam Mach number

‘= c;,a )0 / (2n/8) (4-6)

wheve ; ) is the two-dimensional power-off lift~ourve slope,
o 4-5
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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 with 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 1ift curve slope, cZ, » 18 estimated for clean air-
ajo

foils by the method outlined in DATCOM (Paragraph 4.1,1,2), which gives:
1.05 cz
02 ) = CL ) .ﬁ . 5 o (4_7)
a/o o /th £ o
th
where:
[
cz > = 27+ 4.7t/¢ [1 + 0.00375 ¢TE (4-8)
a/th

(baged on the Kutta-Joukouski hypothesis of finite velocity at the trailing
edge) where (DTE is the tota! trailing edge angle in degrees.

/o

lath 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,

Oga

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 cl / ¢ should be set equal to 0.75 for all Reynolds numbers. If full

o ath
boundary layer controi is obtained, as with adequate tangential blowing, the factor

cla/ ¢y should be set equal to one. This would be the case with flaps elthor retract-
Oty '
od or extended.

4,1.2 LIFT CURVE SLOPE - POWER ON, The power~on lift curve slope for an
augmented system (i, e., either an IBF or an EBF with partial capture) 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, Exocept for thrust vecior effects, tho
pewer-on threo-dimensional 1ift curve siope, c"‘a' {8 expressed in Equation 4-1 as:




L), * Xewr (4-9)

KPWR is the ratio of the power-on fo power-off lift curve slope.

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

2
k 1+
e |14

_ (4-10)
K =
PWR
w 9c’
1+ 2 k Ye
and: ? pwr A’
k : is the theoretical ratio of the two-dimensional

powered to unpowered lift curve slope and is given
by the Spence jet flap theory in Reference 4-3 as

k =1+0.151c vz, 0.219¢  (4-11)
pwr M, B

For the range of aspect ratios and jet momentum coefficients encountered with STOL
transports, Equation 4-10 may be approximated by:

KPWR B kpwr (4-10a)

The momentum r.:oeffic:iexlt.,C"J ,used in the expression for Kpwr 18 based on the
¢

captured fraction of the total jet momentum coefficient at the flap trailing edge.
C; . from Equation 4-34a and is dofined as:
TE

A
¢t ! T\.'E {(4-12)
“c “’I‘ii o '
where

AO/A | is the average jot capture ratio as defined in Soction 2,

The present methodology, which is based on the EBF/IBF analogy, uscs Equation 4-10
as a gingle expression fo}' KPWR for ali throe STOL concepts (IBF, EBF, and M}/
VT). Tho oapture ratio A ,/A, used in Equation 4-12 must correspond to the specific
STOL system, as summarized below:




e

57

IBF Ac/Aj =1,0

EBF 0 <AC/AJ< 1.0

1]

MF/VT A /A
¢ ]

The two-dimeasional momentum coefficient, ¢ "L , used in Equation 4-11 for k pwr is

assumed equal to C/ o 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"L . This is also consistent with the experimentally observed EBF/IBF
c

analogy for the 1ift curve slope as shown in Figure 4-5a,

3
i
E
4
&

F g
.

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-il. 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 cfa/ cfath used in determinaiion of the

31

unpowered lift curve slope, Cia) , should be held equal to 0, 75 for all blowing
. o :

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 < /c[ should be taken equal

RO

s
=
-
RE:.

to 1.0. The variation of ¢y / %, withC) would depend on the particular flap/

ARSI

slot/Jet geomet:sy and may be obtalined for IBF flaps from data of the type shown in

Figure 4-5b, A similar variation may be assumed for EBF flaps of the same geom-
etry according to the analogy assumption. :

3 Equations 210 and 4-11 for Kpyp and have been plotted in Figuros 4-6a and

- 4-6b ns & convenience in estimating the 11ft curve slope ratios, Included in Figure

) 4-62 are IBY and EBF test data from Reforonce 3-11, where the EBF is for the fully

3 captured case, viz. A_/A;~ 1, Tho correspondence of both types of blown flap data
with the thoorxy for thia oasc is clearly shown. Numorvous correlations of IBF, EBF,

3 . amd MF/VT test results with Equation 4-10 are prusentod in Reference 3-11, Other

' ' correlations of K from Reference 3-11 cre shown in Figures 4~5¢ and 4-5d for a
triple-slotted £ef and o plain IBF, vespoctively, The EBF data aguin compares
favorably with Equation 4-10, although soms of tho IBF data at large flap deflections
shows largor ‘S)wr values than predicted by Equation 4-10,

4-8




SAMPLE PROBLEM

GIVEN;
st .
§_= 1,609 QTE 14.1 deg
A =80 O on ™ 260
Ac/4=25deg _ cf/c = 0,706
' —1 —
t/c' = 0,125 Ad ) .
M=0,10 éi EBF
-é'g) =1,00
A' = 4,972 (from DATCOM) Aj/IBF °°
Ac
1 = v =
Ac/z 20,01 deg Aj IMF/VT 0,0
CALCULATE:

1. [ with Equation 4~7,

B=y1-M2
B=/T-,01
f= 0,996
2. Two~dimensional theoretical power-off lift curve slope with Equation 4-8.

c‘;& \ = 2w+ 4,7 t/cf [ 1+ 0,00375 QTE]
'H /o

= 2r +4,7{0,125) { 1+ 0,00376 (14.1)]
= 6,902 rad”?
3. Two-dimensional power-off 1ift curve slope with Equation 4-7,

A, EBF and IBF

N R L o IS AR AT L
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“
¢\ =g¢ . .12.25. . 4]
Lo B °,
) [}
TH/o aTH
%
¢ =1,00 (Full BLC effect is assumed)
%
%y
1.05
1 = —————
c!) 6.902 (0.995) (1.00)
/0
= 7,284 rad 1
B, MF/VT
(¢]
N 1,05 L
TRTARE
/o  "CTHJ/o B "
TH-©
%
a =0,75 (Zero BLC effect)
C
Laqy
1,06
§ = mrr————
% ) (6.902) (0.995) (0.75)
[ X}

= 5,4626 rad "
4. « with Equation 4-8,

A. EBF and IBF

cl
K “QJQ

2?/’3
N 7.284 X 0,006

2w

21,1634
4-10

o Lyt e i o Y
LRl f‘h.:-;*




B, MF/VT

_ 5.4626 % 0,995
- om

K

= 0,8651

5. Lift curve slope, power off, with Equation 4-5,
2rA!

Ci) N 2 2
tﬁ t
(e ().

K

A, EBF and IBF

21 (4.972)

ct \ =
La)o \/(4.972 x 0;995)2 ( tan” 20.01 \
2 + 1+ ————

-

1.1534 o )¢

=4,413 rad"l
B. MF/VT

. 27{4.972)
CL)
aJjo

) ) . 2
- (4,972 0.995)2 Ll 20.001)
\  0.8651 0.99

= 3,715 vad
6. Capture fraction of the total jot momentum coefficiont at the flap trailing edgo.

A, LEBF (Equation 4-34a)

(Cu-; CDRAM) (

8'/8

- 0.' 9 ool fo
1 12 cf/c.)

¢t =
Pre

4~11

VLS b SO e e R B T B S A

e LAY - O PN EY R H S S

<
¢




(1= 0.17) [(1 = 0.12 (0.706)]
N 1.€09

CI
uTE m

= 0,472
1. IBF (Equation 4-34b)

T
¢t =

H 1
Fop 8'/8

AC“ -/CP = 0.16 (From Figure 4-17)
1.409

CY
hrE

= 0.5221
C. MF/VT (Equation 4~34a without the 1 - 0.12 o},/c tarms)

Cc,.-C
J DRAM

1
¢ s'/8

frE
_1-0.123
1,609
= 0,5451
70 C;‘ With Equaﬁ.Oﬂ 4"120
¢

A. EBF | 3

= (0,472) (0.935)

= 0,441

4-12
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=1,0 (IBF Concept)

c' =0,5221
B
e

C. MF/VT

/

A

e Fre Aj

Kc

< - 0.0 {MF/VT Concept)
}

c' =0.0

8, Ratio of the two-dimensional powered to unpowered lift curve slope with
Evuation 4~11,

A, VBF
1/2
k a ) +0.131 ¢ +0.219 ¢
pwr Bo be
=1+ (,151 l0.441)1/2 + 0,219 (0.44 1)
= 1,1969
thun

K k  from Equation é-10na
pwEY

PWR
= 1.1969

4-13
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B, IBF

i .'
1/2 +0.219 ¢! '

k =1+0,161 ¢! :
ke ’

PWY ke

| = 1+(0.151) ( 0.5221)™2 + (0.219) ( 0.5221)

K = =1,
PWR kpwr 1.2234

C. MF/VT

1
k =1+0,151 ¢} /2 +0.219 c!
pwr Fe ke

=1+ (0.151) (0.0) + (0,219) (0.0)

KPWR = kpwr =1,00

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

A, EBF
1 - 1
CL CL ) ‘ KPWR
o oo

C! = (4,473/rad) (1.1969)
LCX

= 5.35 ra.d-l

B. IBF

C' =C' . T
X
Ly Ly, “Pwr

C'L = (4, 473/rad) (1. 2234)
o

o 5,471 rad” )

¢, MFP/VT

] = $
L *S. ) * Rpwr
(4 4 «/0

= (3,716) (1. 00)

«3.715 tad"
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4.2 LIFT AT ZERO ANGLE OF ATTACK

The method for estimating the increment in 1ift coefficient at zerc angle of attack due
to leading- and trailing-edge high-1ift devices is based on thin airfsil 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:

C N/2 '
7 La I ? 4
ac’, = - Ac, «AK +z acd,  -Ac +BK (4-13)
wa L foL o o, -\ TE TE /., 1
where ,
C, C
L K
o) _ Iy )o . “Pwr (4-14)
- 1
c C k
&/ on i’,a ) o) pwr
and
sl ) is from Equation 4-5.
Ly /o
¢ é ) is from Equation 4-7.
alo
KPWR is from Equation 4-10,
k is from Equation 4~11,
pwr
Acé is the power-off section lift increment at a=0,

0 discussed in Paragraph 4.2.1.

AI% 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 iIncremeni at a= 0, discussed in Paragraph 4.2, 2

Ac' is the power-off trailing edge flap section 1ift incre-
‘QTE ment at @ = 0 with the same amount of BLC effect ag

used to determine Ac 9 discussed in Paragraph
4.2,1, TE

AKb ‘i the partial-span blowing factor discussed in
n  -Paragraph 4,2,3,

4-17
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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:
C

, L

AC! = o Aet . (4-13a)
Lome o , [ {rg 1%0]

@ /ON

when the flap span and blowing span are agsumed 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:

cﬂa = 2 [ef +sin 6 | (4-15)
where
cos Of =1~ 2(c'f/c') (4~16)

This expression ic plottad in Figure 4-6 as a fixiction of flap chord ratio, The theory
considers only a bent flap plate and does not include effects of thicksess or large
deflection angles, 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:

Ac =mM_+ g + 0 (4-17)
ITE P 08 f
where
"IP is the plain flap efficiency factor from Figure 4-7 depending

on the flap defloction angle, & » plus the upper surface angle
at the flap trailing edge, Opg.

¢ is the rate of change of lift with flap deflection at constant
& angle of attack from Equation 4-15 or from Figure 4-6,
8 £ is the flap deflection angle in radians,

4-18




This procedure is extended to sirgle-slotted flaps with Fowler motion by simply
basing the lift coefficient on the extended chord and evaluating ¢ ata flap chord

ratio based on the extended chord, The flap efficiency factors, ng, ,given in Figure

4-8 are to be used for this case, Thus, for single-slotted flaps with Flower motion,
the flap lift increment becomes:

Acﬁ' = Ng c£8- ] (4-18)

A further extension of the procedure is made to include the incremental 1ift 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 1iff incre-
ments for each flap segment for the respective deflection angles,ﬁfi, and overall

flap chord ratios, C'fi/ ¢'. The result is:

zAc s Z"s $ O (4-19)

i=1 i i=1 i i
where
i is a subscript that indicates the 1st, 2nd, 3xd, etc. flap
segment of double- or triple~slotted flap,
I is the number of slots or segments in the flap system.
7 is the slot .ed flap effiociency factor from Figures 4~9 and
SI1 4-10 for the jth flap segment as a function of 6’f
i
¢ is the lift effectiveness from Figure 4-6 for the ith flap
8 segment (function of c'fi/ Y.
8 18 the flap doflection of the ith flap segment,.
k) i

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

K It should be noted that the chord lines, cf, , for each flap segment, shown in Figure 4-11
as well as Figure 2-1, is the chord line t%mt will coincide with the basic airfoil chord

line when the flap segments ave retracted. The flap deflection, &., therefore is defined
as the angular travel this chordline makes with respect to the preﬁeding flap segment '
as shown in Figure 4-11,

4-19
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The effects of leading-edge high-1ift 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, CIZ )L , as plotted in Figure 4-12 is:
SLE

c! = 2(3156 -6 ) (4-20)
125) IE LE " 4LE

where

(4-21)

cos 8 =1- 2(cLE/c')

LE
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;Z , is:
LE

(4-22)

where

c(') \ is from Equation 4~20 or Figure 4-12,
sILE
8 is tho leading-edge deflection angle in radians as defined in
LE X
Section 2, positive nose down; therefore, ¢ ES)LE is negative,

The summation of the trailing-edge and leading-edge flap lift increments gives the
total power-off section lift increment due to deployment of high-lift devices shown

below:

Ac} Ac'z + 8o, tc, (4-23)
0 TE Li 0
where
Ackz Is from Equations 4-17, 4-18, or 4-19,
TE
Ac} i& from Equation 4-22,
LE
¢ is the 1Y coefficient st zoro angle of attack for the busic
0 cambered airfoil, (See DATCOM Paragraph 4.2.1.1 for

inethod of estimation.)
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The two~dimensional power-off 1ift increment ai 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! La)o [A 1. AK ] (4-24)
- 1 c 3 -
Lwing)o cfa )o 4 0 by

In the above equation and also in Equation 4-13, the flap partial span factor is used

to correct the entire increment in liff at zero angle of attack., This is approximately

correct since Aclj and 017 in Equation 4-23 are very small compared to Ac' .
y;

TE
These two terms generally have opposite signs and therefore tend to cancel eanl’f
others effect.
The increment in lift at zero angle of attack due to the trailing edge flep, ACL
which is by far the largest portion of the total increment, ACLwi ,1is
ng’
correlated with test data in Figure 4-13 for many flap configurations and wing plan-

forms.

TE

4,2,2 POWER-ON LIFT INCREMENT, The lift effectiveness, Cp 5’ 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 remuins thin and shallow in downward displacement, Spence

obtained the following equation for lift effectivess power on:

= 2(0f+sin Of).+ 41rDO

¢
Is
0f {g defined in Equation 4-186,
Dy is the Fourier series coefficient defined as a function of Jet
momenturn coqfflcient and flap chord to wing chord ratio.

This equation is plotted in Reference 3-18 for various values aof flap chord suto and
over a range of jet momentum coefficiants {rom 0 to 5. For convenience, these

results are presented in Figure 4-14, The cross~plot of ¢g, versus flap choxd ratio

at a Jet momentum coefficient of 7eroe 18 idenuuu to the power-otf thin sirfoil theory
shown {n Figure 4=6, :

The twe=dimensional trailing-edge flap lift inerements, Ac'§ TR for an airfoil with a
blown tlap (either IBF or EBF) {8 determined from the same =ét of cauations usad for

power-off calculations; i.e,, Equations 4-17, 4~18, and 4-19, However, the power-

on values of the flap effectiveness parameter, ¢ 5’ are obtained from Figurc 4-14,
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The power-on flap efficiency factors np g, and fgp are taken as equal to 1.0 for

IBF systems and for EBF systems with full BLC eftectiveness, 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 ¢, is the
deflection angle of the flap, &;, plue the upper surface angle, ¢ TE® For the EBF,
the normal flap deflection angle defined previously in connection with the power-off
case (e.g., Figure 4-11} is used,

Correlation of two-dimensional test data for sirgle- 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 coeificient, 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, OL , 18 used to determine two-
dimensional flap effectiveness values from Figur§ 4-14, The value of n' is obtained

from the corresponding three-dimensional jet momentum coefficient, C' , based on

S' through the relationship: He
8
t
b Sj be

where for IBF systems

'
S,

is equal to the extended wing area spanned by the blowing
nozzle,

and for EBF systems

Sj' " is equal to the area that is bounded by the extent of the wing
gpan 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 entive exposed span of the wing, For a minimumn
spreading, ¢ L diffors for each jet and must be based on the area ij ,n=1, 2, ,.N,
covered by the’ jets from each of the N enginss, Thus,for minimum apmadmg

C'
s te . _8 | (4-27)
“c)n : N o S'j
_ n
where ‘El'jn .shown_ in Figure 2-6 is dofined as:
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is the diameter of the nth jet stream at the flap frailing edge
assuming a six-degree jet expansion angle due to mixing.
(See Section 2.)

¢! is the average extended wing chord at the spanwise station of the
) n 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:

N/2
AC} =§: Ac! - Ac/’e \
pwr pne1 | LrE TEo)n

where

Ac! ie the power-on increment due to trailing-edge flap deflection
TE and blowing from Equations 4-17, 4-18, or 4~19 with full BLC.

is the power -off increment due to trailing-edge flap deflection
and blowing from Equations 4-17, 4-18, or 4-19 with full BLC
at ¢! =0,
W
¢
is a subsoript that denotes each nacellu location on a wing

semi-span,
The summation is takon over only one wing panel because of lateral symmetry.

As discussed in connection with the lift curve slope in Section 4,1, full BLC effective~
ness 18 not achieved on EBF configurations whon sufficient jot efflux does not pass
through the flap siuts and onto the upper £l , surfece, This lack of BLC effoctivencss
gonerally ocours for low engino positfons without upwuxd jot deflectors and/or with
gmall flup deflection angles, as used during takeoff, Even for these configurations,
howevor, partlal BLC effectivencss may occur at the higher values of jet momentum
coofficient if sufficient jot mormentum penetrates through the slots and reattaches to
the upper-surface flap boundary layer. Partial BLC effectivenese may also ocour at
very high angles of attack because the jet tonds to be deflocted 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 arbifrary engine and flap geometry has not been developed. In

lieu of such a method, the methodology for the EBF lift curve slope hag been presented
in Section 4.1 for the limiting cases of full and zero BLC effectiveness. Similar

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

i AT

o AT AR AN TR A T AR SE S

L A

s

The limiting condition of full power-on BLC effectiveness was discussed in the pre
ceding section. To obtain the flap liff increment, AC] ine’ for the zero BLC effec-
tiveness limit, the term C /c1 o on and the term involving Aci o in Equation 4-13
should be based on zero BLC values. Thus, the power-off flap efficiency factors
from Figures 4-7 through 4-10 are used in estimating this Aclf o term, On the other
hand, the summation term in Equation 4-13, which contains AC&TEO is asgumed 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 BLOWING. The methad for estimating partial span
effects on flap lift effectiveness is cutlined 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, Ky, in Figure 4-16, where:

[ = N ¢ 4-30
ACY art = v ACL) el (4-30)
span span

i A s A

The span factors in Figure 4-16 were obtained for wings with aspect ratios from 1.5
-4 through 12 on sweops of zero through 45 degrees. For flap spans or blowing spans i
K that do not extend to the sircraft centerline (fuselage outouts) or to the wing tip ;
(ailaron cutouts), the factordk, is determined as shown in Figure 4-16:

AKX, - K - K (4~31)
: b b b i
3 0 outboard inhourd

In the present mothodology, these same span factors are userd not only tor power-off
flap configurations and IBF systems, but for LBYF systems with less than full span
spreading. For ease in estimatingaK), for short blowing spans {such as EBF with
. winimum sproading), the slopes dK;/dn are plotted in Figave 4-16.  The partial

;’ span factor for an individual engine nacelle beoumes:

d R\ J
b

L (4-32)

bn an /)nn by

where;

an 7 is obtained from Figure 4-16 fer 3 value "n at the joi center-
" line.
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SAMPLE PROBLEM

GIVEN:
5f1 = 28.4 deg SLE = 51 deg
L
5, = 16.4 deg Cs /e'=0,145/1, 609
£ LE
= 0,0901

8, = 15,0 deg

f3 Outboard Flap End = 0,99
.cf’/c’ = 0.439 Inboard Flap End = 0.10
1 A=0,333
¢! /e'=0.269 n = 0,325
f 1
: 2
; cf /c'=0,1326 | Ty = 0.5580
3 p
il
= . A = = 0. 1
d)upper 12.2 deg "}1 5 /2>1 688
N=4 | d,
A = =
CALCULATE:
1. Ratio of lift curve slope (3-D to 2-D) from Equation ¢-14.
¢ ¢! \ . '
Ly Y Rpwn
—— 7
c, ¢ ko
1)
Qo / on ia ) o Pw
- A. EBF ,
C ) = a4
E i L a)g
% : From
: 3 0'1 ) = 7,284 \ Samplo Problem
. Section 4.1
KPWR




) 4418

7.284 (1.0)

i

0.6141

From Sampie Problem
c' ) = 7.284 > in Section 4.1
o

= 1,00 y

. From Sawple Problem .
cl?a>° .483 . in Section 4.1 a

3 2. Two-dimensioral it osofficient at &= 0 for EBF, IBF and MF/VT.

e ; = (.25 from DATCOM
o
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3. Increment of lift coefficient for trailing edge flap with Equation 4-19,

A, EBF and IBF

n . c L)
e, -3 f
TE i=1 & i

n = 1;0

M. = 1.0 Full BLC effect assumed.

(o]
#

3.94 ¥ From Figure 4-6,

2.84

(=]
H

53 82:5)”1 0)(3.94) <s7129:)+(1'0’(2‘84)(5?1.5295)

2,4139 +1.128 + 0.743
4,285

e’ = (1.U)(4. 37)(
lrg

B

)

B. MF/VT

T, = 0,77
M, = 0,97
O.Gnsff‘

8.4
. 295

16.4 15
)

s = e sn( ) 0. on( bl 0. 008 80 (5 a

f frpl
T e 1aBBET + 0, 8684 + 0, 4521

i

. C = 3am

2
<
2%

N
.

X7
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4, Increment of lift coefficient for a leading edge flap with Equation 4-22 for EBF,
IBF and MF/VT.

LE 2'6 LE LE

c}z = -0.073 From Figure 4-12
6/LE

51
Aet = (-0,073) (—-————)
b 57.295

= -0,065

5. Total power-off section lift increment with Equation 4-23.
b a
Acl. ~Acz +A°’z +C£
o} TE LE 0
A, EBF and IBF

OAC(I = 49286 = 0.065 + 0.250

o

= 4,470
B. MF/VT

0

= 3.364

6.  Partial span flap factor for EBF, IBF and M¥/VT using Equation 4-31.

AK, <K - K
o outbnard “inboard

= (0,906 From Figure 4-16

outboard
x\b = (,133 From Figure 4-i6

inboard
»M% = (), 8568

0

7.  Partlal span blowing factor with Equation 4-32 {0 = 1,2),

d R i
ax, =2 L L
a v n /”?n /3

428

o s o1 1 s




= 1.051

AKb = 1,250 + 0.1688
1

[0

0.211
1.051 » 0.1539

i

o,

2
= 0.1617

From ¥Figure 4-16

From Figure 4-16

B. IBF and MF/VT — Not Applicable.

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

A. EBF
_ ¢!
i

) -
“ N
¢in Jn

where:

¢ =0,441
78
a

é’s'/S:T = 2,431
1

8'/8 = 3.280

2

o' = D.4dl - 2.48)
"

¥ 1.0041
# 0'4“1 ¢ 3.23&

From sample problom in Section 4. 1
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B. IBF

¢ =0.5221 From Section 4.1.

C. MF/VT — Not Applicable.
Theoretical lift effectiveness using power-off geometry.

A, EBF

c = 6.69 Y
£
24
cg = 5.78 »  From Figure 4-14.
331 .
c£ \ = 8.10
5x)2 y

B. IBF
c = 6.31 3
81
c . = 5,47 y From Figure 4-14.
82
c = 4.48
dg P

C. MF/VT — Not Applicable.

4-30




10.

11.

Power-on lift increment for the trailing-edge flaps from Equation 4-19,

1 I
Ac = z ! = z . .
bre ae hre nSI C% g
A. EBF
Inboard Jet (n = 1)
28.4 16,4 15
! = . + . prasaam— + .
Ac, = (1 69) (57255 * (669 (57355) * © 78)(57.295)
= 8,812 +1.915 + 1,513
= 7,240
Qutboard Jet
28,4 16.4 15
t = e ]
ae, .10 (757 * (. 32) (577555 * (649 (57393
= 4,015+ 2,095 + 1,689
= 7,799
B. IBF
28.4 16,4\ . 15+12,2
= + —_—
aet = (6.81) (g5) + 640 (550 ) * (248 S355 )
= 38,1277 +1.5657 + 2.1268
= 68,8202
C. MF/VT — Not Applicable.
Power-on lift increment, Ac’ , using the following terms extracted from
Equation 4-13. {pwr
N/2
o ’ [}
2 Ac,  -ad, AK,
TE TE n
n=1 o/n
A. EBF
Ac! =/Ac¢' - Ac' +/Ac! - Ac!
Tpwr \ ’ZTE>Kb1 ( "TE>K!’2

Il

]

1l

(7.240 - 4,285)(0,211) + (7,799 - 4,285)(0.1617)
0.624 +0.568
1,192
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5/2

AC' = Ac' *‘AC' .
Q‘PWR n=1 ( fTE IZTE)O Kbo
= (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 4-15.

L N/2 /
AC! =%} |Ac, - AK +z A, -AC N
L £ b TE zTE bn
WING n 0 0 =1 o/n
A, EBF
act = (0.6141) [(4.470)(0.858) + 1.192]
WING
= (0.6141)[ 3.835 +1.192]
= 3,087
B. IBF
act = (0.6141) [(4.470)(0.858) + 2.175]
WING
= (0.6141)[3.835 +2.175]
= 3,691
C. MF/VT
AC! = (0, 680) (3.364)(0.858)
“WING

= 1,963
4-32




SRR TR i S T AL T B N L CTR= QR e

and o /¢
£

i/

¢

FLAP CHORD RATIO

Figure 4-6, Theoretical Lifting Effectiveness of Trailing-Edge Flaps
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Figure 4~7. Turning Efficiency of Plain Trailing-Edge Flaps

O NACA 23012 AIRFOIL  4-B, 4-6, 4-7
A NACA 23012 AIRFOIL  4-8
= O NACA 65~210 AIRFOIL 4-9 -
.. § CONVAIR AIRFOIL 4-10-
.. 4 NACA 64-213 AIRFOIL 4.1 |
: N NACA 4412 AIRFOIL  4-11
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Figure 4-8, Turning Efficiency of Single-Slctted Flaps
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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:

1
A%, sin(_oz+6T)

W
where
' ‘ST is the effective nozzle vectoring thrust angle with respect to
the reference line for angle of aitack and 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' + C >/1 -A /A\ (4-33)
b\ THpp Dpag/NTTC i)
For EBF systems < ) < )/
C ={Cc -C 1-0.12¢/c)/8"/8 (4-343)
heg \ My Pram E
Tor IBY systems . ( ~AC /C
7 | C “T \1 S R
o (4-34b)
Moo s7s
TE
where
Ci} is the rain drag npased on the extended
RAM wing area,
Ec/A | is the average capture ratio of ali englno
jots (for IBF, :\c/.*\j = 1,0),
(i - 0.12 ¢'/0) is the estimated fraction of the EBF jet
f momentum remaining at the flap tralling
edge and is based on the total flap chord
ratio, cé/{, (Sorubbing loss,)
(1 - ac, /Cy) is the estimated fraction of the IBF jot

momentum remaining at the flap trailing

edge and is based on the ratio of the flap

chord to the jet nozzle height, h op' 48

gshown in Figure 4-17, (S8crubbing loss.)
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GIVEN:

SAMPLE PROBLEM

R
n

10 deg

= 0,935 (EBF case)

(=4
i}

-3.5 deg (EBF case)

= 0.0 (MF/VT casge)

5 = 69 deg MF/VT case)

- = 1,00 (IBF case)

CALCULATE:

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

A,

SR CAIRT A SO
TR RAM ’

EBF

A
it
o
Fre
-3
h_\

TH From sample problem in Section 4. 1.
0.108

(@)
U-.

AC& = (0,472 + 0. 165) (1 - 0.945) = 0.038

IBF - Not applicable = 1.0

>»! >4
A ad o

-1

R SR oAt SRR b O L A e T A G R U L T R e o T

e i

Wi g

ot

o,
L

e IR

"4

Ty



Chpp = 0.5451
c! = 0.076
RAM
acy, = (0.545+ 0.076) (1= 0.0) = 0.621

2, Direct thrust vector effect:

t
AC! sir (@ + GT)

p

A. EBF

AC), sin (@ + GT) = (3.088)gin (10 - 3.5) = 0,004
B. IBF — Notapplicable

C. MF/VT

&C;, sin (@ 8,) = (0.621) sit (10 + 69) = 0.610
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Figure 4-17, Incremental Loss in Blowing Momentum
Due to Blowing Over the Flap (IBI)
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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=
pcients 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 Cy, in the linear
range follows.

SAMPLE PROBLEM

GIVEN: a = 10 deg
e = 4.5 deg
CALCULATE:

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

sin(-a >= ac! /[c’ ) PK } 4-2)
°L Lwing Lyly PWR

A. EBF
Lc! = 3.087 from samplc problem in Section 4.2,
Lyme
:3C'L o= 4.473 from sample problem in Sectien 4. 1.
(V'
0
KPWR = 1,196%  from gample nroblem in S‘uctign 4.1, .
- e ) 3,087 )
OL {4.473)(1. 1969)

= é;in"1 (0.5766)

& 35,21 dey

447

£ LR A AR ) e

S VST,

PRI AR TS R it G




2.

The offoct of wing twist, given by Equation 4=3, for EBYF, IBF and MF/VT,

8
t

b

Ao

N
ag v g

AOLr

3.691 from sample problera in Section 4.2.

4,473 from sample problem in Section 4. 1.

1.2234 from sample problem in Section 4. 1.

o 3.691
S\ 4.473)(1.2234)

sin™'  (0.6745)

42.41 deg

1.963 from sample problem in Section 4.2.
3.715 from sample problem in Section 4. 1.

1.00 from sample problem in Section 4.1.

Bin—l ]u &63
(3.715)(1.00)

gin™! (0. 5284)
31,80 deg

(Aao/al = o, 3876 from Figure a=2.

= (=0.3875)(=4.5) = 1.74 dog

448




3. The total wing 1if* at an angle of attack, using Equation 4-1,

S' ’ R ( !
= — . « 8i - & - A + A i n+ 6 4-1
CL S CL ) KPWR sin (&= & ozt> CU' sm< T) (4-1)
: a/o A L
A. EBY
C'L = 4,473 from sample problem in Section 4. 1.
o
0
KPWR = 1,1969  from sample problem in Section 4. 1. g
ACL = 0.038 from sample problem in Section 4.3. :
C, = (1.609)[(4.473)(1.1969) sin (10 + 35.21 - 1.74)
@=10deg . 4, 038) sin (10 - 3.5)]
= (1.609)[(4.473)(1.1969) sin (43.47) + (0.038) sin 6 5)]
= (1.609) [3.683 + 0.004]
= 5,932
B, IBF
Ci = 4.473 from sarple problem in Section 4. 1.
o
Q
K PWR = 1.2234  from sample problem in Section 4.1,
AC"‘ = 0.0 from sample problem in Section 4.3.

CL = (1.609) (14.473)(1,22° 4 adn (10 + 42,41 - 1. 74)]
= (1.609)(4.473)(1.2234)(0. 7735)
= 6,811

C. MF/NVT

C'I = 3.715 from sample problem {n Section 4. 1.
o
0
pr“ = 1.00 from sample problem in Soction 4.1,
acy w 0.621 from sample problem in Soction 4.3,
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C. = (1.609) [(3.715)(1.00) sin (10 +31.89 - 1.74) + (0.621) sin (10 + 69)]

= (1.609) [(3.715)(0.6448) + (0.621)(0. 9816)]
= (1.609) (3. 005)
= 4,835

CORRELATIONS

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
configurations used for correlations are with leading-edge Krueger flaps deflected

5% degrees and with a leading-edge jet momentum coefficient equai to 9.10.

The EBT calculations for the wing with a triple-slotted {lap (éf = 60 deg) are compared
with test resuits 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
agrsement with the test data (power-on) when assuming full BLC. Although the power-
on calculations for lift with full spreading lie somewhat closer to the test data than do
the calculations based on a minimum apreading angle of 6 degrees, the relative in-
gensitivity 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 effectiveness (no flc ¥ separation) and without BLC effectiveness
(flow separation baged or the flap efficiency factors in Figure 4-10). Test data indi-
cates that tlap separation is slightly less severe than predicted.

Figure 4-19 depicts a similar comparigon but with the engines lowered to Pogition E,
for which the capture rotio has been reduced to 0,579, In this case, the jet efflux no
longer passes through the first flap slot, and all computations are baged on the same
degree of flow separation ag for the power~off cage. The tr st data shows somewhat
higher lift curve slopes ut all values of blowing coefficient, Cy, than do the computa-
tions. Computed lifi curve slopes are agsumed to bo reduced from full potential flow
thoory values by 25 percent because of flow separation, as discussed in Paragraph
4.1, 2.

Figure 4-20 compares thy methodology and test results whe the engines in Position I
are tilted upward by 15 degroes so that the capture ratio ig increased from 0.379 to
0.997. In this cage, the mothodology is similar to that for Figure ¢-18: thorefore,
full BL.C effectiveness has beon assumed for the power-on computadons,
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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 Pogition A (high),
fcr which the jets pass through the first flap slot., All power-on computations have
trnerefore been based on fufl BL.C offex’iveness. The discrepancy in the power-off

lift curve in Figure 4~21 may once again be a.ti:buted to smaller effects of flow
gseparation in the data than predicted by the methodology. The comparisons shown for
the 60~degree double-glotted flaps in Figure 4-22 indicate that ful! BLC effectiveness -
was not approached for this flap configuration until the C“T values exceeded 1.0.

Figures 4~23 and 4-24 compare the methcdology with test data for low-cavture-ratio
single-sletted 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 failsd 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 comparigons. Thusg, with increased flap angie
and capture ratio, as in Figure 4-24, the extent of the linear region is increased and
the correlation between methodology and lift data is improved. Inthis case, the
methodology appears to slightly overpredict 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,
ror the IBF computations, the full BLC effect was assumed for power-on conditions,
whureas power-off 13t sglimates were based on plain flap efficlencies 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 defloction, except that full BLC effectiveness is apparently not
achioved for C“, alues below 0.5, In additicn, use of Ny, from Figure 4-7 appoars to
somewhat overestimate flap officiency for the power-off condition. Similar results arve
showu in Figure 4-27 for tho 45-degree flap deflection, except that the power-off lift
estimate using Figuro 4-7 lles cloger to the tegt data, Comparigsons for the 60-degroe
flap deflection IBY configuration are shown in Figuroe 4-28 and once again indicate that
full BLC offectiveness is established at C; = 0.5. In this case, good agreement is ulso
‘\dlcumd for the power-off lift in the lmem‘ range of the test data.

Figures 4-29 and 4-30 compare methadology amd teat data for Mi/VT configurations
with the jots ina low and reavwird position (Position ¥), Tho comparigon in Figure
4-29 is for a double~glottod flap with 30 dogrees of deflection and with an effective
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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 lft 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 af. the

higher Cy; values than is predicted by the methodology. Thus, a small favorable inter-

terence effect is observed. The drop-off in test data for lift at low angles is believed
due to leading-edge ssparation, as discussed previously.

The comparisons in Figure 4-30 are for a triple-slotted flap with 60 degrees of deflec-

tion and with an effertive thrust vectoring angle of 69 degrees. No power-on BLC
effect or supercirculation is agssumed. 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 Hnear range for the reasons menticned in connection with Figure 4-29.

NACELLE LOCATION A :{(./A) 0.915

—— WITH BLC EFFECT (6 DEG SPREADING

{F: GDLST 612
- = WITHOUT RLC KFFECT HEE s e
—= WITH BLC EFFECT (FULL SPREADING) NE24-2
BLOWN LEADINGSEDGE KRUFSER (570,80 53 DEG, € 0.0
o 1N
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Figure 4~18, Correlation of Lift Genoral-

f2ed Mothodology with EBF Test Data,

A=8, l\ /47 25 Degrees, Triple-Slotted

Flap (64 = 60 Dogrves), Nacelles Uigh

Correlations between the lift curve
from the methodology and test data for
two additional aspect ratios (7.1 and
9.5) with wing sweep of 25 degrees are
ghown in Figures 4-31 and 4-32., This
data 18 with the triple-slotted EB¥ at
60 degreos. The theory under-
predicts the togt data at an aspect ratio
of 7.1 (Figure 4-31) and shows a slight
overprediction at an agpect of 9.5
Tigure 4-32),

Correlations between the lift curve
from the methodology and test data for
wings with quarter-chord sweoeps /f
12.5 and 35 degrees, with aspect -atlo
constant at 8, are ghown in Figures
4-33 and 4-34. This data {8 also with
the triplo-glotted EBF at 60 degrees.
The correlation is good at all blowing
coefficionts at beth wing sweeps.
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NACELLE LOCATION E ‘6'1‘ + =3,6 DEG) Xc/.\) = 0,679

REF: GDLST e12-3
RUNS 721=T24

BLOWN LEADINU=EDGE KRUEGER (15%¢, 61 = - 55 DEG, CUL. 0.1
C 10

~em e WITHOUT BLC EFFECT

g
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Figure 4=19. Correlation of Lift Generalized Methodology with EBF
Test Data, A =8, Ay/4 = 25 Degrees, Triple~Slotted
Flap (6¢ = 60 Degrees), Nacelles Low
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rigure 4~20, Correlation of Lift Generidized Mothodology with EBF Test
Data, A = 8, A,/y = 2 Degroes, Tripie-Slotied Flap
(8¢ = 60 Degrees), Nacelles Low with Thrust Deflected
Upwaxd 15 Degroos
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Figure 4-21, Correlation of Lift Generalized Methodology with EBF
Test Data, A =8, Ag/4 = 25 Degrees, Double-Slotted
Flap (éf = 30 Degrees)
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Figuro ¢~22, Correlation of Lift Ganeralized Methodology with EBY
Tost Data, A = 8, A /4 © &6 Dogrees, Double-Slotted
Flap (cfsf 2 60 Degreos)
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Figure 4~23, Correlation of Lift Generalized Methodology with EBF Test
Data, A =8, A,/4 = 25 Degrees, Single-Slotted Flap

(df = 30 Degrees)
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NACELLE LOCATION A (, - 0 Xc/.f\j - 1.0
3
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Figure 4-25, Correlation of Lift Generalized Methodology with IBF Test
Data, A =8, A, /4 = 25 Degrees, Plain Blown Flap
(8 §= 15 Degrees)
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Figure 4-26, Correlation of Lift Generalized Methodology with IBF Test
Data, A =8, Ay/4 = 25 Degrees, Plain Biown Flap
(éf = 30 Degrees)
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Figure 4-27, Correldtion of Lift Generalized Methodology with IBF Test

Data, A=8, A, /4 = 26 Degrees, Plain Blown Flap
(6§ = 45 Degrees)
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Figure 4-28, Correlation of 1ift Generalized Methodology with IBF

Test Data, A = 8§, Ag /4 = 26 Dogrees, Plain Blown Ylap
(6¢ = 60 Degrees)
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Figurs 4-29, Correlation of Lift Generalized Methodology with MF/VT Test
Data, A =8, A, j4= 25 Degrees, Double-Slctted Flup
{8 = 30 Degrees), Thrust Vectored Downward 37 Degrees
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Figure 4-30, Corralation of 1Lift Geveralized Mothodology with MF/VT Tost
Data, A =8, A, = 20 Degrees, Triple-Slottod Flap
(6f = 60 Degroees), Thrust Vectored Downward 69 Degreos
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Figure 4-31, Correlation of Lift Generalized Methodology with 4
EBF Te<t Data, A=17,1, Ac/4 = 25 Degress, :
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expression:
SI
L. "%
MAX
where:
C
Ilel;AX
0
ACI',
NMAX
O E
AC‘L
MAX. g

All equations required to estimate tho various torms in Equation 5,1 are also shown

The maximum lift coefficient is estimated by assuming that CLMA
shown i.. Figure 5-1 from the sum of the three componenis indicated in the following

SECTION 5
MAXIMUM LIFT

L L L (6-1)

is the maximum lift of the basic c¢lean airfoil
(Scction 5.1).

is the increment in maximum lift duc to the
deflection and blowing of a lcading-~cdge high-1ift
device. This increment is measured without a
trailing edge (Section 5,2) and is based on extended
wing area,

is the increment in maximum lift due to the deflac-
tion and blowing of a trailing-cdgo flap system,
This inerement is moeasured with or without flaps,
slats, and/or blowing on the leading edge (Section
5.3) and is basod on extonded wing area.

in Figure 6~1, Thoe figure indicates tho paragraphs that furnish @ more dotailed

explanation of the terms,

is built up as
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5.1 MAXIMUM LIFT - CLEAN WING

An empirical method for estimating the maximum lift coefficient for a clean three-
dimensional wing is presented in USAF DATCOM, Paragraph 4,1,8.1, This method,
which requires the estimation of the two-dimensional section maximum lift from
DATCOM Paragraph 4.1.1.4, is basad on experimental data from high-aspect-ratio,
untwisted, constant-section (syn:metrical or cambered) wings. The generalized maxi-
mum liff coefficient is expressed as:

C =|———.c + AC (5-2)

where:

ACq is the empirical maximum lift incremont shown in DATCOM
(Paragraph 4,1, 3.4) due fo Mach numbher changes,

“Lyax
o is the empirical factor used {o correct section maximum lift
Imax coefficient for finite wiags, including corrections for wing sweep

and leading-edge radius (Figure 5-2).

c 4 ig the two-dimensional maximum lift coefficient as estimated

max from DATCOM (Paragraph 4.1.1,4) as shown in Figure 5-1.

Estimating the two-dimensional maximum lift coefficient cl)qu at the low Reynolds

numbers normally associated with powered lift testing requires that the empirical
data in DATCOM be wtirapolated to Reynolds numbers of less than one million, Tast
data in this Reynola: number range is presented in Figure 5-3. Included is data for
the NACA 644213 airfoil which was used on the basic Convair powered model, This
data is provided -3 a guide for estimating Cf}qu at the lower test Reynolds numbers,
ta

Usiny the value ¢ for maximum section lift coetficient from Iigure 5-3 which
max, "
corresponds to Convair test Reynolds number, tho wing maximum lift cocefticient,

Cy, VAX was obtained for the five wings tested and the estimated resuits are com-
pardd with the test values in Table 6-1.,

HEM




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

C o
Wing Aspect Leading Ay L L
Ratio  Edge MAX Cy, MAX
GE MAXY Of
Sweep ™Max 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 8.1 0.80 0,965 1,075 0.88
4 9.5 27.9 8.1 0.80 0.965 1,070 0.88
5 7.1 27.9 3.1 0.80 0.965 1,065 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 CLy AX/cfmax were taken as

0.89 inetead of the values indicaied 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 inciuded in the empirical correlations in DATCOM,
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SAMPLE PROBLEM -

GIVEN:
€44 415 Airfoil

ALE =27.9 deg

Ay = 3,1

M =01

o
U

1.21 from DATCOM Paragraph 4,1.1.4,
mex

f &3

ACL
max

1

0 from DATCOM Paragraph 4.1,3.4,

CALCULATE:

Maximum lift coefficient for the clean wing, using Equaticn 5-2, for EBF, IBF, “and

MF/VT. .

M'I!,,,
. - I».M_(__. e, + ACL {5=2)
‘MAXa L max, MAX .

C

max

MAX

= 0,80 from Figure 5,2,

Note: This value hag been inciensed by ACy, MAX. 0,10 to account for twist and
i
camber effeots on the basis of test data,

CL = 1,068
MAX,

b L A e A
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SR

g

2

3
1
Z
3
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Figure 5-2. Subsonic Maximum Lift of fligh-Aspect-Ratic Wings
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5.2 MAXIMIUM LIFT INCREMENT DUE TO LEADING-EDGE DEVICES
Leading-edge devices increase the maximum 14t capabilit of airfoils by increasing
static pressures (reducing suction) near the nose at a given angle of attack, thereby
delayving leading-edge stall to higher angles of attack, This is accomplished without
significantly affecting the trailing-edge flow cunditions, and is most effect’ve on thin

The present method for estimating the lift coefficient increment, , agsumes

t
AC L MAX{ g
that maximum 1ift on the 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 {o stall, The method used for estimating
the maximum 1ift increment for leading edge high lift devices is therefore based on
Reference 4-4 and given by the following expression:

CI
AC! = A K . _.._I_JQ_>9+ Ac’
I"MAX zmu.x LE | bLL ’ LMAX -3
LE ! ¢y > TTLE/PWR
o /o
where:
Ac! ) is the two-dimensional increment in maximum
max/LE lift coefficient from Bguation 5-4,
Kb is tho leadirg-edge partial-span factor shown
LE in Figure 5~4,
C'L ) , is the three-dimensional lift curve slope defined
/o in Pavagraph 4,1,1,
c'ﬂ ) : iy the two~dimensional lift curve slopo defined
a/o in Paragraph 4.1,1.
AC:L is the increment in maximum lift coefficient due

MAXLE)PWR to leading~edge blowing shown in Figure 5-8,

The two-dimensional increment [n maximura lift coefficient iz based on thin airfoil
theory as follows:




-y

) %6 ' 6H>EFF (5-4)

LE
LE ‘max

where, as presented in Figure 5-6 as a function of leading-edge high-lift device ¢hord
P

016 =2 s8in GLE (5-5)
LE/max
and
={1 ~ t -
cos Oy . {1-2 cLE/c ) (5-6)
GH) EFF  ° the effective deflection angle of the leading-edge

device and is expvessed in terms of the geometric
leading-edge device deflection angle, 6., as defined

H
in Section 2:

\

ﬁii/F‘.FF : ’ max (6-7)

where:;

nmax and 7 are empirical factors
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 §~8),

0,75 is a factor introduced to
furnish better corrvelation
with the clean trafling-edge
tost data from Reierenceo
3-11.

The maximum lift effictency factor, 7, ..., depends on the type of leading-edge dovice
and on the ratio of the leading-odge radius to the maximum ajrfoil thickness; s 18
an officiency factor that accounts for large leading-edge {lap deflections.




The term C!
Lvax, LE

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, 26 and 35 degrees and are pre~
sented in Figure 5-1 as a function of the jet momentum coefficient, cy, ) , at the
nozzle exit, L/noz

) accounts for the efiect of biowing from a sparwise slot

The method for estimating AC LMA o is compared with test data from Reference 3-11
LE

in Figure 5-9, Test data is included for both slats and Krueger flaps, The data is
correlated as a function of effective 1eading-eGge de” r~+on e.ngle, ) Epp (a8 obtalned
from Equation 5-3 and 5-4) versus the geometric d¢ flection ro™'. ,. The theoretical

values are plotted in terms of the same parametera with 5H)EFF defined by Equation
5T,

[Ra—

v e,
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SAMPLE PROBLEM

GIVEN:

LER = (0,008
ifc

Ft

CALCULATE:

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

!

= 0.75 en_ . g -
GH)EFF "Moax M6 " O _ (a-17)
M5 = 0,55 (Figure 5-8)
= 1.7 i -7
M = 1780 (Pigure 5-1)

B S

o1 v
= . ] . = » T d
6H)EF‘~‘ (0.75) (1.730) (0 55)(57.295) 0. 635 T2

2. The two-dimensional power~-off increment in maximum lift due to the leading
edge, using Bqustion 5-4 for EBF, IBF, and MF/VT,
\ \
[
= . ( L
ac, c, a“)m_w | (5-4)

max /LE IS .
LE “max

5~10

[PV R




c£ =1,34 from Figure 5-6,
%y &) max
Act ) = (1,34) (0,635)
LE

2 max,
= 0,851

3. The leading~<dge device partial-span factor from Figure 5-4 for EBF, IBF, and
MF/VT,

K = 13,842
bLE

4, The increment in maximum lift due to leading-edge BLC blowing from Figure
5-5 for EBF. IBF, and MF /YT,

AC! ‘ = 0,60
L ! 6

VAL /PWR

5, The maximwmn lift increment due to leading-edge devices, using Equation 5-3,for
EBF, IBF, and MF/VT,

C
R R o
MA nax /ui CLE _
g max /Li ¢, MAX | 5/ pwr :
o /o ;
C'
L)
/0

" = 0,7619 From Section 4,2 sample probiem, This ratio is
Ioz)o based on the cleau wing with LE device A c/o and
A to be consistent with the bulldun method of
Equation 5-1 and {8 calculated using Equations
4~-6 an:i 4-8,

ac = (0,851} (0.842) (0.7519) + 0,600

= 0,539 + 04,600

LTy

= 1,139

RER AW It

5-11

e BB A




Lop

bLE

. O NACA A52B19
7 0 SAAB INI6 !
' A CONVAIR WIND TUNNEL CATA

il I T UOUUL S SEESTINRY JESeY)
0.4 0.6 0.8 1.0
oL,
b

Figure 5~4. Leading-Edge Device Maximum Lift Span Factor
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Figure 5-7, Maximum Liit Efficiency for Leading-Edge Devices
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‘5.3 MAXIMUM LIFT INCREMENT DUE TO TRAILING-EDGE FLAPS

‘The increment in maximum lift cosfficient due to a trailing-edge flap svstem is
determined by sunining increments due to flap eflection and due 5 biowis; svar the
flap as follows. ‘ :

§ ¥ [
= A + -
ACLMAX CLMAX ACI"MAX =9
TE TE /o ““"TE / PWR
where
AC! is the power-off maximum lift coefficient increment due

L max TE)o to the deflection of the trailing-edge flap system.

AC!

I is the maximum lift coefficient increment due to blowing

max TE)PWR on the trailing-edge flap system.

These two terms are discussed in the following paragraphs,

5.3,1 POWER-OFF MAXIMUM LIFT INCREMENT DUE TO TRAILING-EDGE FLAPS,
The methed for estimating maximum lift increment for a flapped airfoil is hased on
Referance 4-4 and given by the following expression,

C
L \
act = AK L k- By {5-9)
. M
MMTE /o o ¢y max’l‘E/o
« /o
where:
Al(b is the flap span factor (Equation 4-31).
0
ot ) is the power~off three-dimensional lift curve slope based
l‘a on extended wing area (Equation 4=5),
o’p ) is the powor-off twi-dimensional lift curve slope based
alo on extended chord (Equation 4-7),
K . is a correlaitng coustant based on the leading-elge con-
MAX figuration,
and:

5-14




K = 1,21 for a clean leading edge.

K = 1,00 for : slat or Krueger leading edge.

is the increment in the two-dimensional
maxTE maximum lift coefficient, power-off
©  (Equation 5-13 or 5-14),

Ac!

Using thin air:oil theory and assuming that stall is sensitive only to the leading-edge
loading, the increw:arnt in the two~-dimensional maximum lift coefficient, Ac'ﬁ

’

maxrg ) o

is estimated by first obtaining the ratio Ac, /Ac! as:
: max a=0
Ac[ sin ef
max = - (5-10)
Ac +8in 0
Lo-o f f
where:

cos ef =(1-2 c't/c') (Equation 4-16)

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 separaiion point, x_/c!',
and Equation 5-10 becamae: S

Ac 1 1
- f bad DA
ﬂmm‘ ) gf L In (sin 5 (X + f)/ sin 20’ ef) (5-11)
Ac 8. +sin g, 6. tan X/2
Ly - 0 f f £
where:
cos X = 2(x,/c")~ 1 _ (6-12)

Equation 5-11 is plotted in Figure 5~10 at constant flow-separation values., Lift
offectiveness at stall decroases as tho flow-separation point on the airfoil moves aft
{ziogor to the flap).,

The two-dimensional maximum lift increment, ¢, ) , due to flap deflection is
maKepp

obtained for a single~slotted flap by combining Equatious 4—‘1’8 and 6=11. The resulting

oxpression is:
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%
Ac! Sne o € . O, max -
[max ) S [.c f Acp (5 19)

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

I Ac,
Ac’ :zns ‘G 5/___‘2;”‘_ (5-14)

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

The choice of the separatien point, x_/c', to determine maximum lift ratio from
Figure 5-10, depends on the leading-edge configuration, For clean leading-edge
airfoils, the point of flow separation is assumed at the leading edge, x_/c' =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, Xg /et = ¢ /ct.

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

Reference 3-11, and t'c vesults are shown in Figure 5-11 for several flap and leading-
edge configurations and wing planforms. The correlation is generally good for those
configurations wich attached flow over the fNups up w b suiiiion fur leading-edge
stall, as postulated in the method. At large flap deflection angles (especially for the
plain and single-slotted flaps), however, the stall may also be influenced by flap
separation, which ig not accounted for ja the method. This is shown in Figure 5-11b,
where the single-slotted and plain flap test data shows large deviations from the theory
at the high deflections, especially with a. 16-porcent-chord leading-edge Krueger
(which delays leading-edge stall),

5.3,2 POWER-ON MAXIMUM LIFT INCREMENT DUE TO TRAILING~-EDGE FLAPS,
Maximwn lift increment due to trailing-edge flap blowing is defined as:

F ’ ¢
\ ‘ - (\
ac - CL MAX L MAX
e / PWR °

(5-10)




where:;

L
MAX

C'
L]'viAX
(o]

is the power-on lift coefficient at the power-on
stall angle of attack, Q.

is the power~off maximum lift coefficient from
Equation 5-1

Thin airfoil theory concepts have been developed in References 5-1 and 5-2 te predict
the maximum lift incremnent due to blowing with supercirculation for IBF and EBF
systems, respectively, These methods are similar to the procedure discussed in
Section 5,3,1 for calculating the increment in raax!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 basic2ily two-dimensional
methods, with finite aspect ratio corrections being mrde by reducing the predicted
maximum lift increments by the ratio of the two-dimensional to three-dimensional lift
curve slopes, The basic difference between the mechanical fJap procedure and the
power-on methods of References.5~1 and 5-2 is that pressurs loading in the leading-

edge region is assumed to be that described by the Spence ‘wo-dimencional thin jet
theory /Reference 3-18) in the blowing case. An empiricai 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 Aciamax

)* due to power
TE/pwr

equals three-fourths of the change in lift coeﬁicientACLrE)m due to power at the

power-on stall angle of attack, ag. As is shown in Figure 5-1, the increment
AC! )* is to be based on a calculated power-off datum with the same

Lm?xTE pwr

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 ¢/* in Figure 5-1. Figure 5-1 shows that the relationship between

AC!
Lmax gy ) pwr

and AC} ) implies that the power-on stall angle of attack,
TE /pwy

@ must decrease with increasging blowing coefficient, a result that is contrary to
test results to be discussed in connection with Figure 5-12, To obtain improved
agreement with power-on stall data, the mothods of References 5-1 and §-2 have
been modified by introducing finite aspect ratio corrections directly into the pressure
distribution at the leading edge, Using idealized lifting~line expressions for the in-
duced downwash angle gives the change in maximum 1ift coefficiont due to pewer as:
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Q
n
- feo
B>
Q
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S
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R

(5-16)

where:

Ac, - is the change in induced angle of attack (downwash angle)
lpwr 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 Aaipwr‘

Equation 5-16 reduces to the result of References 5-1 and 5-2 for the high-aspect-
ratio limit in which Ac; vanishes, :

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

stall angle of attack due to power (Aag = a4 —0{§ ) 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 Aoy wr are nsed and the
result is: P
infa” -a¢' |-k infa”
sin (& o Epwr sin as - ozo
° L °  Lpwr
Aas = (5-17)
* w * %
K cosjey -0 - — -
PWR 8 o1 Ww-1 cos as onL
‘PWR © o
where:
oz; is the power-off angle of attack at maximum lift
0 (Iiquations 4-1 and 5-1),
*
%L is the power-off angle of zero lift (Equation 4-2),
5-18
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O‘oL is the power-on angle of zero lift (Equation 4-2).
pwr

1
3 K ‘
w== C_,d_ _ (5-18)
L
a

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

power-off term is derived using the same BLC effect as assumed for power-on

conditions,

In the infinite aspect ratio limit for which w = 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 indeperdent 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 w 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 effects may influence the test data.
In terms of &g, the power-on stall .agle of attack is given by:
o =a’ o+ B (5-19)

and the maximum lift coefficient /nower-on) is simply the value of lift coefficient ob~
tained from Equation 4-1 for an angle of attack equal to Oge

5-19
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0] = :’;804 deg
fl

0, =16.4deg
f2

0, =15,0deg
f3

CALCULATE;

1, The increment in wo~dimension

using Equation 5-13,

¥
Acz = z
M&Erp/o 151
A, EBF and IBF

¢ =4,87
16
1

c =3,94
£

e /e' =0,439
f
1

e, /c' = 0,269
£
2

e, /c' =0,1326
£
3

xS/c = 0,10

Acz
T, «C. «§ max _
o Te T
1 Y G\ Ac,
i i A=0¢/4

b From Figure 4-6,

al maximum lift due to the trailing~edge flaps,

(5~13)




0,378 » From Figure 5-10.

Ac
la =0/2
Ac:zmax J
Ao = 0,415
a=0/3
z
ﬂs - 1.00
1
i n, = 1.00 Y Full BLC effect assumed,
2 ;
n =1,00 §
53 J ;
1 28. 4 16.4 15 g
= . . ing + 00 " +' . . -
Ac.@ (4.87) (0. 321) <57.295) (3.94)(0.378) (57.295) (2.84) (0. 415) (57.295 g
max
TE/o .
= 0,775 + 0,426 + 0,309
4 =1,510
B, MF/VT
‘ 3
cl = !-'n87 g
%y
c:‘e =3.4 »  From Figure 4-6,
6o
| bg

o el TGO AN SRR .

%




= maX ) =0.376 $ From Figure 5-10,
£oz= 0/ 2
Ac
max ‘
A = 0.415
a=0/3
\
1 =0.,770
1
ny = 0,770 » From Figure 4~10,
2
ns - G,000
3 P
Ac! =(4.87) (0.770) {0,321) -3—8'—4- +(3,94) (0,77) (0.278)
2 ) ) P\ 57,295 * * U
max
TE/o 15
+(2.84) (0,608} ( 0.415) (57’29-5

= 0,597 + 0,328 + 0,188

=1,

3, The three~dimensional increment in maximum lift due to trailing edge, using

Equation 5-9,

W
a¢ Lyax
TH

A, EBF and IBF

113

a hb

Q

K 21,00

MAX

o
5 \

‘o /o \

@ r———

, T MAX
¢

2
& /0

A RN IO




AKb = 0,858 From sample problem in Section 4.2.

= From sample problem in Section 4.2.

;AKb = 0.858 From sample problem in Section 4,2.
o

1
CLa 0
= = (0,680 From sample problem in Section 4,2, :

. alo

ACi‘ = (0.858) (0.680) (1.00) (1,113)
MAX '
= 0, 649 K

4, The power off maximun lift, using Equation 5-1,

C == le v+ AC soac! {Hm1)

p 4 !:
- ) - \’ E - #
MAK M;\}\n Max LE MA'\TI*I

A. EBF awd IBF

CL = 1,088 ' -om sample problen in Section 5,1,
Mi\)(o :

RO IR G T

AC'L = 1,139 !'rom sample problem in Section 5.2,
MAX
h MLE

2V NI LR R s



= (1.609) {(1. 088) + (1.139) + (0.796))

LMAX
=(1,609) (3.003)
=4,832
B, MF/VT
CL =1,068 From sampie problem in Section 5,1.
MAX :
o . .
AC! =1.139 From sample problem in Section 5,2,
LMAX
LE
C. =(1.609) [1.068 +1,139 + 0.649]

MAX ,
= (1.609) (2. 856)

= 4,585

5. The power-off lift at zero angle of attack, by eliminating the pov/sr etfect
terms from Equations 4~1 and 4-13, Equation 4-13 reduces to

c
Qa 1
1 = —— 1 . K |
ACL . : Acﬁ b J
wing o on o K]
A, EBF and IBF
CI
@) =0,6141 From sample problem in Section 4.2.
ct
2o/ on
Kb = 0,858 From sample problem in Section 4,2,
0 .
Ac} = 4,470 From sample problem in Section 4,2.
o
acy = (0,6141) (4.470) (0,858)

WING
= 2,365
5-24
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From sample problem in Section 4.2,

From sample problem in Section 4.2.

Ac! = 3,464 From sample problem in Section 4,2.

acy = (0, 680) (3.364) (C.858)
WING

= 1,963

6. Equation 4-% reduces to
T 7

-a =sin " |aC /cY K
°L L LG | ( Lao PWE )

A, EBF and IBF

C'L =4,473 I"'rom sample problem in Szction 4,1,
ol
0
= > -off ¢ 8
KPWR 1,00 Power-off conditions

o =sint [2.355/4.473]
°L

= 31,76 deg

E, MF/VT

Ci =3,716 From sample problem in Section 4,1.
o
0
K =1,0 \ *ob! stion 4,1.
PWR 1,00 From sample problem in Section 4,1

~a  =sint [ 1.963/3.715}
QO [
L
= 31,89 deg:

A
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7. The angle of attack for stall, power off, using Equation 4,1 without the power

g,

effect terms,

S'
o e 1 - £
C, =3 CL) ¢ Koo o Sin(@-a = Ac,)
tfo L

A, EBF and IBF

Adt = 1,74 deg From sample problem in Section 4,4.

Cy =(1,609) (4.473) (1.0) sin (@ +31.76 - 1.74)

CT = 7,197 sin (« + 30,02) = 4,832

kX

-1~ 4'832
a= — -
sin (7.197) 30,02 deg

*
@=12,15 deg: @
(o]

B, MF/VT

Ay ¢ = 1.74 deg From sample problam in Section 4., 4.

CL =(1,609) (2,715) (1,0} &in (@ + 31.89 - 1,74)

CL = 6,877 sin {a + 30,15) = 4,595

a= sin" (4'59") - 30,15 = 20,08 deg = a_

8,977 o
Calculate the term w by Equatinn §-18,
3 cza 5
W= ':'i' z__‘:‘-" , (5-18)
.'L
o

A, LEBF and IBF

a3 (.2.-3:@3‘
4\ 4.470

= 1,221

s




B, MF/VT

3\ /5.4626)
[ g O | e )
4 /\3.715 )

=1,108

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

X * *
i - - i -o
sin as ao KPWR sin as A
o] L [¢] LPWR
Ao = o i (6-17)
K cos oz* o cos| o * o *
PWR s0 OL w-1 8 OL
PWR N o)
A, EBF
KPWR = 1,1969 From sample problem in Section 4.1.
a‘*s = 12,15 deg
0
01*0 = -3L 76 deg
L
0
Qg = -35.21 deg From sample problem in Section 4. 4.
Lowr '

sin (12,15 + 31,76) - {1,19€9) sin (12,158 + 35,21}

8% 1.1969 12,15 + 55.21) - |22 hos (12,15 + 31,76
(1. ) cos (12,13 S A N cos (12,16 .76)

“ sin (43,91) - (1,1969) sin (47.36)
{1,1969) cos (47.36) - (8.525) cos (43.91)

B (-.o. 1869
~3,1695

= (), 0580 rad = 3, 38 deg




KPWRA = 1,2234 From sample problem in Section 4,1.
oz*s = 12,15 deg
o
ot = «31,76 deg
°L
o
oz*o = 42,41deg From sample problem in Section 4,4.
LPWR.
_ sin (12,15 + 31,76) - (1,2234) sin (12,15 + 42,41)
Ae = 1,221 '
. . Lo o . + .
(1.2234) cos (12,15 + 42,41) [1'221_1] cos (12,15 + 31,76)
sin (43.91) - (1,2234) sin (54.56)
(1,2234) cos (54.56) - 5,525) cos (43,91)
- -0.3032)
-3,2710
= 0, 0927 rad = 5,31 dey,
- C. MF/VT
KPWR o= 1,000 Frem sample problem in Section 4,1,
a*s = 20,08 deg
0
o = =31, 89 deg
°L
o
o,*o = -31,89 deg From sample problem {n Section 4.4.
“pwR =

Aa ® sin (20,08 +31,89) - (1.00) sin (20,08 + 31, 89) —
8

0
(1,00) cos (20,08 + 31,89) - {)llé;l ] cos (20,08 + 31,52)

= 0,0 deg

|

]
B
[
)
gr.
b




@ 9.  Calculate the power-on stall angle of attack using Equation 5-19.
5]
& ¥ .
] =0+ A
O T FA% (5-19)
# 0
| A, EBF B. IBF C. MF/VT
: aS=1&15+3£8 as=1&15+531 as=zmos+om
;“ = 15,53 deg = 17,46 deg = 20,08 deg
0{ 1+ in]sin 1/2 (X+ 8¢/stn 1/2 (x;ei)_l
-Sff aim-:—f i R; tan x/2
cos8 = (1-2 c;/c') , e X = 2("s/c)-1
i
Ac—l
Acl“‘:o

Figure 5-10, Incroment in Maximum Lift Coefficient for Trailing-Edge Flaps
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5.4 MAXIMUM LIFT CORRELATION
The sample problem and correlations are for the winge described in Section 4,4.

SAMPLE PROSLEM

GIVEN:

o
STALL

CALCULATE:

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

s'| . '
I — . K * i - - - i -
C, =g CLO)0 p sin <a aOL Aat> v AC# sin <oz + 6T> (4-1)

A, EBF

Ag s 1,74 deg from sample problem in Section 4.4.

Ac£L =0, 038 from sample probiem in Section 4.3.

Ci ) = 4,473 from sample problem in Section 4.1.
Uo

czo = 35,21 deg from sample problem in Section 4.4.
L

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

6’1‘ = 3,5 deg

KPWR = 1,196% from sample problem in Section 4.1,
CL = (1,609} [(4‘4"3)(1. 1969) sin (15,53 +35,21 - 1,74}
+ (0, 038) sin (15.53 - 3. :3)]
= (%, 609) [(4.473){1. 1969) sin (49.) +(0. 038} sin (12. 03)]
s (1, 609){4. 041 + 0, 008)

= 4,515
3-34
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B, IBF

Aat = 1,74 deg from sample problem in Section 4.4
AC"'l = 0.0 from sample problem in Section 4,3,

Ci = 4,473 from sample problem in Section 4,1,
0"

a = -42,4i deg from sample problem in Section 4.4,
L

a =0a'8 =17.46 deg from sample problem in Section 5.3,

KPWR = 1,2234 from sample probler in Section 4.1.

(ST = -305 degn

G, = (1.609) [(4,473)(1,2234) sin (17,46 + 42,41 - 1,74}
+(0,0) sin (17.46 ~ 3.5)]
= (1. 609) [ (4. 473)(1,2234) sin (58.13)]

= (1,609)(4, 6473)

= 17,478

C. MFK/vr

Aat = 1,74 deg from sample problem in Section 4.4,
AC’; = (, 621 {rom sample problem ii Section 4.3,

@, = -31,89 deg from sample problem in Section 4.4,
L

= as = 20,08 dog from sample problem in Section 5.3,

I{ I3 ' S ’ to 10
PWR =1.0 fr om Sumple pl‘OblUl‘n in Section 4

6 =

, 69 ng

CL = 3,715 from sample problem in Section 4.1,
44
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¢, = (1.609)[(3.715) (1.00) sin (20,08 + 31,89 - 1.74)
+(0.621) sin (20,08 + 69)]

= (1.609) [(3.715) sin (50,23 + (0. 621) sin (89.08)]

=(1,609) (2.8554 + 0,621)

=5.594
CORRELATIONS

The EBF calculations for the Aspect Ratio 8, 25 degree swept wing with a {riple-
slotted flap (& £ 60 deg) are compared with test results in Figures 5-13 through
9-15, Figure 5-13, which is with the engines in the high position (Position A) for
which the capture ratio is 0.935, shows good agreement with the test data (power-on)

except at Cp = 4 when the methodology overpredicts. S
J L)

Figure 5-14 depicts a similar compavison 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 slof, 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 U values except C, 5= 4, where the methodology alse
overpredicts Cy, MAX

Figure 5-15 compares the methodology and test results when the engines in Position E
are tilted upward by 15 degrees so that the capture ratio is increased from 0,579 to
0,997,

Comperisons tor double-slotted EBF systems ot 30~ and 60-degree deflections are
shown iu Figures 5-16 and 5-17, respectively. The engines axe in Position A (high),
for which the jets pass through the fivst flap slot. Data for the flaps at 30 degrees
(F:gure 5~16) agrces well with the compuiations except for the maximum lift value at
CuJ = ¢, which is underpredicted by the methodology for this condition.

Figure 5-17 indicates predicted values of maximum lift coefficient somewhat larger
then those shown by the test results at all C;; values, nossibly due to flow separation
on the flap, which affects the leading-edge stall assumptions in the methodology, A
similar effect is shown in Figures 5-19 and §-23, which are also for flups with 60~
degree deflection, '

Figures 5-18 and 5«19 compave the methodolegy with test data for low-cupture-ratio
single~-slotted flaps of 30 and 60 degrees of deflection, respoctively. Although the jew
are still in the high position, zuro BLC effectivoness was assumed for power-on, be -
canse the jet efflux fadled to pass through the single fIoe siol. The predicteda vaiues at
60 degroos deflection of Civax consistently excend the test values e Fiaure o=,
poasiblv becouse sepuraton over the {laps moditios the busie asawnptton ol teuduy -
adge stall in the Cin\mx mothudology,
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Figures 5-20 through 5-23 present corralations 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

separation effects as mentioned previously in connection with Figures 5-17 and 6~19,
On the other hand, the method underpredicts CLMA.X 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 ir 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), The 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. The comparisons in Figure 5-25 are for a triple-
alotted flap with 60 degrees of deflection and with an effective thrust vectoring angle of
69 degrees,

NACELLE LOCATION A A A 0,995 .
e Maximum lift correlations between the

~ = WITH BLC EFFECT (FULL SPREADING) . (1;:?;\‘:‘2.:’_);;‘ predi:Cﬁone and teStdata ior two

BLOWN LEADING-EDGE KRUEGER (157¢, 8, . 53 DR, ('“l 0.b ad.dmonal agpect ratios (7‘ ! and 8. 5)
with wing sweep at 25 degrees are

shown in Figures 5~26 and 5-2%. Good

correlation with maximum lft is

obtained oi thig triple~-slotted flap

data. ’

——— WITH BLC EFFECT (6 DEG S8PREADING)
~~ =~ WITHOUT BLC EFYECT

12

Maximum lift correlations between
predictions andtest data for wing
sweoeps ¢f 12.5 and 25 degrees with

A aspsct ratio at 8 are shown in Figures
C 5-28 and =28, The theory tends to
K /J?j: ’ overpredic! the maximum lift for
M s these configurations,
-~
.Y
" .
!
Al
i [ |} k-3 15
D ifegtosn

Figure 3~13. Correlation of Maximum Lift
Generalizod Methodology with EBF Test
Data, A =3, A c/4 = &5 Dogrees, Triple~
Slotted Flap ((3f = 30 Degrees), Nacolles iigh
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NACELLE LOCATION E ‘°1'" «3,5 DEG) K(‘/A’ -~ 0,578
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by, '
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BN
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Figure 5-14. Corralation of Maximum Lift Generalized Methodology
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NACELLE LOCATION A KC/A) - 0.502

WITH BLC E¥FECT REF: GDLST 612-3

— —— «— WITHOUT BLC EFFECT RU'T 104-108

BLOWN LEADING-EDGE KRUEGER (15%c, 6LE - 55 DEG, CN» © 0.0
L

8
| | DL

,_i_.CpJ=4.6_ Poad)

a(degrees)

Figure 5-16. Correlation of Maximum Lift Generalized Methodology
with EBF Test Data, A = 8,/\0/4 = 25 Degrees,
Double-~Slotted Flap (65 = 30 Liegrees)

NACELLE LOCATION A Rc/Aj = 0,735
WITH BLC EFFECT KEF: GDLST 612-3
— — — WITHOUT BLC EFFLCT RUNS 80-84
BLOWN LEADING -EDGL KRUEGER (15%¢, 6LF 35 DEG, Cu 0.1
. L
L e

v

i . 1 M

R I R
o

+
- 1
.
!

a (degreest

Figure 5- 17, Corvrelation o Maximum Lift Generalized Methodology
with EBF Test Data, A =8, AC/4 = 25 Degrees,
Double-Slotted Flap (¢ = 60 Degrees)
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NACELLE LOCATION A K(_/A’ = 0,280

REF: GDLST 612-3

RUNS 194-198

: 55 DEG, C_ = 0.1)
By,

- -~ WITHOUT BLC EFFECT

BLOWN LEADING-EDGE KRUEGER (15%¢, 6L

8 !
4. -
.
. .
CL - '-“i“"i [N I
: ,
R o :
: ¢
0
=10 3
o (degrees) X

Figure 5~18, Correlation of Maximum Lift Generalized Methodology
with EBF Test Data, A = 8, A¢ /4 = 25 Degrees,
Single-Slotted Flap (67 = 30 Degrees) ;

NACELLE LOCATION A Kc/'\j 0,562

REF: GDLST 612-3
RUNS 213-217

BLOWN LEADING=-EDGE KRUEGER (159¢, 6LF - 55 DEG, (,‘“l 0.1

o

e

===~ WITHOUT BLC EFFECT

&

lbis =

: % : e
i 3
. :
0 ‘ :
-10 0 %
A {dogrecs "f
Figure 5-19, Correlation of Maximum Lift Generalized Methodology 33_
with EBF Tost Data, A = 8, Ac/4 = 25 Degreos, :

Single-Slotled Flap (6f = 60 Degreeos)
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NACELLE LOCATION A ‘CH = 0) 7\‘(’/Aj = 1,0

J
——— WITH BL.C EFFECT REF: GDLST 612-3

—=—— WITHOUT BLC EFFECT RUNS 488-492

.

BLOWN LEADING-EDGE KRUEGER (15%¢, 6L

= 55 DK = 0,
E 5ohc.cuL 0.1

68—

- ' 10 30
@ (dogrees)

Figure 5-20, Correlation of Maximum Lift Generalized Methodology
A with IBF Test Data, A =3, Ag/4 = 25 Degrees, Plain
Blowr Flap (64 = 15 Degrees)

NACELLE LOCATION A €, =0 xc/“; = 1.0

o 5 '
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BLOWN LEADING-EDGE KRUEGER 5%, GL

- 8 G B
F 55 DEG, C“L o.n
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Figure 621, Correlation of Maximum Lift Genoralized Methodology
with IBF Test Data, A = 8§, hasq = ~B Degrees, Plain
Blown Flap (6; = 30 Dogrees)
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NACELLE LOCATION A (C, =0) R /A =10

WITH BLC EFFECT g REF: GDLST 612-3
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BLOWN LEADING-}DGE KRUEGER (15%¢, GLE‘.= 66 DEG, CH =0.1)
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Figure 5-22, Correlation of Maximum Lift Generalized Methodology
with IBF Test Datz, A =8, A, /4 = 25 Degrees, Plain
Blown Flap { éf = 45 Degrees)
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Fi ;
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Figure 6-23, Correlation of Maximum Lift Generalized Methodology
with TBF Tost Data, A =8, A, ;4 = 25 Degrees, Plain
Blown Flon (6f = 60 Degroes)
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NACELLE LOCATION A KC/A’ = 0,935

i| --— WITH BLC EFFECT (6 DEG SPREADING)

[} - ~ - WITHOUT BLC EFFECT REF: GDIST §12-5
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Figure 5-26, Correlation of Mazimum Lift Generalized Methodology
with EBF Test Data, A =7,1, Ag/a =25 Degrees, i

Triple-Slotted Flap (& ¢= 60 Degrees)
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Figure 5~27. Correlation of Maximum Lift Genoralized Methodology
© with EBF Test Data, A w 89,5, Ay = 26 Degrees,
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NACELLE LOCATION A Ac/Aj = 0,946

IS ATECT O DO g, vt
RUNS 42, 48, 49, 50-1, 52
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L
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Figure 5=-28, Correlation of Maximum Lift Generalized Methodology
with EBF TestData, A =8,0, Ay/4 = 12,5 Degrecs,
Triple-Slotted Flap (65 = t0 Degrees)
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Figure 529, Correlation of Maximum Lift Generalized Maethuwlology
with EBI Test Data, A 28,0, A,z = 35 Dogrees,
Triple-Slotted Flap (64 = 6 Degreos)




SECTION 6

DRAG METHODOLOGY

The total drag force coefficient, CD, including jet thrust effects, is expressed as:

!

PRI s

S

C_=C_ +¢C -rC +C (6-1)
D
D, D b Dram
0
where g
CD is the power-off minimum profile drag coefficient of the %
P total aireraft including thrust recovery from leading-edge ¥
° blowing. 3
CD is the power-on induced drag coefficient discussed in Section 6.1. i
i E
r is the thrust recovery factor discussed in Section 6,2,
Cu is the overall gross jet momentum coefficient at the blowing
nozzle for an IBF, or at the jet exit for EBF and MF/VT
systems,
CD is momentum loss coefficient due to the inlet, ram drag,
RAM It is generally zero for the IBF system in the wind tunnel,
Methods for estimating the minimum profile drag coefficient, CDP , of the entire

aivcraft are not pregented in the current mothodology becausc metl?ods of this type
are published in numerous handbocks. In particular, the method outlined in
Refurenos 6-1 may be applied t» STOL trarsport conligurations with muitiple-

sloteed flaps and includes efivcts of Reyno'ds number, slot gap, Mach number, artial
span, and fuselage out-out and corrections (o account for wing sweep and asrfol! thick-
nesses. The inethodology pregented does not address the estimation of C, and CDRAM

which are usswmed to be known from engine perforinance chavacteristios oxr from
calibratiune of the model jets and/or nozzlos, All equations required to estimate the
romaining tosms in Equation 6-1 are shown in Iigure 6-1,together with refercr ce to
anpecific equations in the taxt where the terminology is defined in atail,
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EQUATION

NO.
(6-1)

(5-7)
(6~-8)

(6=9)

(6-11

(610}

(6=2}

(6=1)

(6-4)

(6=B)

. ,2 [Cl. -

° DRAM
| | !
6 6.2 6.0
|
r o= Vcos 6'1‘ for 6f==6T for MF/VT
l = cos 6'1‘ for6f<6,r
roen
|
n, - 0.80 for IRF
i S
778 = 0.4 <:o:16f -&\/c—cm'2 ﬁf* 1,25 for EBF
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Figure 6-1. Drag Methodology
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6.1 INDUCED DRAG

The induced drag coefficient, CDi’ in Equation 6-1 is defined according to classical
lifting line theory as:

2
c _ CL
D, TAe (6-2)
where
CL is the overall 1ift 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,
Thug, 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 faotor will be of the form:

()

¢ s * K o (6-3)
1+ ’I/ ..._I.:_.“
€ A _
where
G‘T is the effective jet turning angle,
€ is the avorago spanwise wing downwash angle at infinity
KI‘ is equal w 2.0 for IBF and MF/VT systems and equal
to 1.0 for EBF gystems.,
e, is the power-off asrodynamic efficiency.

Equation 6-~3 includes a loss in jet thrust coefficient (or equivalontly an incresse in
drag cocffleient), which in given by:

C“ (1-0035.1,)

R T




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, % , depends on the jet nozzle deflestion angle, 6,
with respect to the wing reference plane (in the partial-capture-ratio EBF and MF/VT
cases) and on the downwash angle, €, Expressions for f%p and ¢ arve:

* -A—o p —Xc;\
5. =A—j + 1-?“3—/ 6T+oz> (6-4)
. 2[cL-(1-A:/Aj)cu sin<a+6T)] 65
| [TrA+2(X;/Aj)Cu] o | ;
where i

AC/A i is the average jet capture ratio dofined in Se:tion 2,

In the limit of A,/A; = 1, which is the case for IBF systems and for EBF systems with
full capture, Equation 6-4 gives 6*1./€ =1,0; hence, the induced drag factor, e, from
Equation 6-2 reduces to the familiar idealized result of Spence and Maskell

(Reforence 6-2), Differentiating Equation 6-3 shows that the induced drag factor is a
maximum for this value of 6*p/e. Induced drag for the IBF system should therefore
be less than the induced drag for either the EBF or MF/VT systems for which &*,./¢
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 C in term Kr in Equation 6-3 to 1.0 for the EBF system,

e v e Syt

Corrolation of results from Equation 6-3 with test data is shown in Figure 6-2, For
the IBF and XBF systems, this correlation indicates that good agrsement with test
data whep a powor-off induced drag factor, e, between 0.8 and 1.0, is used as the
Saso vulus,  The lower value of this range corresponds to flaps at large defloction
angle and with substantial separation (no BLC effectiveness), wheress the highor
vitlues corrvespond to flaps at low dofleotion and negligible separatfon (fwii BLC
offectivenees). Detormination of the partioular value of ¢, to use in Equation 6,3
for EBF and IBF systems should be based on tost correlations for the particalar flap
aystem. Figuro 6-2 zlso shows variation of the induced drag factor with Cy for
sevoral EBF configurations. As noted in the proceding paragraph. improved cor-
relation with Equation 6-3 i5 obtained by sotting Kp=1.0,
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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 ore, Since the discrepancy at low values of m? is apparently a

BLC effect, it appears reasonable to use e, = 1 when estimating

uced drag of

MF/VT systems with power on.
A=8,0
Aess 25 DEG
IBF
1.4 T PBF
b
WITH BLC f 15% KRUEGER (55 DEG) ¢ = 0.1
L~ PR, By
L2 A 060 DEG
. — 545 DEG
e e NOBLC | D30 DEG DSF 32 (30 DEG)
o1 . P 015 DEG 8., =47 DEG
Y o 1 MF/VT A
-} a /4 1.0 &
0.8 \o\b b |~
0 1 2 3 4 \ — ]
c e 0,8
b
EBF 1
L4 I U DSF 32 \T\’M
WITH BLC o TSF 311 0,6 ?
0 1 EI / 4
1.2 v
// L - e w20 5 TSF 311 (60 DEG)
—— —— T =Ll .
o {:'___,f "NOEV L = 69 DEG
Lojer= "0 <] ——Kp = L0
0. 8= _ )
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¢
n

Figure 6-2, Induced Drag Correlat. - for I6#, EBF, and MF/VT Systems
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SAMPLE PROBLEM
GIVEN: a=10deg

A, EB¥

L
A=8,0 e =0,85
o

C, =5,932 ¢ =1.0

6’1‘ = -3,5 deg

= 0,935

C, =6,811 cu = 1,0 (Based on exposed area)

= 0,868 (Based on reference area)




CALCULATE:

1. The downwash angle using Equation 6-5,

) 2[CL-(1-K;/Aj)Cp sin((HGT)J (6-5)

€ =
[ras 2(K;/Aj)cul e,

2{5,832 - (1.0 - 0.935)(1.0) sin (10 - 3,5)]
[ m)(8) + (2)(0, 935)(1.0)] (0.85)

11,848
22,952

t

0,516 rad

i

2[6.811 - (1,0 - 1,0)(0,868) sin (10 ~ 3,5)]
[(m)(B) + (2)(1.0)(0.868)] (0.80)

2(6.811)
21,495

= 0,634 rad

o
g
3

. 814,885 - (1.) - 0,0)(1,0) sin (10 + 69)]
w {8) + (2,{0,0)(1.00)] (1.00)

1,701

25,133

= 0,307 rad

4

2. Effectivo jot turning angle using Equaiion §-4,




- - . 10 - 3.5
6*,{_ = {0,935)(0.516) + (1 -- 0.935) (_'57'.2'9‘%‘—)
= 0,490
B. 1IBF
5% = (1,0)(0.634) + (1.0 - 1,05, +10)
= 0,634
C. MF/VT
+
5% = (0)(0.307 + (1.0 - 0.0) (222 )

57.295
1,379 '

i}

3. Induced drag factor using Equation 6-3.

~

K_C 12
i) o
i €/ mA

e = - [

* \2 K C o)
! €/ maA

A, EBF

——
P
+

—
(=3
»
'8
©
o
~——
—
-t
.
=]
—
—~—~
lH
.
(=2
e

|
(=)
@ o]
o
reg

(6-3)




C.

IBF

[1 +<g

“oot) -0 (5%

o)

e:

[1+(g

0,855

i

MF/VT

(1 + 14291
1.0691

=222} (0,80)

1+ (350) e.o (s

2
.634) @. 0)((;:;()53)]

(0.80)

L)’

[+ (G5t

( 1.8427
2,6056

0,707

il

it

2
ocsur) @0 (55

)(1 0)

(5.932)°

= M(8)(0.884)

1,584

(1.0)

4,  Induced drag using Equation 6-2,

(6-2)

o = (6.811)°
D, (r)(8)(0.855)

it

2,159

C. MF/vT

_ 5’4.835}2
D,  (r)(8)(0.707)

i}

1.316
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6.2 THRUST RECOVERY

- The thrust recovery factor, r, in the currunt methodology is defined as:

r=-dCy /ac, (6-6)
P
where:
CD is the power-on minimum profile drag coefficient .
p
C# is the gross jet momentum coefficient at tha nozzle
or jet exit,

The value of Cpp, is found by extrapolating the linear portion of the drag curve, plotted
as CLZ versus Cp - CDgapp» 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 ¢ Cp/d CL2 tend to cancel when estimating the overall drag
coefficient,

The thrust recovery factor includes jet thrust losses 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 fromu the fuselage cutout and nonuniform EBF jet spreading,
which may be indepsudent of angle of attack, Power-on as well as power-off partial-
span flap effects such as aileron cutouts would be expected to introduce additional
induced losses and to affect both the thrust recovery factoy aad the power-off mini-~
mum profile drag coefficient, Such partial-span flap effects are not included in the

current methodology.

Based on test data from Reference 3-11, the thrust recovery factor for the MF/VT
system may be approximated as:

3
- \’COS 6'1‘ fOl“ Gf?-‘ﬁ 6T (6_7)

co8 6T for bf < 6'1‘ (6-8)

-
i

r

i
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For flap deflection angles much greater than the jet deflection angle (6 f,><§I,), ris
- assumed equal to the EBF thrust recovery factor,

3 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.

S The thrust recoverv factor for IBF systems is assumed equal to static turning
efficiency, g

=1y (6-9)
The value of n ~ 0,8 seerns to fit test data from Reference 3~11 over a wide range of
flap deflaction” angles, 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 6-3
occurs because thrust recovery includes a reduction in drag due to clean up of separa-
tion on the flaps, especialiy 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-cff minimum drag coefficient, CDp , In Equation 6-1 does not include drag dueto

geparation on the flap, the value of static turmng efficiency for thrust reccvery will
evaluate the drag level adequately.

Thrust recovery for EBF systems is also essumed to be equal to static turning ecfi-
ciency (Equation 6-9). Correlation of thrust recovery and static turning efficiency for
EBV gystems is shown in Figure 6~6, as obtained from test dala i Reference 3-11,
This data indicates that for double~ and singl-sl.:*ted flaps, thr.st recovery is equal
to or slightly greater than the static turning angle. Yor the triple-slotted flap config-
uration, however, thrust recovery is greater than the static turning efficiency by as
much as 15 percert, This discrepancy could be due to the method of duta analysis,

i where thrust recovery and the induced drag factor are interrefated as mentioned

; previously,

ERY static turning efficiency, 7y, as obtained from Reference 3~11 is plotted versus
static turning angle, 84, for single-, double-, and triple-slotted flaps in Figure 6-7,
Figure 6-7 also shows a theoretical relation from Reference 6-3 that estimatus jet
turning efficiency for a planar surface at the jet centerline, In the present methodology,
jet turning angle, 6, is related to the flup deflection angle, 6¢, by:

g = -L 5 (6-10)

6-11
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i Using Equation 6=10 in conjunction with Reference 6-3 leads to the following expression
f for 7g in terms of flap deflection angle,

nS = 0.4 | cos Gf +\V0092 6f+ 1.25 (6=-11)

Equation 6-11 correlates well with the test data, as indicated in Figure 6~7.

SAMPLE PROBLEM |

GIVEN:

Gf =59, 8 deg

GT = 69 deg (for MF/VT) |

CALCULATE:

1. Thrust recovery for EBF using Equations 6-9 and 6~11.

r= ns = 0.4 [cos Gf +\/00$2 Gf +1.25 ] (6-11)

=0.4 [cos (59.8) +\/(cos [59.8])2 + 1.25]
- =0.6916
2. Thrust vecovery for Il%F using Equation 6-9.

T = 7)8 =0.8 (6=9)

3. Thrust recovery for MF/VT using Equation 6-7.

. i _
r = \/cos 6’1‘ (6-7)

g
= \/ cog (67

0.7103

f
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Figure 6-3. Definition of Induced Drag and
Thrust Recovery Factors
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6.3 DRAG CORRELATION

The sample problem snd correlations are for the wings described in Section 4.4

SAMPLE PROBLEM

C = 0. 0170 for EBF

c = 0,123 for MF/VT

C =0, ¢ for IBF

RAM

CALCULATE:

Total configuration drag using Equation 6-1.

A. EBF

C_=¢C 1+ C -rC +C
1
Db b Dram
(e}

C‘1 = 1.0

r = 0,6916 from sample problem in Section 6. 2.

CD = 1,584 from sample problem in Section 6. 1.
H

Cpy = 0.0+ 1,584 +0.17 - (0. 6916)(1.00)

= 1,062

(6-1)



B. IBF

C,=0.868

4
r = 0,8 from sample problemin Section 6, 2,

CD = 2,159 from sample problem in Section 6, i.

M
A

CD = 0.0 + 2,159 + 0.0 - (0. 868)(0. 80)
= 1,465
C. MF/VT

CP=1‘0

= 0.7103

CDi = 1,316

Cpy = 0.0 +1.316 + 0,123 - (0.7103)(1.0)

=0.729

CORRELATIONS

Several agsumptions have been made in the drag correlations with regard to the
choioe of aerodvnamic parametors which are not explicitly defined in the methodology.
Thus, the minimum-profile power-off drag cootiicivat, dazignated (,n“. has been

assumed to be cancelled by the thrust component of the Jeading-edge jet momentum,
Measured values for the RAM drag coefficient, CDRAM' as abiained from wind tunnel
calibrations, have beea included in the predicted drag levels for the EBF and MF/VT
configurations because the wind twinel balance rexdings include this drag contribution
for these systoms., The power-off induced drag factor, ¢4 (3lso termed aerodvnamic
offtelency), was tuken as 0.8 for ali IBF caleulations, 0.85 for all EBF calculations,
and 1,0 for all MF/VT caloulations. A single valug of €, was used for cach STOYL,
system to simplify tho calculations as much as possible, although tmproved agree-
mant in desg might have been obtained for xome configurations by referving W test
data for the parvticular value of ¢,




A ST ST R R S

B

The EBF calculations for the wing with a triple~slotted flap 6 = 60 deg) ars compared
with test results in Figures 6-8 through 6-10, Figure 6-8, which is wita the engines
in the high position (Position A) for which the capture ratio is 0,935, indicates that the
drag data compares reasonably well with the calculations for al) values of C, and is
relatively insensitive to the degree or assumed flow separatica,

Figure 6-9 depicts a similar comparison but with the eugines lowered to Position E,
for which the capture ratio has been reduced to 0.57%, In this case, the jet efflux no
longer passes through the first flap slot, Drag data also compares well wii1 the calcu-
lations at lift coefficients below stall.

Figure 6-10 compares the methodology and {est results when the engines in Position E
are tilted upward by 15 degrees sc that the capture ratio is increased from 0.579 ¢

0.997.

Comparisons for double-giotted EBF systems of 30- and 60-degree deflections are
shown in Figures 6-11 and 6-12, respectively. The engines are in Position A (high),
for which the jeta pass through the first flap slot. Data for the flaps at both deflec-
tions agrees well with the computations.

Figures 6-13 and $~14 compare the methodology with test data for low-capture-ratio
single~-slotied flaps of 30 and 60 degrees of deflection, respectively, Although the jets
are still i the high position, zero BLC effectiveness was assumed for power-on,
because the jet efflux failed to pass through the single flap slot.

Figures 6-15 through 6-18 oresent correlations between methodology and test data for
IBF systems with plain flaps of 15, 30, 45, and 60 degrees of deflection, respoctively.
As indicated in Figure 6-15, the methodology agrees reasonably well with the drag
data for the 15-degreo flap deflection. Similay agreement {s shown in Figure 6-16 for
the 30-degroee flap deflection. Similar rosults ave shown in Figure 6-17 for the 46—
degroe flap deflection and in Figure 6-18 for the 60-dogres flap deflection,

Figures 6-19 aud 6-20 compare methodology and test data for MF/VT configurations
with-the jets n & low and reavward position (Position F}. ‘The compurison in Figure
6~19 is for a double-slotted flap with 30 degrees of deflection and with an offsutive
thrust vectoring angle of 37 degrees, Power-off data and caleulations nre similar w
the power-off EBY comparison for the flap showr in Figuce 6-11, axcept that ¢, wus
taken equal to one fur the Mi/VT ealculations, us discusswd previously,

The comparisens i Tigure 6-400 are for a triple-slotted flap with 60 degrees of deflec-
tion and with an effoctive thrust vectoring angle of 69 degroees.
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~—— WITH BLC EFFECT (8 DEG SPREADING) REY: GDIST 61243

-~ ~WITHCUT BLC EFFECT RUNS 2428
BLOWN LEADING-EDGE KRUEGER (lﬁ‘ic,on_, = 55 DEG, C“ S 0.0
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Figure 6-8, Corralation of Drag Generalized Methodology with EBF Test
Data, A =8, \ o/4 = 25 Degrees, Triple-Slotted Flap
(df = 60 Degrees), Nacelles High
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Figure 6-8, Correlation of Drig Generalized Methodology with £BY Test
Data, A = 8, A ¢/4 = 28 Degrees, Triple-Slottad Flap
<6f = §0 Degrees), Nacalles Low
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Figure 6«10, Correlatiou of Drag Generalized Methodolugy with EBF Test
Data, A =8, A /4 * 25 Degrees, Triple-Slotted Flap
(&g = 60 Degrees), Nacelles Low with Thrust Deflected
Upward 15 Degrees
SACFRLL LOCATION A :_/A' B, 3%
e WTTH LA DY FECT HE AR H 8 E Y S
e ae WTTHERNY BLO EYPECT HUNS {04 to-
BEOWS ¢ fapNa-dinie ARULGER S ¢, .‘}“_ S L, c“} O, L
4
a7
fo e
¥
4
4 . g;y
7 5
i );}f 7P
2 !
oot g ¥
A: ;{
# % x
A oo
4 & ;o
§ . i, M
i
L e e

Figure =11, Jorrglation of Drug Geucrndized Moethodlotogy wih EBF Teat
Dat, A =8 4oz~ 8 Degrees, Double-slotted Flap
= 30 Degroes)
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Figure 6-12, Correlation of Drag Generalized Methodology with “BF Test
Data, A = 8, A,/ = 25 Degroes, Double-Sloited Flap

(64 = 60 Degrees)
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Figure 6-14. Correlation of Drag G- . "ralized Methodology with EBF Test
Data, A =8, AC /4" 25 vegrees, Single-ilotted Flap
(04 = 60 Degrees)

NACELLE LOCATION & (C = 0) Kc/,\j = 1.0
3
—— WITH BLC EFFECT REF: GDLST 6123
RUNS 488452

- —— WITHOUT BLC EFFECT
PLOWN LEADING-EDGE KRUEGER !15%c, 61.12 = 55 DEG, C“L =0,1)

§

- : C“‘I‘; 2.00; ., ._.:/_.“._ :

Figure 6-15, Corralation of Drag Generahized Methodologv with IBI" Tasl
Data, A =8, A, /4= 25 Degrees, Flair Biown Fluap
(5f = 15 Degrees)
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NACELLE LOCATION A (G, = 0) xc/Aj = 1.0

J
—= WITH BLC EFFECT REF: GDLST 612-3

- ~=WITHOUT BLC EFFECT RUNS 504-508
BLOWN LEADING-EDGE KRUEGER (15%c¢, ﬁLE = 55 DEG, C% =0.1)

8

oLy R ey

P

Figure 6-16, Correlation of Drag Geperalized Methodology with IBF Test
Data, A =8, Ac/4 = 25 Degrees, Plain Blown Flar

PRIt

o £ = 30 Degrees) _
NaCELLE LOCATION A (C# =0) Xc/Aj =1,0

3 K

—— —— WITH BLC EFFECT REF: GDLST 612-3 E

~— —— —WITHOUT BLC EFFECT RUNS 514-517 ;
BLOWN LEADING-EDGE KRUEGER {15%, §, , =55 DEG, C, =0.1) :

By i

8 1

:

3

Figure 6-17, Correlation of Drag Generalized Methodology with EBF Test
Data, A =8, A, /4 = 25 Degrees, Plain Blown Flap
S £ 45 Degrees)
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NACELLE LOCATION A '(c“ = q) KO/A’ = 1,0
p]
—— WITH BLC EFFECT REF: GDIST 612-3
~——WITHOUT BLC EFFECT RUNS 625-529

BLOWN LEADING-EDGE KRUEGER (15%¢, 6LE = 56 DEG, C‘i =0,1)

10 S RTAN

1 @

Figure 6-18, Correlation of the Drag Generalized Methodology with IBF
Test Daia, A =8, A, /4= 25 Degrees, Plain Blown Flap

(Gf = 60 Degrees)

NACELLE LOCATION F (GT'f 37 DEG) ZC/A’ =0
REF: GDLST 612-3
RUNS 662-666

BLOWN LEADING~EDGE KRUEGER (15%¢, 6LE = 55 DEG, C“ =0.1)
L

— — ~WITHOUT BLC EFFECT

8

G - e ot

Figure 6-19, Correlation of Drag Generalized Methedology with MF/VT Test
Data, A =8, Ay/4 = 25 Degrees, Double-Slotted Flap
(éf = 30 Degrees), Thrust Vectored Downward 27 Degrees
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NACELLE LOCATION F (6, = 69 DEG) »RC/AJ =0

REF: GDL3T 612-3
——— WITHOUT BLC EFFECT RUNS 620-624 ﬁ

BLOWN LEADING-EDGE KRUEGER (15%¢, 6t = 55 DEG, CF =0.1
L

Figure 6-20, Correlation of Drag Generalized Methodology with MF/VT Test
Data, A =8, A, /4= 25 Degrees, Triple-Slotted Flap
(6¢ = 60 Degrees), Thrust Vectored Downward 69 Degrees
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SECTION 7

FLAP PITCHING MOMENT INCREMENTS

S T B g e E R L R A

The basic problem in estimating pitching moment increments for the mechanical
flap and IBF 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 plumic impinge-

A

20

i

ment on the flaps, The effects of EBF planform variations are small in comparison g
with pitching moments produced by the powered lift system, The generalized method- g’
ology developed to solve these problems is discussed in the following paragraphs. 4:
Figure 7-1 shows the pitching moment methodology and the equations used. %

R SRS

T

%

P T

,

o

ZEEialae

Yt

23

e =
Sz o34

R

AT O RS N DY, ok LI

7-1




Bl

AB0Topoma K IWBIOLFO0D IWWOY ST T~ STLg

wtes “...fn.m - ._~% <o .|w~ s !..H ..f% ) EX M.. _?rii_N %% “. w2y

*etoq SHTINAL Briadito) ML RINR S0) Seuiwy TernTed dul) S} s B

y ) 1

- qN!\ﬁ —. .-» w1 % T o Vavpane N.ux...u:.-r ‘

r

i - .
i A *ia . o ST awnde-fon il 0
1ot Ter  tay o gst tal 1ot - . T . - T !
aregr —..Q.V.l- .. -!w\: L% f!-. «W \N_ .ﬂ —...o .\hoO: .uﬂ oe, coan /. - u~ .-l:-uv_ - ezt LI A .;v A % oM,
. ) R

o _

L R L T}

fy 2 .
ween 3- >
DM €,
XvATD vtet “y [ a.u EPERA L . et gy
5ty wawoved mootva sy \ ey | e 3 Mg lo e 2]t e Boesa-enaen T Nty i
°, . . - R I it
- 'u/..V XS HOLII TR NONAY *
- % o-o?
S BeMOYEVA NODLVE POUDT | ﬁ
/s xvaany ) T s |
P - '
2"y N LoTe .. = 5, E
/ o ar-n o ‘o . -/cﬂ.%r!-. x.n.x__/ a0
..o [ ta
(sv
\ =5 ~
IIXI. TN 4571 HAVHOVIVS NODLYT WOM 5 w-ot
TINVM AIVLLY 40 TTORY RVDUTHON
/ IRE N INTRON ONIMOLLE ONLR
o Y » am
e / P AN =% w
4 MOLLOTS WORA) 1D Ve L “ A.Inv v EWM \ o aw ar
: A ) oy




N et L stde G Lk e R ks
O e Y AN AT IR e P T e s B S 25
St xS o A A A R i =S g

TR

2

e

- N P . . B > L N ¥ Yttt
R T B e e e i e i e

7.1 MECHANICAL FLAP

The two-dimensional flap pitching 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
it increments, which extend thin airfoil theory to cover multiple-slotted flaps with

extensible chords. The trailing-edge flap incremeutal pitching moment at zero angle
of attack is given by:

Ac! cmé .
c = [ Ac 7-1
by (i e
6 /theory TE
where:
®m 5
o is the trailing-edge flap center of pressure

! 6 ‘theory TE location from thin airfoil theory (Figure 7-2).

AC}Z ig the trailing-edge flap lift increment at zero
angle of attack as defined by Equation 4-19, The
flap efficiency factor, 7, in Equation 4-19 is
determined from Figures 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:

d
m
Ac! = 0 Ac! 7-2
CmLE c \ I )
{
& Aheory LE
where:
/Cm
)
(‘;—" is the leading edge flap center of pressure location
s theory LE from thin airfoil theory (Figure 7-2),
Ac‘€ LE is the leading-edge flap lift. increment at zero

angle of attack as defined by Ecquation 4-22,
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The three~-dimensional test data cn mechanical flaps did not indicate any appreciable
effect of sweep, These effects are shown for power-off in Figurs 7-6. An empirical
correction factor was applied:

S c
exp exp [ i ;
AC! = === Ac ] - (7-3) =
m mechanical w ¢ !_ mo g cosz A q
c/4 {
where: ‘h
SW is the wing area.
S i ! L wi
ero is the exposed wing area
c is the mean aerodynamic chord,
cexp is the exposed mean serodynamic chord.
Acm is the two-dimensicnal pitching moment increment

from Equation 7-1 or 7-2, {

SAMPLE PROBLEM
GIVEN: Triple-Slotted Flap

FLAP GEOMETRY

¢ =0.,75¢
X ;
¢, =0.,2878
= g
cf =0,242 ¢ ‘
2
VR c, =0.244 8
| ('1 af ‘f2 aty ‘r:‘ 8ty f3
+ <5f = 29.5 deg
1
6f = 46,0 deg
(!;,2 {c .‘!-At'xf)'“‘f:‘-ArJi) 2
+ 5f = 60.7 deg
3 .

(Z)TF =0 deg

R o ean Cal e e L el




WING GEOMETRY

A = .0 A = 12.
8 o /4 2.5 deg
g S = 558 8q in. ¢ = 8.89in.

" % CALCULATE:

c! = 1,523 ¢
|

Cfl

—= = 0,507
et

t

sz

—= = 0,319 :
c'

Cf3

c'

Obtain 7 from Figure 4-11 to determine Acl fromu Equations 4-19 and 4-22,

£
g \
m
then 6 from Figure 7-2,
%6 } Theory TE
c c c !
£, £, f,
n 0.77 0."7 0.77
A, 2. 8852 3.5980 3.1831
f :
]
c
¢ "'0. 0954 _Oo 1488 "'00 1979 l
26 Theory TE




Flap pitching moment increments from Ean~:il - 7.1,

®my

Ac! Z [ — Ac!
mTF o, ) L7g
: 6 /theory TE

Ac = (~0.0954) (2.9852) = -0.2847
1
AC = (~0.1488) (3.b980) = =0.5355
m
2
Ac = (=0.1979) (3.1831) = ~0.6299
m3 \

The total 2-D pitching moment increment is:

il

Acm) = Acm +Acm + Ac -1.4501

=0 1 2 3
Test value ~1,4961

The three-dimensional case is caiculated using Equation 7-3,

i)

Sex cex r 1
AC! = D — .4 !\ Ac ] - -
S._.¢C m 2
co8 A
c/

mechanical w .

_ 480, 6(8. 44) i 1
558 (.99) (00N T =-1.2440
cos 12.5
Test value =-1.32

7-6

(1-1)

(7-3)
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Figure 7-2, Flap Center of Pressure Location as given

1.2 —
1.0

by Thin Airfoil Theory
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7.2 INTERNALLY BLOWN FLAP

Spence's theory was used to determine two-dimensional pitching moment incrsments

for the internally blown flap, The theory can be readily extended to inalude multiple-
slotted flaps by methods analogous to those used for the mechanieal flap, Mathematical
superposition was discarded in favor of superposition as applied by the DATCOM, This
was done to improve correlation. The following expression is used to calculate the
moment increment.

n % c} 2 B, ci\
el =Z 86 A o 86 af = M ¥ et (7=4)
R B S

where:

c! =g +$ ¢, , extended chord,

i X fi

1
¢ is the mean aerodynamic chord,

Xr £ is the moment reference center as a fraction of the
© mean serodynamic chord.

ac ac!
and 3 % are derivatives obtained from Figures 7-3 and 4~14,

8 éf
n is the number cf flap elements from Figure 7-5.
n is the efficiency facter fov a flap segment at an angle G'f

! from Figure 7-4, i
& ¢ is the flap segment angle in radians,

1 L

t
éf is equal to Z & ¢

t 1

3o Bo
The flap choid ratio values required to determine '53‘?“ and —83% from Figure 7-3

and 4-14, and the flap deflection angles to obtain 7 from Figure 7-4 are illustrated in
Figﬂm 7"50

7 RS

Changes in sweep and the percentage of spanwise flap blown are incorposaind fn tis
two-dimensional expression to form the foilowing three-dimensional equation.

e

i ¢! dc c! _
] aC_ =k e’s‘p c‘”‘p SQ [ L n, +}%£6f (~:‘~ n (x . cos®A_ | (7=9)
] IBF W i- 1 0, 1 ¢ ¢ G\C re c/4

7-8
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A o/4 is the sweep at the quarter chord,
k is the span of the flaps expressed as a fraction of
exposed wing span,

NAZA TN4040 developed a method to three-dimensionalize two-dimensional pitching
moment increments, This method was included in the IBF method and shows up as
the cos? A o/4 term,

SAMPLE PROBLEM

GIVEN: Triple-Slotted Flap with Blowing at the Knee of the First Flap Segment.

FLAP GEOMETRY

¢ =0.75¢
c. =0.28¢ 6, =28 deg
fl i
c =0,23¢ éf =17 deg
2 2
¢, =9,23¢c 6, =15deg
f3 f3
o', = ¢ +i ¢
i
* T
A = 8.0 A0/4 = 12.5 deg
Sw = 588 ¢ = 8.80
Sexp = 480 cﬁxp = 8.44
CALCULATE:

1, Flap choxd ratios and deflections,

¢

i

e B
o' % +28 O

o

fg N 0

c', 5 +2t 23 182

R T gt I 1 B
ST o
h Eaaiats AR e AN Y ks

7

O o e s R b o o e R 5

toaty




23

T5io8 + 23 o3 - 0154

= 28 deg

+
on
il

28 deg + 17 deg = 45 deg

+
(=
+
(=4
jt}

28 deg + 17 deg + 15 deg = 60 deg

2. 85 and aﬁm
f f

womentum coefficient and the 1 from Figure 7-7,

from Figures 4-14 and 7-3 for the specific flap chords and

2
poX
o
-,
o
k:
23
[
o
3
H
§
5
2
¥
T
%}
5

¢, /¢
fl extl
-
] )
T b —m. n
9%
f

3
6?

1.0 6.50 -3.05 0
0

10.15 ~5.10

B B T e s TN
w2
- L
o o

1.0 5.80 -3.00 0.87

2.0 7.85 ~%. 15 0.87

DARHART S G gy

3.0 .65 =540 0 87

w g o
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1.0 5.65 -3.0 ©0.80
2.0 7.65 -4.15 0.80

3.0 9.35 o -5.30 | 0.80

3. Flap pitching momeant incrementy from E.mation -4,

n (82 o \2 8¢ i -‘
Ac! =S‘ mam b¢ 1) N, +37 O <~:~ m !
TE ;T % 4 ‘ i %, f \=@ refJ
¢, = 1.0
u sl
L\Cm = (“3405)(0.488)(1-03)2(3.95) + (6.5)(0.488)(1.03)(0. 95)(0.25)
1 .
be = (-3.0)(0-."96)(1-26)2(0-87) + (5.85) (9. 296) (1. 28) (0. 87)(0. 25)
2 o
be = (-3,.0)(0.262)(1-49)8(0.80) + (5.85)(0. 262){1. 49)(0.80)(0. 25)
13 |
Acm
total
Test Value
¢ = 2.0 :
b

o _

Acm =(=4. 10)(D. 488) (1. 03) " {0. 95) + (8.45)(0.488)(1.03)(0.95)(D. 25)
1 &

Acm *t-«:.15)(0.296)(1.26)2(0-57) + (7.85){0.296)(1.26)(0.87)(0. 25)

o
-

Mm o(md, 15){0. 262) (1. 49)°(0.80) + (7. 65)(0.262)(1.49)(0. 80)(0. 25)
9
Acm
total
Test Value

7-11

(7~4)

~0, 7242

1}

~-0,7518

5]

H

-0.9549_

- —

i

"20 43 10

1§

i

=-1.0078

' «1,0509

b

i

-1.3338
= -3.4015

= ~3.364.

rt s i 1003




Acm = (=b. 10)(0.488)(1.03)2(0.95) + (10. 13) (0, 488) (1.03)(0. 95) (0. 25)=

(-_

Be = (-5.30)(0.296)(1.26)2(0.87) + (9. 65)(0.296)(1.26)(0.87)(0.25) =

-10 2967

~1.3841

2
Acm = (-5.30)(0.262)(1.49)2(0.80) + (9.35)(0.262)(1.49)(0. 80)(0.25) = -1.T:63
-3
- [’Cm = —4.4171
totai
Test Valua = -4.3328
4. "D_erivatii'es, éffic_iency factor, and flap upan factor,
ST TwH T TR, " g
: S f _
e /e S1.6 7.70 -3.65  .0.95 1.0
) fl 1 v, . - - N .
¢, /ot 1.6 7.20 3,52 0,87 1.0
{ 2 o . .
o, /e’y B Y 7.00 ~3.55 0,80 1.0

__'3

5.  Three-dimensional pitching moment increments,

) c
€Xp axp

‘180 8044 ’
SW o] 5568 8.80
2

cos® A = cog 12.5 = 0.958
c/4

ACn = (1)(0. 818} (~3.65)(0. 488)(1.03)2(0' 95y +(7. 70)(0.488){1.03)(0. 95j

&

(0. 25)(0.853)] = -0.752
2

ACm = (130, 818) {(-3. 62) (0. 206) (1,22 (0. 87)+(7. 20)(0.296) (1. 26){0.87)

2 (0. 256{0, 953)) = ~0.7565

ACm = (110, 81B){(~3.56)(0. 262)(1.49}2(0. 80)+(7. 00) (0, 262) (1. 49310, 50)

(0. 25)(0. 953)] = ~0.925

7-12
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The three-dimensional pitching moment increment is calculated with Equation 7-5.

2
S ¢ n {9¢ c! dc c!
Ac =k 2R ERY om o (L) g gty (L (x 2p
— 5 p. p) - cos
mIBF ch & Gf fi ¢ i éf f \c ni ref c/4
ACm = AC + AC“n + ACm
BF my g 3
=-0,752 - 0,756 - 0,925 =-2,432
Test value = -2, 517
8 T Y
|
7 . -g..,.
3
8 50"
acm 4
M\f

4

Iigure 7-3. Pitching Moment Effectiveness About the Leading Edg»
for IBF from Spence's Theory, Two Dimensional
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FLAP® EFFICIENCY FACTOR, 11
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FLAP SEGMENT DEFLECTION, 5f, (degrees)
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{

Figare 7-4, IBF Momentum Loss )
Chart, Two Dimensional
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!
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Figure 7=5. Triple<Slotted Flap 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 EBF 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 system for Part 1 is 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 spillage along the fiaps. The engine affects only the area in its
expanding plume,
2, A 6-degree exhaust plume expansion angle.

3.Constan! engine exhaust velocity in the piume for a specified
power setthug.

4. Tho exhaust velocity vector changes direction in the saume manner as
the flap segments.

5. Constant radius of the plume Irvom its first implagement point,

6, Conter of pressure at midcbord for each flap seginent.
Nomenclature for the flap geometry of the EBY is defined in Figure 7-9.

For constant pyloa length, the vortical distance {rom the mean chord plane to the
engine centerline relative to its local chord changes with engine spanwise location,

Consequently, an average Jocation for both angines was usod.

o D72 -1, (-R) ¢ + b/2 - b, (1-2) o
b/2 ' b/2

1
ave 9

7-16
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where:

b/2 is the wing semi-span,

h1 or 4 is the engine buttock line location,
A is the taper ratio,

c. is the wing root chord.

The equation is rearranged to the following expression:

(1-7)

(&

ave {2(—)+(h +h

} (A=1)
2 ]Z(b/z)

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 Zy*

c
ave

¢

Z
e

Z

o (7-5)

By affixing the origin of the coordinate system on the mean chord plane a distance
Xe behind the leading edge, the equation describing each individ al flap segment was

overlap

8ap,

defined as:
m.
f =X tanfg 6
P f
“m
m
[ }; g2p,
where:

m ' m
i+ [Cx - X —%: Qverla.pi + zi: cfi ( cc.)a“m_.i 8¢ )Jtan E 5f
m i
7-9
Py ofi (sin g: 6fi)] (7-9)

18 tau number of flap eleents,

{s tho distance from tho leading edge to the leading odge
of the first flap,

is the horizontal distance from the leading edge to the
engine exhaugt plane,

is the overlap between vuccessive elomonts,

is the gup between sucoessive elemants,

7-16




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
(Ze - Re) -[Cx - Xc - }%overlapi +§: efi (cos %5%) } tan (1e + 8)

u n i
s[;mg+;%mm§%ﬁ (1-10)
i j

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 n
= - . ™~ - ta
Xp (Ze 'Re)+lcx Xe Eioverlapi+2 C (cosz 5f)] nngi
i=

i=1 1 =1 V=1

n n i=n n,
-[Zf&pi +2 cf (sz 6fg )J /[tan (1‘5 +8) + tanz afi] (7-11)
{=

i=} { 1=1 i=1

The radius of the circular wing, R', i ' computed by:

R'=Rg + (Xp 008 { )tan &, N (1-12)
The portion of the nlh flap segment that is in *he exhaust flow is calculated by:
n !

n =q
[Cx - xﬂ- r.n.'mlapi + z cii {cos 2‘
i i J

n

X v T "13

;sfj >] :sp} /cos D a(‘ (7=13)
i

This value should bo used for the effective chord of the nth flap segment in the remain-
ing calculations. ' _

The normal force on each flap segment for a given valuo of C“ {8 dotermined from the
modifiod Ribnor formuln for ring airfoils in nonaxial flow (Reﬁgroncc T=2).

7-117
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s sy b, st

- 3
1 t
c —i ¢ —m ZR/”cfi <Ve>2 T cfi éfi
N N =2, el k (1-=14)
i=n i,C“ {=n <1+4R' > Ve 180 SW
J TC £
- i
where:
CN is the normal force coefficient for each flap segment,
i
, C“J
ne is the number of engines,
Ve is the engine exhaust velocity.
Voo is the free stream velocity.
. 1/2
k xsequaltoo,625(cu )

J

To compute the moment increment due to the externally blown flap, the normal force
components times their respective moment arms are summed, assuiiing the normal
forces act at the midchord of eanh segment.

Sweep and aspoct ratio correctiona are applied by:

C =g A 1
Ni.c Noe | avs ) Gosa (7-15)
K o/

J 3 4

The moment due to vertical force components is:

m | n-1
AN { 4 ¢ 08 3 &, - ovorla
Afsmc V) 2 [ kp % €82 5% p’

n n n
. A ) EReN - . - . S \ 1
+ 0,60 ¢ (.092 éf ]CNx ¢ cos\ 6{ ‘\ref (’N ¢o zi.,éf (1-18)
L

vt The =R 1, et
4 J
whore:
X is moment reforence contor.

rof
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The momeut due to horizontal force components is:

ACm (H) z [(X,- C +X +overlap)tanzéi+gapi

C i=n
e
n
e smzaf +0.50c sinz ] sin Z 6f (7=17)
i=1 1 9 n i=1 i
J
The direct thrust moment is;
AC =C Z (7--18)
m
T K ®

The moment due to the EBF portion is:

N = - V - (7"'19)
AC ACm ACm (V) ACm (H)

m 21
T/enr T CuJ CuJ

The momeni due to tha area of the flap system that is undisturbed by the exhaust flow
is computed with the linear theory previously discussed for the meohamcal flap. The

tota) expression, then, is:

aAC m @ ACm + AC (71-20)

1T
total mechanical T/EBF
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SAMPLE PROBLEM

GIVEN: Triple-slotted flap on Wing No. 1 at Position E_P

374
GEOMETRY
CONFIGURATION
= 8, =12, = 0,387
A 0 Ac/4 12.5 deg A = 0.3874
S. =17.0534 6‘2 ¢ = 8,895 in. ¢ =12.02 in.
w T
b/2 = 33.406 ia. hl = 10.40 in. h2 =17.5 in.
C =0.758 X =0.03 "X . =0.258
X e ref
Re = 0, 1485¢ 8 = 6.0 deg 1e = 1.6 deg
z =(.2853 n =4 m=3
e e

FLAP (Same as in Sample Problem in Section 7. 1)

of = (), 287¢ c‘. = 0, 242¢ ' c{ = 0. 2¢44¢
1 2 3
6 =29.5 deg 5. =16.5 deg 6. = 14.7 deg
f f {
1 2 3
Overlapl = 0,08 ' Overlap2 = 0, 0050 Overlap,’ = 0. 0098
gap, = 0. 0228 gap, = 0. 0226 gap, = u. 0828

ENGINE CHARACTERISTICS (Ve = 115 ft/sec)

V!’3 = 128 ft/so0
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CALCULATE:

1. Vertical distance from mean chord plane to centerline of engine at the exhaust
plane with Equations 7-7 and 7-8.

b ¢
c = 2(2)+(h +h )(x-l):, r
ave [ P 9 —_—
! 2(672)
. [2(33 406) + (10.4 + 17.5)(0. 3874 - 1)] —2-22_ _ ¢ 9451
' y »oNO- 2(33.406) =
and
2
yA =-=§- e
e C ave
0. 285

= . = 0,2865
5. 895 (8. 5451) 286

2. Flap segment on which the upper boundary of the engine exhaust first impinges
with Equation 7-10. Tryn =1,

n n i
(Z - W€ - X - e - ’ v i + 8
&e Re) - X Zi:c:verm;)i *Ei: (,fi (cos géfj) tan(lc 8)
< n n i }
< Zgapi ! Zcf (sin }‘_'5‘.‘,}
i U i
Substituting:

(0. 2566 ~ 0.1485) - [n.?f - 0.6 = 0.0+ 0.287 gos 29.5]
fan (1.6 + 6.0) £ 0.022 + €. 287 sin 20.5

8ince 0. 0047 « G, 1633, the ext st bowndary dues Lmpinge on the ﬁrst-
segmoent and n = 1.
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3. Horizontal distance from the engine exhaust plane to the impingsment point with
Equation 7-11. (For this case, n = 1.}

n n i=n 1
X = (2 - + -X -
o ( . Re) [Cx . z overlapi + c (cos? 5. )lmn\ 5t
{1 =1 ' i= 1 oyaq »
n I i=n I : :
[z gap, +Z c (sinzéf )J /(tan (ie+S) + tanEé : i
= i=1 j=1 i e N :

= [(0.'2866 - 0.1485) + (0.75 - 0.0 + 0.287 cos - 4. 3) tan 29.5
~(0. 022 + 0,287 sin 29, 5)} lta.n (1.6 + 5.0) + tan 29.5
= 0,7728
' 4. Radius of the circular wing with Equation 7~12.
_ P
R'= Rc + (Xp o8 ie)mn 8, .
~ 0 1485 + (0.7748 co8 1.6) tan 6. 0
= (), 2207

5, Portion of the first flap segment that is in the exhaust flow with Lquauon -13.
(For thia case, n = 1.)

1 ' n i* n
o ; ’n”vzms FEVY L L "‘Q' £ . 1} ;
¢ ® I [Cx ,\ﬂ }_‘ mexl@;pi Ot tees >4 0|-X o
B i o :
€6.75 - 0.0 = 0.0 + 0.287 cos 29.5) - 0 ubl/m 29,5
= . 2808
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6. Normal force on ecch flap segment from Equation 7-14.

3
1 te
c c IE‘ i Cf‘ Ve " fi 6fi
= = i
NE2 N, K
- 1,0# imn 1+§_R‘_ Voo 180 SW
J 7|'Cf :

1

- : 0 .
¢ = (4 2(0. 2297)/7(0.2608) [ 728\" 773(0.2297)(0.2608)(29.5)-J
N1 1+ {4(0.2297) /m(0.2608)}\ 115 180(7. 0534)

[(O. 625)(1. 0)] =1.1428
Similarly,

c = 0.6140
N2,1

c =0.5495
N
3,1

7. Wing aspect raiio and sweep effects for each flap section with Equation 7-15,

8.0 1
= 1.1428 = 0.9364
CNl 1 (8.0+2)<COS (12.5))

Similarly,

C =0.5033
N2,l

C,. = 0,4504
3,1
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8. Moment increments for each flap section, and sum with Equations 7~16 and 7-17.

r n-1
i l Xp + uf. cos z 6f. - overlapi
By im i=1 1
n n _ n
+ 0,50 Ce cosz 5f. CNi cosz Gf. - Xref CN. cos Z ﬁf: :
i i=1 1 , C i=1 1 I,C“ i=11 P
s 3 i
:
.
ACm ) (V) =Z ACm (V)
(“p i=n n,C
Bj By

ACm (V) = [0. 7728 + 0,0 - 0,0 + 0.50 (0. 2608) cos 29. 5]

1,1 5

(0.9364) cos 29.5 - (0.25)(0. 9364) cos 29.5 = 0.519 g

.%,%

Similarl_y, 3

AC (V) =0.289 ]

Ha1 -
ACm (V) =0.212

3,1

ACm (V) = (0.519 + 0,289 + 0,212} = 1.020

C 3

uy %

mr &

: (-« C ) + :

AC o (H) = 2, ()xp +\ + overlap )tan&é g.xp 5;

C“ f=a i E

d :

(7-17) :

n:.‘l ”\ ?‘
+c si.nZa +ObOc binZG C sinS ol
N o i,
{=1 1 {=1 1. {.C i=1 i
pJ
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AC (d) = [(0.7728 -0.75+ 0.0 +0.0) tan29.5
my g

B Ex s Rt e Y et
"

+0.022 + 0.0 + 0.50 (0.2608) sin 29. 5} (0.93€4) sin 29.5 = 0, 0457

Cry

AR

Similarly, ' b

AC (H) =0.0986 ?
m .

é‘:
o
&
S
%
%
H
i
z

2,1
AC  (H)=0.1915
3,1 gf

i

aC = 0. 0457 + 0,086 + 0.1915 = 0.3358 ;
m,, 3

I‘J .

S T SRR

9.  Direct thrust moment with Equation 7-18,

AC ~ 1.0 (0. 2863) = 0.2865
m,,
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10. Total moment due to the EBF w**h Equation 7-19.

ac =AC_ -AC_ (V) - AC_ (H)
/enr T CuJ C#J

0.2865 - 1.020 - 0.3358

1}

-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

m
total mechsnical iy / EBF

il

-10244 - 1007 "2.314

-2.395.

fl

Test value

4.0 '
{
EBF TUST DATA
TRIPLE-SLOTTED FLAPS hp - 66 DEG
PCSITION Ey Py
b 0 raet , e (P2
G WIN # AC/ 44 DP.(:‘ .} AR - 5.0
O WING 1 Apyy 12.3DEG
QWINIG | AR %D
¢ o WINGA At To : A(,,i 5 hEG
By AWLGH At w2
2,0
i
2
-1.0 -0 -i. 0 -+.0
at m ) [« I

figure 7-6, Effect of Aspect Ratio and Sweep on EBF
Pitching Momont Incremeits
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anscretfn wot b

REAR VIEW

Figure 7-7. Flap Avea Affected by the
Engines on an EBF System

aa %
REAR VIEW SIDE VIEW \\Q

Figure 7-8, Representation of Engine Exhaust with Semicircular
Airfoils

° reerntee] OVERLAP,

Figure 7-9, Defindtion of Flap Geomotry for EBYF
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| 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. Table 7-2 presents combinations of flap configuration, momen-
tum coefficient, sweep, and aspect ratio for the internally blown flap, Table 7-3 has

i . the added factor of engine configuration and position for the externally blown flap case.

Table 7-1. Mechanical Flap Data Correlation

6  FlapSlots A Ay ACH) ac_) % Ervor
(dleg) (deg) o=t «=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
60 Triple 5 12,5 -1,3282 -1,2240 (A
30 Single 8 25 ~0, 1806 -0,2614 4.7
80 Single 8 25 -0,1883 -0,3037 61.3
30 Double 8 25 -0,4888 -0.4836 1.0
60 Double 3 25 -0,9619 -0,7420 22,9
60 Triple 8 25 -1,425) -1,3513 5.5
30 Double 8.5 25 -0.6215 -0,4685 24,6
& Double 8,5 25 -0,3123 -0,7286 20.1
60 Triple 9.5 25 ~1.4096 -1,3249 8.0
30 Doublo 7.14 25 -0, 5804 -0,4922 15.2
680 Double 7,14 235 ~0,8914 -0,7513 18,6
60 Triple T.14 25 ~1,3534 -1,3696 1.2
30 Double 8 3 -0.3800 -0.5638 2,9
60 Douhio 8 35 ~0,9097 -0.8906 2,1
60 Triplo k 35 ~1,3208 -1,5672 18.6

- “ikervor |
Average Exvor = \. . = 17,8

Table 7-2, Internally Blown Flap Data Correlation

s e o

1 Flap Slows Y, e AR k ACm)u -0 Acm ba=o 7 Erver
(dog) (deg) ‘Test Caloulated
30 Bungle { 12,8 PR vi, 1863 ~L 6,4
d0 Ripgle 2 12,4 8.8 1,0 BPE RE P 4 1.8
30 Plain 1 13.5 1,0 1,4 -0, 0419 -0,%:7 LT
10 Plain 3 12,5 3.0 1.0 1.0 SLar 1.2
e Plaln 1 1.2 R0 1,0 21,949 -f.0u7 8.0
g Plais ] 13,9 8,0 1,0 S0 B IR A] 1.0
q0 0 Main 1 .0 8,0 1.0 B i NWE] 0,3
8 Main H 35,0 K9 1,0 -1, 981 T [T
Jo Patn H B0 4.9 0.4} K%Y -0, bug 4,0
G Plun 3 35,0 4,0 no§} -1, 408 -1,0% Yod
4 flain { .0 %0 1,9 1,544 ~1.47 6,0
43 Plam 2 3.0 s 0 1.0 «3. 18y -4t ah
& Plain i 2.0 %8 1,9 ] nes BT 4.1
s Plain E] 5,0 Hog §,! 2,43y ~d 48 4.0
g Plais 1 B8 %0 o,8} 1, 440 4,417 L
ah o Pl 2 5,0 %06 0,8 3.041 2.0} 1.5

i3 pl
Averwge Freor - N\ “'"‘;“L{“"r‘ - 349

[ WA U
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Table 7-3. Externally Blown Flap Data Summary Substantiation Correlation

Flap Engine Ac /4" AR Cu o AQQ) ACm) %
S P = ¢ a=o
Jots osition Tont Caleulated Error

*

. 60 Triple E,P, 12,5 8.0 1 -2,395 -2,473 3.3
E3P4‘ 125 8.0 2 -3,093 -3,126 1.1

EP, 12.5 8.0 4 -4,316 -4,192 2,9

60 Double E, 4‘ 12,5 8.0 1 -1,7673  -1.667 5.1

EBP4' 12,5 5.0 2 -2,288 -2,213 3.3

E, 4‘ 12,5 8.0 4 -3.124 -3,081 1.1

30 Double Egp 4‘ 25 8.0 1 ~1.0013  -1,059 5,8

E3P4° 25 8.0 -1.247 ~1.377 10.4

E3P4' 25 8.0 -1,594 -1.383 13,2

-0,9235 -1.004 8.7
+1,0431 -1,2829 23.0

p’ 2 .51
E.P 5 9,519

D >
Eal4 25 9,518

LI - e

E P 25 2.51¢
60 Double EP 25
E P 25 9,019
EP 25 9.519

~1,2018 ~1.2360 2,8

~1.8238 ~1,6035 12,1

e
n
-
w
—

-2,3306 =-2,1147 9.3

2]
-
- N

-3.1516 ~2,9306 7.0

-

60 Triple E P 23 89.518 ~-2,538 -2,3622 7.3

E P 2¢ 9,518 2 =3.2379 ~2,9547 8.7

EP 25 9,519 4 -4.4362 ~3,92(3 11.4

30 Double EP 25 7.4 1 -0,8688 -1.1328 30,2

A 25 7.14 2 -0,9777 -1,499 53,3
. .
E,P, 25 7,14 4 -1,1383  -1,564 37,4 4
60 Deuble Eqp,” 25 7.14 1 -1.8966  «1,7120 9.7
ESP" 25 7.14 2 -2,4133  -2,3067 4.5 z
kP % T 4 -3.3385  -3,269% 2.1
60 Triple E, 14' 25 7.4 1 -2,6033 ~2.4719 1.8
b:394‘ 25 7.4 2 -3,2313 3,189 1.9
aap" 25 7.14 4 -4,5320 -4,3121 4.8
30 Double ) R 8.0 1 -0.8084 ~1,1347 3.1
EP, 38 3.0 2 -0.9487 -1.6246 54,7
P, 36 8.0 i «1,0463  <1.8585 - 36,0
G0 Deublo Bgp’ 83 8.0 1 ~L,H036 1,645 1.2 :
53:'4' 2 8.0 2 -2,3006 «2,2672 2.3 ;
zav" 15 5,0 ¢ 3,441 -3, 1097 2.5 :
Tripic AN a1 8.0 t S22 «2,3851 1.6 5
AN 5 .4 2 £3.0983  -3,0736 0.7 )
(2 1 .9 1 T T A R U 2.0 ;
Trigle Beby e w0 1 SRTTT RS ST 0.7 ;
IO s s B LN a0l 2.2
oy 12,4 4o . ALMEE LTSI A
Trige £aitd 2 #.0 R I R 1.0 o
N £ .0 5 SLTI - eem 2.4
Byt N 4,0 s Le3se -1, 108 20,0

o,
Aver.. “teup - L'L‘;.’ISK’ < 16,34

. a:}t' T Shott Cows, Nhaet Pylog

14 }1,0‘3 = latg Cowl, Long Priaa
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SECTION 8
DOWNWASH

A simple, universal procedure is presented for the prediction of downwash at the

horizontal tail, The proced:~e was developed on the basis of the conclusions and

data trends determined from .. downwash 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 imyortance 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

variety of tail-off model configurations. The results from approximately 560 cagas

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 thrust recovery factor, r, and

the turning angle, o, of the thrust vector, The availability of these thrust parameters
for each confignration permits the direct thrust portion, C Lpp of the total lift coeffici-
ent, Cy, to be determined from one of the following expressions.

C =C (rysin(@ +0O+1i ) (8-1)
LDT 73 1 w w
or
C C {ysin(  +tOri ) (8-2)
; w
Ly, By %
where:
C u is the thrust coefficient (EBF or MF/VT).
J
Cu is the momentum coefficient (IBF),
?1\
aw is wing angle of attack.
lw is wing incidence angle,

The total 1ift coeificient a.tributablo to direct thrust is subtracted from the total lift
coefficient to dotermine the aovedynamic lift coefficient, CL .
aero

Tho data analysis presented in Reforence 3-11 indicates that the downwash behind 2
wing with a powered 1ift systam remaine a function of aerodynamice lift coofficient,
Further, if proper adjustment is made to account for the downward displacement of
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EQUATION
NO,

(8-8) €

8-7)

®-1

(3-2)

(8=t)

(8-3)

185-4)

ey

AP NN S e,

Ja PRSE T ADIARI T N na e

€ € €
baste A6 T A, P A uE t A v P A
. B¢ oy
Svppvr T 2
MIBF = 1,49
€
B¢,
Ac A
\ €
. o
‘bastc (c > c ¢
o aero
wero l
c c -C
L'wro L LD’I‘
C' "Co(nysin(@, + @+ )
I;D'I‘ s w ¢
o'n
C C {r) sin (¢ Ye )
Lop Wy w w
[
- “’_ %0 (_’i-) 1;_..:_*.'_._ ’ -
¢, £*a \b X
aHro
€
—_— 1 -~
[
[}]
-‘, AT
: ¢ w
W /vorton
( fi»s.) (_'.‘_u ) . ( '\')
J a g
Yw voptex cW- "\V witk g
r\\' withy
h P4
'.‘“‘ [ (‘*t [N
3 v
‘w/ [\ w
Figure 8~i. Downwagh Methodology
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the wing wake below the vortex plane due to increasing wing angle of attack, the
downwash varies in a manner closely resembling the variaﬁon predicted by lifting-

line theory for elliptical wing loading,

The adequacy of the procedure was testad with variations of wirg aspect ratio and
sweep angle. Displacement of the wing wuke with respect to the vortex plane, at
several longitudinal positions where the downwash angle had been measured, was
represented as a function of wing normalizeri angle of atiack. The wake displacement
values were determined by an rms averagicyy of the values required to obtain perfect
agreement between calculated and measured downwash 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 coeffioient, W(CL

is attained was ueed as the normalization factor for ¢, The normalized ver Hoal éué-
placement of any point from 0.25 cw in stability axes was determined by using the

following axis rotation equation,

-

hH Z X

~—— { =1 I —} cos (¢ ~i)-~%—- sin (@ -1 ) {8-3)

CW CW W W bW w W

where:
ZH is vertical digplacement from 0,25 "cw in body~axis sysiem.
XH is longitudinal displacement from 0,28 c in body-axis
system,

EW ic the wing mean aerodynamic chord,

The normalized vertical displacement of any point with respect to the vortex sheet
was then determined as the algebralc sum of displacoment from the 0,25 'o'w refer-
ence pius the {ncromental displacement of the vortex sheet.,

h
H aAh
W ()@
¢, vortex v/ W/ wake

W

where:

Ah is the incromontal displacement of the vortex sheet.

Assuming an elliptical wing loading, the ratio of Jownwazh at an arbitrary vertical
location to the downwash in the wing wake is determined by lifting~-line theory:

8-3
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i

is the downwash angle at the vortex plane.

o
Z is the vertical disnlacement from the wing wake determined
by hH .
g “w*
W /vortex
b is the wing span.

The following relationship was used to detcvmine downwash at positions in the wake
far enough downstream from 0,25 €. tc be suitable for locating the horizontal tail,

w
\/— . 2 K‘ 2
+
‘o 90 (b - *y C .
¢ 2o \b’ X
aero
where:
€, is the downwash ungle in the vortex plane (degrees).
CL is the aerodynamic lift coefficient,
aero
A is the wing aspect ratio.
b' is effective width of wake.

b = 0,765 due to assumed olliptic wing loading,

¢ o son ,.‘Z, . ; (3"‘7)

Y L / aero
dero
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A comparison of messured downwush with calculated results revealed that if a single
nomiral curve was used to.represen: the theoretical variation of downwash angle with
long!tudinal displacement, the effect. Jf wing aspect ratio and sweep angle can both
be satisfactorily represented by sir.ple downwash angle increments (Ae, and Acy )
applicable for all practical values of thrust coefficient (C}JJ = 0 through 4.0). The
fiaal curve selected to represent theoretical variation of normalized downwash with
normalized longitudinal displacement in the vortex plane is presented in Figure 8-3.
This figurs was developed using a baseline aspect ratio of 8.0 in Equation 8-6.

Downwash angle increments for wing sweep angle (Ae A) and aspect ratio(Ac A) are
presented in Figures 8-4 and 8~5, respectively.

The procedure was then applied to an IBF configuration, The difference between
calculated and measured dewnwash, at point suitable for locating a tail, was mini-
mized with a single congtant value of incremental downwash (Ae gr = L 49 degrees)
applieable for values of momentum coefficient, CuT = 0 through 2.0, Similar results
were obtained for the MF/VT, a triple-slotted flap with thrust vectored to 90 degrees

(AQMF/VT = 1,21 degrees).

Next, the procedi:re was applied to an EBF configuration that used a double-slotted
flap at several deflection angles. The incremental value of downwash, for suitably

Incating a horizontal tail at any arhitrary point, was a function of thrust cvefficient
and flap deflection.

The normal:zed version of the downwash incrameat for EBF configurations (A¢

\
at various values of Cy; is presented in Figure 8-6 as a function of AC/A i

The following express.on was developed to calculate downwash for lift~augmentod
systems:

€ € + A€ t A€+ A€ + A€ + A€
basic *24 A4 A mr ! A v EBF (8-8)
where:
3 is the primary downwash angle, Equation 8-7,
“basic P y ) gie, B4
Ac A is the downwash angle {ncrement for wing sweep angle
! effects oblained from Figurs 8-4 as a function of A /4"
ACA {s the downwash angle increment for wing aspect vatio
offects obained from Figure 3~5 as 2 function of aspect

rmtio,

]
4
:
{
4
i
i
H
¥
é
i
%
2
;
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is the downwash angle increment for an IBF configuration
and is equal to 1,49 degrees,

AF.MF T is the downwash angle increment for an MF/VT configura-
tion (GT % 90 degrees) and is equal to 1,21 degrees.

AGEBF is the downwash angle increment for an EBF configuration
and is obtained from Figure 8~6 as a function of averaged
capture ratio, defined iu Section 2, and the thrust coeffi-
“cient, C >0,
Ky
As indicatad in Figure 8-6, no more than one of the three downwash angle increments
related fo the type of powered lift augmentation (AEIBF’ MMF AT or Ae EBF) should
have a non-zero value for any specific case. :

SAMPLE PROBLEM

GIVEN: Exterually blown flap configuration with a triple-slotied fiap and leading-

edge flap
e | .= 7. 3
A=8.0 ‘1, 1964
b = 66.813 in. Cu 2
Cy ™ 8, 895 in. | p |
C =0.1
= 28 3
Norq T B deg B _
_ A - ,
By © 10.05 deg . - LE Y3 deg
crw = 30.31 deg 51, = ( deg
(LL ) 0 - 56,46 deg
awro/ max |
+ £, 6564
X‘{ = 32,00 in. r o 0. 6569

" -m " si »
ZH 12.8% in

A /A 20,935
v o




CALCULATE:

1. Lift coefficient due to direct thrust with Equation 8-1.

ok MUV RLELS

p C. =C (r)sin(@ +6+i ) | ;
B Uy B W W |

= (2)(0.6569) sin (3.5 + 56,46 + 10, 05)
=1.2346
2, ~Aerodynamic lift coefficieat.

C =C_ ~C
Laero L LD’T.‘

- =7.1964 ~ 1.23¢°

= §5,.9610

3. Normalized vertical dispiacoment above the 0,25 Gy reference poiut with
Equation 8-3,

] e
h Z x
( %ﬁ* j «-,.—E{- cOs (OIW - iw) - -—é—}-—i« sin (&W - i‘,,{.'}
N w/ l w W/ ]
12, 590 o 42,06\ . ..
= | o ) 208 (20.05 - 3.50) - ( - 395) ain (10,06 - 3.50)
= 0.9011

S S A SRR S R AR e R B R U R

L

4. Normalized displacemani of the vortex plage,

R

& . .
W 10. 05
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From Figure §-1

Ah

*

(’W wake

= 0,282

5. Vertical displacement of 0.25 EH above the wing wake plane with Equation

8-4.
il (w\, (an)
5W vortex 5W : CW/ wakg

~0.9011 + 0.283
=1.1841

6. Theoretical ratio of downwash at 0.25 ©
Equation 8-5.

H

27
€
Lo, b
€- [5)
O o

Vi

R\ |
where 7 = {=—])C_ = (1.1841)(8.895) = 10.533 in.
c W
W
27 _ (2)(10.533) _ ¢ gy5q
b 66.813
€y 0.3153
€ A ——)
o 1+ 0,31473
= 0, 6993

7. Effective theoretical ratio of downwash to aerodynamic lift coefficient on

the wing wake plane.

o

= 4,035 from Figare 8-2 ot

to the downwash wake plane with
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8. Basic downwash at 0. 25 é_H with Equation 8-7.

€ . = ——— [
basic € C C
Y aero

= (0. 6993(4, 035)(5. 9618)

= 186.82 deg

9. Downwash increments.

Ae

A= 0.00 deg from Figure 8-4 for A_C/4 = 25 deg

AeA = 0. 17 deg from Figure 8-5for A =8.0

A¢ = (. 0 deg (not applicable)
IBF

A¢ = 0.0 deg from Figure 8-6 for dT = 0 deg
MF/VT _

A = 0.0 deg from Figure 8-6 for A /A, =0.935, C. =2,0
EBF ¢ 1

"The total downwash is calculate¢ with Zquation 8-8.

€ =€ + + A€+ A€ + A€ + A€
basic TAEA T84 T A pr P A p vt T Apr

=16.82+0.17+0+0+0

= 16,99 deg

Test Value = 17, 02
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Figure 8-2. Variations of Normalized Vertical Displacement of Wake

with Normalized Angle of Attack at Several Normalized
Longitudinal Locations '
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CORRELATION

The results from approximately 560 cases similar to the sample calculation are com-
pared with the measured values and summarized in Tables 8-1 through 8-5, Table
8-1 shows tiie 15 combinations of wing geometry and flap configuration for the differ-
ent types of auymentation. Table 8-1 also indicates the appropriate tables to locate
each combinasici,

Table 8-2, Sneets 1 through 5, presents the daia 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 effecis of wing sweep are
shown in Table 8-2, Sheets 2, 4, and 5. The effects on downwash of vectored thrust

(6T ~ 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 wheve 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 oceur at
extreme values of wing normalized angle of attack, At low values, the nonlinear
stalling effoct induced by the leading-edge flap are just becoming significant,

=13
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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 éw ZH=1.45 EW
Syp * 06 des 8_= 60 deg 6. = 0deg A /A, =0,935
f T c j
Cu 3 “w 4 aW(CL ) € measured €caleulated % Difference
aero/max

4,0 -0,028 11,8¢ 11,28 -4,.41
0.063 13,55 13.25 -2,21
0.204 15,32 15,38 0.39
0,355 17.64 17,55 -0.51
0,480 18,77 20,11 1,72
0.657 21,88 22,41 2,42
0.806 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 ~5,568
0,049 11,76 11.45 -2.565
0,193 13,59 13.38 -1,58 .
0,347 15,36 15,34 -0.13
0.500 : 17.41 17,24 -0,88
0.652 19,08 19,39 1.62
0.804 20,75 21.21 2.70
0.902 21,99 22,09 0.64
1.000 (20,46 deg) 23,27 88,39 -3.91

1.0 ~0,142 8.83 8,58 ~0,58
0.031 10,36 10,08 -2,61
0,206 12,07 11,76 ~2.57
0.375 13,44 13,38 ~0,46
0,548 - 15,22 15,19 ~0,20
0,719 16,66 16,74 0.48
0,888 - 18,06 18,43 2.1
1,000 (18.1% deg) 18.69 18,80 1,39

0 -0,181 8.53 2,08 ~8.41
0,003 7,26 6,89 «5.10
0,182 R, T a,40 ~§. 22
6,369 9,93 9.7 - -2,3
0,536 10,1 10,91 @,00
0,710 1183 12.01 1.62
0,884 12,79 13,05 2,03
1,000 (10,55 deg) 13,88 14.40 4,04

Meaa % Difference « -0.8)

Standard Doviadions 2,88




Table 8-2. Substantiation Data for Externally Blown Triple-Slotted Flap (Sheet 2)

A=8,0 Ac/4=25deg XH=4.72 EW ZH=1.45 5W

8, = 55 deg 5 = 60 deg 6, =0 deg /I;'/Aj =0,935
C a_fa € €

B 1 w W(CL ) 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 0.59

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

1.000 (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 18.84 ~0,37

0,801 20.59 20,88 1,41

0.903 21,78 21,96 0.987

1,000 (20.31 deg) 22.49 22,65 0.71

1.0 =0,152 8,31 8.50 2,29

0,023 10.03 10,01 -0,20

4,198 11.63 11.58 -0.43

0.371 13.62 13,08 3,25

0,544 16,24 14,96 -1,80

0.71% 16,89 16.37 -1,92

0,827 18,12 17,96 «0,94

1,000 (18,01 deg) 19,08 18,70 -1,73

0 ~i, 188 8.02 4.87 -18,10

0,004 7.060 6,81 «2.71

0,179 8,06 5,23 2.24

0,368 10, 48 9,83 -10.77

6,534 10,77 10,78 0,09

0,709 12,25 11,39 -23,94

0,485 12,19 131,83 0.31

1,800 (17,43 deg) 13,356 13,36 0.0

Mean % Difference »
Stundasd Doviation »

-0,61
4.23

v




Table 8-2, Substantiation Data for Externally Blown Triple~Slotted Flap (Sheet 3)

Rlm

A=1714 Ac/4=25deg X =4.72 aw 'zH=1.45 &
! GLE=55deg 6f=60 deg 6T=0deg AQ/Aj = (0,935 ;%
e Y o fo € &
z by W W(CL ‘ measured €caleulated % Difference 2
A aero/max g
& Y
! 4.0 0,112 11,14 11,49 3.14 2
% 0.040 13.14 13,33 1.45 %
% 0.192 15,24 15,35 0.72 5
: 0,342 17,03 17.64 3.58 4
0.493 19,07 19,68 5,20 ;
N 0.644 21,37 21,95 2.71 3
% 0.795 23,238 - 24,23 4,30 |
0.904 24,40 25,62 5.00 S
1.000 (20,75 deg) 25.89 26,65 2.94
2.0 -0.130 9.71 10,00 2,99 3
0,027 11,52 11.76 2,08 ;
: 0.181 13,45 13.29 -1,18
: 0.336 15,41 15,01 -2,60 3
0.491 . 17,09 17,00 -0,53 - 3
0.645 18,97 18.97 0.00 ;
0.799 20,84 20.85 0.05
0,900 21,88 22,07 0,87
1.000 (20,18 deg) 22,75 22,68 -0.31
. 1.0 0,167 8,47 8,92 5,31
0,018 10,42 10,34 ~0.77
0,194 11,94 11,83 -0.92
0.369 13,70 13,45 -1.75
0,542 15,38 16,09 -1.89
0,715 16, 86 16,59 ~1.60
0,886 18,38 18,12 2,61
1.600 (17.8% dey) 19,41 18,77 -3,30
0 ~0, 193 5,20 5,35 1.13 )
-0,007 7.22 7,28 0,14 :
: 0,174 5,91 &, 54 ~4,15
! 0,352 10,C2 9,84 ~6.56
_ 0,531 11,44 11,06 ~3.82
d 0,704 12,04 12,25 -5,91
0,484 14,12 14,15 -85, 87
1,000 (17.49 dest) 14,11 13,60 -4.02

Moan % Difference = -0,16
Standavd Devintion= 1,05




Table 8-~2, Substantiation Data for Externally Blown Triple~Slotted Flap (Sheet 4)

A =8,00 Ac/4=12.5deg XH=4.7ZEW ZH==1.45 EW

8y = 55 deg 8. = 60 deg 65 =0deg K’c"/Aj=o.935
c o jo € € .

HJ w W(CL ) measured calculated % Difference
aero/max

4,0 -0.110 11,17 10,91 -2,31

0,043 12.95 12,86 -0,€9

0,196 14,94 14,87 -0,47

0,349 17,29 17,06 -1,33

0,500 19.31 19,32 0,05

0,653 21,64 21.66 0.09

0,802 23,99 23,81 -0,75

0,962 25,17 24,99 -0,72

1,000 (20,59 deg) 26.68 25,99 2,59

2,0 -0,125 9,64 9.58 -0.62

0,031 11.42 i1.31 -0.96

0,186 13.17 12,99 -1,37

0,341 15,12 15.02 -0.66

0,496 17,08 17,06 -0,12

0,847 13.89 19,08 1.01

6.800 20,865 20,74 0.44

0.901 21.88 21.56 -1.46

1,000 (20,22 vdeg) 22,59 22,387 -0.93

1.0 -0,135 8,80 8,53 -3,07

0,022 10.13 10,08 «0,49

0,180 11,88 11,69 -1.4%

6,338 13,49 13.41 -0,59

0,492 15,45 15.13 -2,07

0,847 16,96 16,85 0,77

0,300 17,63 18.13 2.84

0,902 . _ 1§.92 13,82 -0,83

1,000 (13,39 deg) 16.80 18,58 0.32

] ~,1682 BT §.36 1.71

0,064 6,81 5. %8 0,58

Q.10 4,30 8,44 ~0,60

=, 21 2,82 9,80 ~0,20

0.4y 10,88 11,17 .67

6,836 11,68 12,29 G6.1b

0,703 13,868 13,36 3.48

0,887 13,17 14,00 8,30

1,000 {19,456 dog 13,67 14.32 5.53

Mean % Difforonce = 0,16

Standasdd Deviaton = 2,21

o g,

N b o Y




Table 8-2, Substantiation Data for Externally Blown Triple-Slotted Flap (Sheet 5)

A =8,00 Ac/4'—‘35deg XH=4.72 cw ZH=1.45 GW

6, = 55 deg 8= 60 deg 6, = 0deg X;/Aj = 0,935
Cu 3 W 'l“W(CL m) “measured calculated % Difference

ae max

4,0 T =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 19,056 18,44 -3.20

0.650 20,99 20.66 -1.33

0.802 22,99 ° 22,80 ~-0.83

0,802 24,13 24,19 0.25

1.00¢ (20,72 deg) 25.32 25,26 -0,24

2.0 -0,128 9,47 9.57 -1,06

0,026 11,14 10,90 -2,15

0,182 13,00 12,54 -3,.54

0,337 14.63 14,34 -1,98

0,492 16,55 16,15 -2,42

0,645 }8.30 17.96 -1.86

0.797 19.89 19,83 -0,30

0,899 21,03 20,84 -0.90

1,000 (20.33 deg) 2,047 21,86 -0,82

1.0 ~0.140 7.94 8,42 0,00

0,018 9,99 9,78 -2,30

0,174 12,29 11,28 -8.62

0,331 12,9 12.82 -0.7Q

0.436 14,51 14.42 -0,02

0,64% 16.87 16,12 1,468

- 0,798 17,34 17.713 2,28

0,900 18,10 18,72 3,43

1,000 {29,02) 18.71 19,49 3.10

0 =i}, 174 5,14 §.38 4.28

-0, 008 6.57 6,80 i.5¢

0,155 8,11 8,26 1.86

0,416 9,38 2,01 2,08

0,476 10,86 10,78 2.18

0,638 11,08 11,97 8.37

G, 792 12,54 14,86 2,68

9,808 12.66 13,51 7,88

1,000 (19.41 dog) 12,38 13,990 12,73

Meoun % Ditferenco = 0,78

Standard Doviaton = 3,66

8-19
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Table 8-3, Substantiation Data for Triple-Slotted Flap with Vectored Thrust

A =8.00 Ay =26 deg Xy =428, Z,=1468,
%E=%m* A, =20 deg & _ =90deg A /A, =0,935
f T c |
CM 3 w /aW<CL ) “measured €caleulated % Difference
aero/max

3.4 0,140 .79 6.56 -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 3.16

0,722 1€.54 16. 64 0,60

0,814 17.93 17.30 -3,51

0,907 18,73 18.12 -3.26

1,000 (21.83 deg) 19.68 18.%5 ~4,32

-0.186 6.67 # 6,69 0.:0

0.004 8.28 //Ag’ 8.21 -0.85

0.183 9,73 9,66 -0,72

0. 380 1117 .17 0.54

0.568 1%.01 12.81 0.00

0.817 14,92 14.90 -0.13

0,953 15,92 16.31 ~3,83

1.000 (16,70 deg) 17.01 15.90 ~6,5

-0,179 6.14 8,60 T.45

0,000 7.76 8.15 5.03

0,179 9,14 9.61 5.14

0. 366 10,47 11,08 5,92

0,534 11,93 12,50 4.78

0,708 13,97 14,07 5.24

0,886 14,78 15,69 6,18

1,000 (17.65 deg) 15.6% 16,15 5,26

«0,211 5.08 5.12 0.79

-0, 004 6,87 6.69 ~2.42

0,199 7.37 7.86 ~0,13

0.404 9,28 .10 -1,87

0,603 10,31 10,28 ~0,1¢

0,804 11,86 1.4 -2.0¢

1,000 (15,36 deg) 12,60 11,80 -4, 8

Moan % Difforence « 0,04

Stndand Doviation = 3,467

8-20




Table 8-4. fubstantiation Data for Internaliy Blown Plain Flap

AR = 8,00 A°/4=25dag )(}_“-‘4.72 5W ZH=1.455w
Syg ™ 55 deg af = 60 deg aT = ( deg Ac/Aj = 0,935
c, =0
ab
%w "yfc € € ogi
( L 0) measured caiculated % Difference
aero/max
~0,113 10,42 11.47 10.08
0.02$ 11.89 13.11 10,26
0.169 13.86 14.74 7.91
0.309 15.69 16,48 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 ~2,061
1.000 (22.27 deg)  25.16 24,49 -2.26
-0.176 9.00 9,565 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
0.806 17.58 16.48 -6, 26
1,000 (15,84 deg) 19.16 17.00 ~11.23
-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 11.66 11.99 2,83
Q, 607 13.42 13.25 -1.27
0,304 14.64 14.51 -0,89
1,000 (15,59 dog) 16,09 15.26 -5,16
-0, 210 6.09 6,12 10,34
=), 00 .38 7,89 6,81
0,194 8,91 8,10 1.80
0,399 Q.97 10.18 2,4
0,601 1.3 11.38 0.42
¢, 801 12,84 12,31 ~1.83
1,000 (15,34 deg) 13.41 13,08 -2, %
~0, 158 2,40 2,47 IR e
8,030 3,56 3.43 -d, 34
0,088 4.74 4,54 4,0
Q.24 5,95 8,048 (i, 04
0,348 g.68 6,72 a.45
0,470 §.22 7.82 -4, 8
0,593 9,18 &, 60 -6,3%
0,675 9,34 9,83 «3,15
6,757 10,48 10,13 ~ AL 40
0,814 10,58 10,76 1,89
0,814 .33 11,22 0,00
1,000 (34,90 deg) 11.48 11.564 6.52
' \ean % {Hfference = 0,33
Sandani Devintion b, 08
8-21
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Table 8-5. Sunstantiation Data for Externally Blown Double-Slotted Flap (Sheet 1)

Af=8-00 ‘\c/4=25deg XH=4.72 aw _z-§=1.45 aw
§ = 56 deg 6f=60 deg 8T=Odeg Ac/Aj =0,828
C#J “w /aW (CL )m “ measured ¢ caloulated % Difference
aero/max

4.0 0.029 12,23 12,35 0,98

0.170 13,93 14,27 2,4

0,310 16,04 16,33 1,81

9,449 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

0.9210 24,31 25,28 3.99

1,600 (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 15,85 =2.10

0,644 17.95 17,70 -1,39

0,738 19.26 19,41 0.78

-0.901 20,30 20.46 9,79

1,000 (20.10 deg) 21,45 21.30 -2.70

1.0 0.011 9.30 9.19 -..18

0,170 11.28 10,63 ~35,76

0.327 12.58 12,17 =3.63

0,485 13.83 13,78 -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

¢ -0.016 5.94 5,14 -13.47

0,149 7.21 6, %= -10,69

0.309 8.33 T.44 -19,68

0,469 9,50 8.66 -8,84

0,629 10,79 9.99 -7.41

0,790 12,07 11.22 -7.04

0.8(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
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Table 8-5. Substantiation Data for Externally Blown Double~Slotted Flap (Sheet 2)

A =8,00 Ac/4=25deg XH=4.72 5W ZH=0.555W
5 p=86deg  8.=60deg by, = 0 deg K:/Aj =0,936
C#J “w / aW(CL )n “measured € caleulated % Difference
aeronax
4.0 0.029 16,11 15.04 -0,43
0.170 18,39 18,53 0.76
Q. 310 20,98 21.18 0,86
0.449 23.02 23,70 2.96
0,589 25,72 26,41 2,88
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 (22.45deg)  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 20,57 20,54 -0,15
0.644 22,93 22,76 ~0.74
0,798 24,43 24,75 1,31
0,901 25,38 25,94 2.2
1,000 (20,10 deg)  25.96 26,85 3.43
1.0 0,011 12,50 12,09 -3.29
0,170 14.36 13.98 -2,65
0,327 1€.03 15.94 -0.56
0.48% 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 5.06
1,060 (19.83 deg) 21.99 23.13 5.18
-0,016 7.36 6,88 -6.39
0.149 9,50 8.59 -9, 58
0,309 11,02 9,87 ~10. 4
0,469 12,70 11,42 ~10.08
0. 629 13.72 13.08 -4, 81
0,790 15.22 14,52 -4, 80
0,895 14,89 15,33 2,96
1,000 12,98 16,86 23,19

#ean % Difforenco = 0,52
Standard Doviation = 6,83

8-23
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Table 8-5. Substantiation Data for Externally Blown Double-Slotted Flap (Sheet 3)
A =8,00 Ac/4=25deg X =42 &y EE=145 S
SLE =55 deg Sf = 45 dog 8T = 0 deg Ac/Aj =0, 740
I
Cy 3 %y / Yw <CL ) € measured “caloulated % Differeuce
aero/max
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
0,367 15,59 16,51 -0,51
0.488 17,81 17.72 -0,51
0.608 20,06 20,23 0.85
0.687 21.46 21.61 0.170 3
0,769 22,73 23.06 1.45 j
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
0.266 12,13 11.58 -4,53
0,395 13,64 13,41 -1,69
0.526 15,57 15.20 -2,38
0.667 17.48 17.46 -0,11
0,742 18,19 18.51 1.76
0.829 19,78 19,90 0,86
0.915 : 20,76 20.92 0.77 :
1,000 (23,92 deg) 21,67 21,84 0.78 ]
1.0 0,005 7.88 7,26 -6.13
0.142 9,04 9.02 -0.22
0.286 10,66 10,27 -3, 66
0,430 12,08 11,78 -2.08
0.574 15,85 13.41 -3.18 :
0.716 15.27 15,08 -1.24
0,812 16,35 16.44 €, 58
0.907 17.03 17.16 0.7
1.000 (21,68 deg) 17,19 18,06 1,62
0 -0,017 5.27 4,62 -12,88
0.134 6.93 6,18 ~10,82
0.260 8.40 7,65 -8,93
0,426 9,53 8,88 -6,82
0.672 10,36 10,21 -1.46
0.78 11.49 11,36 -1,22
0,811 11,03 12,07 1.17
0. 806 12,04 12,67 0,24
1,000 (21,28 dog) 11,86 13,07 10,20
Mean 4 Differvnce = -1,37
Sturdand Doviation = 3,90
8-24
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Table 8-5. Substantiation Data for Externally Blown Double-Siotted Flap (Sheet 4)

A =8,00 Ac/4=25deg J&_I=4.726w _Z§=0.55 5W
8LE = 55 deg 8f = 45 deg 6T =0 deg Ae/Aj = (., 740
c o Ja € €
H 7 w W (CL ) measured calculated % Difference
aerc,/mav
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
0,267 20.25 19,563 -3.51
0.488 22,55 22,22 ~1,46
0,808 28.15 25,19 0.186
0,687 26,67 26,78 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 15,48 14.81 -4,39
0.395 17,43 17.09 -1.95
0,526 19,84 19.27 -2,97
G.8657 22,24 21,97 -1.21
0,742 22,93 23.14 0.92
0,829 23,95 24,92 3.22
0.915 24,52 %0.82 5.30
1,000 (23,92 deg) 24,99 26.79 7.20
1.0 ~0.00% 10,26 9.57 -8, 73
0.142 11.74 11,32 ~3.58
0.285 13.86 13.26 -4,33
0.430 15,562 15,10 -2,38
0,574 17.27 17.14 -0, 73
0,716 18,97 19.12 0.79
0.812 18, 86 20,73 4.38
0,907 19,79 21,80 8. 64
1,000 (21,68 dog) 20,00 23.50 12,00
0 -0.017 .87 6,17 ~10,19
0,134 .13 8,24 -9,7%
0,280 10,46 10,14 ~2.87
0,425 12,04 11,68 -3,
0.572 12.79 13.32 4.4
0,716 3,60 14,66 T.73
u,811 13,79 15,47 13,18
0. 906 12,61 16,10 38,70
1.000 (21,28 deg) 11.32 16,52 ———
Mean % Diiforonce = 0,54
Standaxd Doviation = 7,15
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1
: Table 8-5. Substantiation Data for Externally Blown Double~Slotted Flap (Sheet 5)
A =8,00 Ac/4=12.5deg X, =428, ﬁfl"m .
8, p =55 deg 5, = 30 deg 8, =0 deg AO/A a 0.502
CuJ aw / aw (CL ) €mezmured € caleulated % Difference
aero/ max
4.0 0.099 7.79 9,11 16,94
0,212 9,49 10,68 12,54
0.326 11,80 12,43 10,00
0.439 13,41 14,28 6.49
0.551 15,62 16,34 4,61
0.628 17,80 17,97 3.87
0,702 18,88 19,40 2,75 -
0.776 29,39 20.83 2,16
0.851 21,7 22,35 2.95
0,925 28,36 28,47 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 3.18 }
0.326 19,07 10,50 4,27 :
0,439 11,41 12,20 6.92 !
0.558 13,55 14,22 4,94 ;
0.628 15,00 15,45 3.00 i
0.703 16,21 16,86 4,01 ;
0.718 17,61 18,24 3,58
0.851 18,84 19,70 4,56
0.928 20,05 20,63 2,89
1,009 (27.61 deg) 20,97 21,39 2,00
1.0 0,106 8. 64 6.38 -3,02
0,228 8.01 7,73 ~-3,50
0.352 9,43 9,44 0.21 _
0.474 10,87 11.01 1.29
0.596 12,28 12,80 4,23
0,678 13,62 14.08 2.85
0.758 14,61 15.14 3.63
0,830 15,65 16,40 4,86
: 0.921 16,73 17,99 7,568
1,000 (26.47 deg) 17.31 18,17 4,97
§ 0 0,103 6.45 4.29 ~21.28
0,228 6.m 5,79 13,71
: 0,363 7.89 7,29 ~7.60
0.415 9,28 8.82 -6.06
0,307 10,81 10,29 «3,02
0,678 11,05 11.15 0.80
v, 760 1N 12,08 2,80
0,830 12,09 12,89 6,62
0,920 12,62 13,60 3,79
1.000 (25,26 deg 13,30 14,30 1,52
Masun % Difforonce = 2.568
Standayd Deviation = 6.40
§-20



Table 8-5. Substantistion Data for Externally Blown Double-~Slotted Flap (Sheet 6)

A=8,00 Ay /g = 12,5 dog X = 4128y z_}_{_:o.ss Sy

SLE =55 deg 5{ = 30 deg ST = 0 deg AO/Aj = (0,502

(o) o /o

g J wow (CL ) €meaasured caloulated % Difference
aero/ max

4.0 £,000 11,57 10.46 -9.59
0,212 18,81 12,77 ~7.58
0.326 16,18 14,96 -7.54
0.439 18,46 17,28 -6.39
0.561 20,73 18,75 -4,78
0.628 22.15 21,68 -2,12
0,702 23,57 23,31 -1,10
0,776 24,87 24,84 7.28
0.851 26,01 25,87 -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 i4.16 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
0,708 20,03 20,73 3.49
0.778 21,06 22,24 5,60
0.851 21.83 23,90 9.48 i
0,926 23,11 24,83 7.44 ;
1,000 (27,61 deg) 26,10 26. 61 ~1.88 {

1.0 0,106 9,49 8,12 ~14.44
0,228 19,99 9.89 -10,01
0.352 12.53 12,04 -3,91
0.474 14,41 13,99 -2.91
0.596 15.72 18,13 2,61
0,678 16, 68 17,63 5,70 :
0,758 17,33 18,87 8.89 :
0,839 18,35 20,29 11.18
0,921 19,01 22,07 16.10
1,000 (26,45 deg) 19,61 22,79 13,47

0 0.103 7,99 5.93 -29,78
0.238 B, 44 7.89 -18,42
¢.363 10,89 9,80 ~10,01
0,475 12,20 11,68 -4,96
0.507 13,34 13,42 8,60
0,678 13,72 14,47 8,47
0,760 13,07 10,48 13,24
0.839 12,32 16,36 -
0,820 8,12 11,21 -
1.000 (25,23 deg) 8,34 17,84 o eeen

Moan % Difforence = -1,.52
8&:&14!31 Doviation = -8,92
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Table 8-5, Substantiation Data for Externa'ly Blown Double-Slotted Flap (Sheet 7)

A =8,00 Ac/4=12.5deg XH=2.92'6W ’fg=1.455W
6LE = 55 deg af =30 deg &'T =0 deg Ac/Aj = (0,502
CPJ aW/aW < c ) €racasured €calculated % Difference
aeroe/ max
4.0 0,100 8,96 9.68 8,04
0,213 10,55 11.26 6,73
0,327 12,170 13.01 2.44
0,440 14,51 14,88 2,55
G,562 16,04 16,89 5.04
0,628 17,22 18,21 5.75
0.702 18,60 19,68 5,81
0,777 18,75 20,99 6.28
0,853 21,08 22,45 8. 50
0,927 22,59 23,77 5,22
1.000 (27.77deg)  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 1,37
0,55 14,18 14,76 4,09
0.627 15.34 15,97 4,11
0.7 16,68 17.26 3.48
0,577 17,79 18,47 3.82
0.857 18,78 19.62 4,47
0.926 19,81 20,80 5,00
1,000 {27,63 deg) 21,10 21.42 1.32
1,0 0.106 T.63 7.03 ~7.88
0,230 8,71 8.43 -3,21
¢.362 10,18 10,08 ~1,47
0.474 11,42 11.67 2.19
0,597 12,96 13,356 J.01
3,687 13,79 14,60 5,15
0,769 14,76 15.67 6,17
0,839 15.62 16,68 6,70
0,921 16,48 17.82 8,13
1.000 (25,48 deg) 17.31 18.08 7.34
Q 0.103 6.44 4,893 -23.90
0,227 7.68 d.46 ~14,53
0,360 9,02 7.89 -13. 64
0,478 4,99 9.39 ~§,11
0,506 11,02 10,88 ~-1,'8
0,674 1,717 11.462 1.2
@, 158 13,06 12,38 2,40
0,836 12,33 13.3 T.14
0.916 12,58 13,88 11,18
1,000 (25,27 dog 2.48 14,68 16,85
Hean b Differonce = 2,07
Standard Deviallon = 7,04
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Table 8~5. Substantiation Data for Externally Blown Double-Slotted Flap (Sheet 8)

A =8,00 Ay/q = 12.5 deg X, =2.928, ﬁfo.ss I %

8 pp =55 deg 5, = 30 dog 8, = 0 deg A /A =0.502 4

C“ 44 /C( P3 € o ;‘:

;] W W(CL ) measured calculated % Difference 4

aern/ max <§

4,0 0,100 12,76 11,45 ~10,27 3

0.213 14,42 13,51 -6,31 §

0,327 17,44 15,82 -9.35 3

0,440 19,47 18.16 6,73 -

0,552 21,78 20, 65 ~5,19 4

0.628 23,34 22,34 -4,28 §

0,702 24,88 24,03 ~3.42 {i

0.777 26.11 25,51 -3.83 K

0,853 27,91 27,20 -2,54

0,927 30,01 28,71 -4,13

1,000 (27,77 deg) 32,85 29,89 -9,01 :

2,0 0.098 11.39 9,94 -12.73 7

0.212 13,39 11,82 -11,73 ;
0,326 15,50 13,94 -10,08
0.439 17,44 16,19 . -7.17
0,553 19,47 18,51 -4,93
0.627 20, 68 19,97 -3.43
n,702 22,00 21,49 ~2,32
0,777 23,14 22,95 6,82
0,857 24, 48 24,29 -0, 78

0.926 26.43 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

U.230 12,26 10,81 -11,83 z

0,357 13,86 12,84 -7.36 i

0,474 13, 67 14,95 4,59

0.597 17,38 17,00 -2,19

0.677 18,58 18,37 1,13

0,759 19,36 19,80 2,37

¢.839 20,35 20,91 3,46 '
0.921 21,18 2z, 21 5.01
1.000 (25,48 dog) 22,19 23,04 3,83
0 0,103 8. 94 6,74 -24, 61
0,227 19, 59 8,78 -17,09
: 0,450 12,26 10,62 -13.39
0,472 13,76 13,40 -8, 33
0,505 14,91 14.34 ~4,82
g 0,674 15,41 16,18 ~1,49
0,755 16,39 16,06 4,05
0,836 14.05 17,04 o
g 0,916 1,21 17,40 o
: 1,000 (25,27 dvg 10,04 1R, 456 ———

Mean % Difference = -3,85
Stamband Deviation - 6,26
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SECTION 9
LATERAL-DIRECTIONAL STABILITY DERIVATIVES

The effects of powered-lifi systems on lateral directional stability derivatives should
be manifested through the wing contributions to Cy,, Cy,, and Cp,. In the current
DATCOM, wing contributions to Cy and Cyp, are calculated from tie method given in
Reference 9-1. Experience with the methoc? (and also the correlation curves given in
the DATCOM) has indicated very poor correlation with test data. The recommended
procedure for estimating Cy, and Cn is to consider only the body and wing-body
interference contributions, gsmg the ratxonale that the wing terms are small. The
DATCOM method for Cy ,, taken from Reference 9-2, is dependent on-the wing con~
tributions and is prlmarﬁ ily a function of sweep. dihedral angle, aspect ratio, and
taper ratio. Experience with the method has shown it can predict Cy, to satis-
factorily correlate with test data. A deficiency associated with the method is the
tack of a technique for the power-off effects of high-lift devices on the static lateral-
directional stability derivatives. A method for predicting these cffects 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 terrs that are dependent on Cy) 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, C‘QB

The methodology to estimate Cp, in Reference 9~2 hasically consists of developing
an analytical expression for predicting the effects of sweep. Aspect ratio. effects
were taken ag the difference between experimental and calculated values for swept
wings. The power-off problem is to determine the parameters (Cy 8 /C1)a and
(Cog /C1)A for wings with high-lift devices.

The basic data used to determine sweep effects on Cy 8 is showu in Figure 9-2. The
slopes of d(Cyp B)/ d(A ,/4) were obtained from Figure 9-2 and converted to the para.a1-
eter (Cg / Cyp)a to produce the chart in Figure 9-3 (equivalent to Figure 5.1.2.1-27
in the DATCOM). The sweep angle has now been referenced in tue midcherd, a=uc the
curve for 6; = 0 is in good agreement with that presented in *he DATCOM.

:
1

Aspect ratio effects were determined from configurations with a wing swewp of 25
degrees that had aspect ratios of 7.14, 8. 00, and 9.52. The Cy, increment due to
sweep was subtracted from total measured Cy , for these wings and the remainder
plotted as a function of 1/A, for which the theory predicted an approximately linear
relationship. The resulte are shown in Figure 9-4, from which Figure 9-5 was sub-~
sequently constricted {equivalent to Figure 5.1.2 1-28b in tir: 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 Cg, arising from sweep
and aspect ratio contributions with power on. In this case, the lift coefficient in-
cluded only the aerodynamic terms, CLu oro*

Basgic data used to defermine sweep effects with power on is shown in Figure 9-6,
where Cu] = 2.0, The difference in the slopes, d(Cﬂ y/d(A o /4), between the power
on and power off cases were used to obtain the paremeter{ACy,/ CL'Le . > A anda
design chart for tho sweep contribution with power on was const'ruc:tled1 ?I-‘igure- 9-7).
Similarly, the effects of aspect ratio wore determined, ard the plot of (A Cp./Cy )

) . 5"V laero/ A
versus 1/A is shown in Figure 9-8,

The design chart for the agpect ratio contribution is nresented in Figure 9-9, By
using the design charts presented in this section and the existing DATCOM, ¢ 4 for
the wing/body s obtained from the relationship given in Equation 9-1.




§
§

MBI

where:

! is from Figure 9-3, or canbe obtained from DATCOM for & ¢ =0,

(C i from Figure 9~5, or can be obtairad from DATCOM for 6, = 0.

4uC
%5
C is from Figure 9-7.

is from Figure 99,

All remaining terms are obtaired from DATCOM,
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SAMPLE PROBLEM

GIVEN: §
Tiple-glotted flap, &, = 60 deg :
Engine Location F (low, aft) ?i

i
Cy, = 3,853 3
power
off
CL =4,485
aero

CALCULATE: !

Rolling moment due to sideslip, CQB » through use of Equation 9-1. 1
C -
" \\ C, Cﬁi; AC, 4
C - K K + C 4 j— K + 1—\
! C / f ‘
B L \ By CL A Lpower T Bp r
‘ off.
‘ ACQB !'/ACEQ AC}ZB
+{acy o lo— otan g, + o C ‘
3 /7 etan g, o/4 t CL CL L
Rt aerc’A nero’/ad  29T°

{8-1)
The following terms are obtalned {rom DATCOM:

(,£ Aciﬁ ‘ "
“"‘f-‘“”K + ! 1I'= (,00088 deg
iy I

(ACg ) o <0, 00146 deg
B)2y

ei\CE

4
T o G tan < Q, 000048 de
\@ tan Ac/’-‘t 0 W Ac/.i §




The total of the above terms = -0.0005632 deg~1.

The following information is obtained from the design charts.

/C
U -0, 0021 deg-1 from Figure 9-2,

—B} =0.00095 cleg"1 from Figure 3-4.,
L/A

ACy -1
-{-;—--B-- = -0, 00077 deg = from Figure 9-6.

L
aero/ A

ACy 1

C = 0,00085 deg ~ trom figure 9-8. '

L S
aero’ A :

Using the above information: : b

€, = {-0.0021+0,00095) 3,853 +(-0.00077 +0, 00095} 4, 185 -0.000632 E
B * L.

= ~0,00416 dog ™ S
-1 ;
Test value = ~0,00447 dog L
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Figure 9~2. Effect of Sweep and High-Lift Devices on C 4
B

=0, 007

AT A b At A TR R

6 =30 DEG

HA
@]
)
e
X

DOLBLL-SLOTTFD

Q : ""‘,3_-’='3A...g‘f
O'* OAOO 004 i i [ e i il S !
~—— -SLOTTFD FLAP, 6f = 60 DEG :

R :
‘.";'i:
!
!

I
A
T
o
i
2L

-0,008 bsarlizil L :
0 10 20 30 40

Ac/?. (degrees)

/ Figure 9-3. "ing Sweep Contribution to C,
B




-0.001F

7" A DOUBLE-SLOTTED FLAP, 8; = 30 DEG |
O0F#: 0 TRIPLE-SLOTTED FLAP, 6; = 60 DEG [~

0.002 [ S E S PR OO IO B
0.06 0.08 0.10 0.12 0.14 0.18 0.18

L
A

Figure 9-4, Effect of Aspect Ratio and High~Lift Devices on C .
E

0.0012

,6f=60 DEG M.

LIRS I RIS
TRIPLE-SLOTTED

i

3 I

= o :Tl

0.0008 - . e

ST TR SO TS SN |

t i 3 ; R
b L N [
k) i ; I Lo

g N - 3

< - B : P
“ oy V0904 DOUBLE-SLOTTED FLAP, 6, =30 D

. . .- 4 .
i 1 b
; Pl ! z
4 o SO SOt NS GV SN
L LA S T
oy ! ! : H
e by B : [
i i . s :
SRR
0 piery - T ISP S
; H !
A Lol ! !
ST A (, ; i
I
T ok Lo
; d oy t

=0. 004 btk : ; : : , b
] 2 : 4 . 6 8 10
ASPECT RATIO, A

Figure 9-5. Aspoct Ratio Contribution to C .
B




e, e A
G e T T

T

2

Y

&

A

S
4

R T e e P B R S T T IR

-0.012 =

~0.008}

-0.004

0.004 F:

0.008 L
0

10 20 30 40
Ac/4 (degrees)

Figure 9-6. Effect of Sweep and High-Lift Devices on C K C“ =2.0
B g

0,004 =

U S e e Rt
N A T B T
T POURBLE-SLOTTED FLAR, 6r~ 40 DEG .

PRIPLE-SLOTTED FLAD, 6(’ 60 DEG

e a e e sr—

. f
ans ey et e N . . ;
t
. ! ' .
H : .
1 . . : . §
i 5 ° i N
! t :

=0, 004 bommi - :
0 10 o i) 40

A, wlogrees

[ A
Figure 9-7. Wing Sweep Contribuiion to C ; with Powered-Lift System

8
9-9




e s S s e

i R SR s -,‘

A A SRR S

Lo e 2 T

5

Spicratl

T

2

% !
: 0.0 0.08 ‘0,12 0.14 0.16 :
¢ 1
g A
L Figure 9-8. Effect of Aspect Ratio and High-Lift Devices on C, , C  =2.0
- 8 K
: 0.0012p— —T— .
? 0.0008 R At SN
3 -t ' 4 H .
oo b F i
3 ! { I :
Q_ ST REEEY EUNTURY “INPLITES SRR SPRS RS £ :.m., e ;
_ TRIPLE-SLOTTED FLAP, §; = 40 DEG | g
: ; A R i :
0,0004 i f 5 . e .{, . : R
y T o R .
: by SN B b
3 g3 o i !
! oL .

G,

<

DOUBLE-SLOTTED FLAP, 8¢+ 30
. oo P i

. . S i '
P : Pob
.

aero

q ‘ . i . . : - : : !

: R B

L PNy

~0.0008} -

. 1

’ '

- i
a. ‘v .

¥

}

. Dy

R e et e
— et I
PEAR SO - U WU

=0,0012 o
0 \ t N 10

Figure 9-9. Aspect Rutio Contribution to C ¢ with Powered-Lift System

B

9410




9.2 YAWING MOMENT DUE TO SIDESLIP, Cn

B
It was noted previously that the equations for determining wing contributions to C,
given in DATCOM were considered inadequate. The test data has indicated that
there is a large effect on Cp, from high-lift devices and power., Since the mechan-
isms that induce these effecé should be analogous to those that produce changes in
Ce g a similar approach fo that used in Section 9. 1. has been applied in determining
C?. The effects of sweep and high-lift devices are shown in Figure 8-10. Effects of
the engine nacelles are also shown. _

The resulting design chart for sweep effects on Cnﬁ » power off, is given in Figure
9-11. Aspect ratio contribution to Cyy, ig derived from Figure 9-12, and the design
chart for estimating this effect is presented as Figure 9-~13. The increments for
Cp, 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 tre design chart is in Figure 9-17.

The stability derivative, Cy g0 can now be obtained f{rom the relationship in Equation 5-2,

SBB IB CnB CnB ] ' ,
C =-K K &~ —+ + C
“ N R,Q SW b CL A CL A} Lpower
off
ACn ACn
+ _~._§__ + . u__li_ C -
c CL ' Laero (6-2)
aero A a6r0
where: ;
SBs EB i
-K K _ —— —— {5 obtained fromParagraph 5,2,3.1 of the DATCOM.
N R W b : ) ;
C
n : _
(E“@' I8 from Figure 9-11.
L/A : _
C -
R
(—;—-5-—> is from Figure 9-13. -
('L A ’ .
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dofal o

SR

BB e A

AC
"B
S is from Figure 9~15.
aero’A
AC
n
—5-—@—- is from Figure 9-16.
aero A

SAMPLE PROBLEM
GIVEN: Configuration defined for sample problem in Section 9. 1.
CALCULATE;:

Yawing moment due to sideslip, Cnﬁ, from Equation 9-2.

S ),
BS IB Cnﬁ' Cn
o KK s % * c)+ CB C
B ¢ W L/h L/A Lpower
off
[Acn \ ac_ ]
v : / "¢ : L
L
l_\ aero’A \Laero A_l aero
SBS R
—l% K_ s = = =0, 00277 deg ~ (from DATCCOM)
R‘ W b

= 0, 000242 dog'1 from Figure 9-10,

n

C

C

n -1

( C ) = {), 00010 deg ~ from Figure 9-12,

ac,
A -1
(, = «0, 00003 deg ~ from Figure 9-14.
L
agro'A

9-12

{9-2)

E‘; “ - "-w.. ,';‘A"

RS LA R
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ACy,

5 = 0.00028 deg " from Figure 9-16.

Laero A
Using the above information:

Cn = -0, 00277 + (0. 000242 + 0, 00010) 3, 853 + (-0, 00003 +0. 00028) 4, 435

B -1
= -0, 000331 deg

Test value = -0,00422 deg—l
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9.3 SIDE FORCE DUE TO SIDESLIP, Cy

B
Design charts for wing contributions to Cy were generated by following a procedure
similar to that used to evaluate Cy,, and C;,,. Side force is inherently the least
accurately determined static lateral-direcgonal stability derivative because it pro-
duces the smallest load on the model balance system, which causes poor resolution
of this force component. Fortunately, Cy, does not influence aircraft flying quali-
ties to the same extent as Cy, and Cnﬂ ’ghe data presented for determining Cyﬁ
shown in the following ﬁgureg

1. TFigure 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 CYﬁ’ power off,
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 g power off,

5. Figure 9-22. Tesat data to establish increments due to powered-lift systems
on the sweep contribution.

6, Figure 9-23. Design chart for sween contribution to C with a powered-
lift system.

-3
.

Figure 9-24. Test data to establish aspect ratio effects with powered-
lift system.

8. TFigure 9-25. Design chast for aspect ratio contribution, with power ed-lift
system,

The stability derivative, Cy » ¢an now be chtained from the relationship in Equation
9'3; ﬂ

Cy - Ki (Cy ) Body rc;ference aren\ . (L\ Cy )
8 s/ b w B/t

1 CYB c l' ACyB ac, 1
Ne) Ve | e \C +cﬁ>]CL
L/A L/A ;;;?ver L Laoro A Lam‘o A dero
(9-3)
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AL

where:

The first two terms are obtained from Paragraph 5.2.1.1 of the DATCOM.

{ L. :8 from Figure 9-19.

CLA

7
B
o

is from Figure 9-21.

7

Pt
Q
I‘m'<
BT

s
s

ks bt s s S S SR

is from Figure 9-23.

N
@] o
< B
"m
PR SRR S R S A S K

AC
'8
——e is from Figure 9-25.

SAMPLE PROBLEM

GIVEN: Same configuration as for sample problems in Sectlons 9.1 and 9,2,

CALCULATE:
Side force due to gideslip, Cyﬂ' from Equation -3,
C}.- K [c \ /Body rc;ference area\ AC '
c, C ac, | /ac " -
I yz / ~’. }
¢ Tﬁ* + “-E:-‘L CL v £ + i C (9-3 )
“L/n L/A J power L CL Lzacro
off naro A nero
y refererence are «] .
Ki (C ) (B{)d} = ;ue:enu a:ca) w ~0, 0080 deg  (from DATCOM)
Is'n W
8-19
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) = 0, 00035 deg"1 (from DATCOM)
Ya/p

Total of above terms = ~0.00765 deg .

(AC

C
M -
—£ 0.00122 deg 1 from Figure 9-18.
C .
L/A
CY
L} = _0.00532 deg™* from Figure 9-20.
Cc
L/A
aC _
yﬁ -1
C =0,00195 deg  from Figurs 9-22..
L _
aero A
NC
Vs -1 ' '
C = ~-0,0036 deg = from Figure $-24. -
aero A

Using the above information;
C_ = (0.00122+0.,00432) 3.853 +{J, 00195 - 0. 0036) 4.485 - 0,00765
? = -0,03085 deg? | - S
Test valus = =0,03108 dog ™",
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9.4 DATA CORRELATION FOR LATERAL-DIRECTIONAL STABILITY DERIVATIVES

The comparisons of calculated and test values for Gy, , Cy_ and Cy'(3 are shown in
Tables 9-1, 9-2 and 9-3, respectively. The errors ohtained for Cyp and Cy, for the
power-on case are approximately equal to those indicated in DATCOM for the power-
off case. However, the nredicted CDB values generally show more instability than the
test data. The predicted Cnﬁ 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 for C 2{3

A, TlapSlts 3 (c zB> v 107 <c ‘-B) K0 A, X 103"

(deg) (deg) CALC TEST
25 Double 30 ~3.55 -3.102 0.358
23 Double 30 -~3.55 ~2.488 1.062
25 Double 30 ~3.562 ~3.424 0.096
25 Double 30 -3.53 -3.125 0.405
25 Double 60 ~3.72 -3.988 -0.268
25 Triple 50 T -4,16 -4.470 -0.310
25 Triple 60 ~4.27 -3.416 0.854
25 Double 60 ~3.71 -4, 136 -0.426
25 Triple 60 ~4.48 ~2.717 1.763
35 - 0 -(, 597 -1.16 =0.563
35 - 0 ~0.507 -1.31 -0,803
35 —-— 0 ~0,553 ~0.61 -0.087
35 Double 30 -5.406 -4,95 0.546
35 Double 60 ~8.788 -6.80 1.988
35 Triple 63 ~9.574 -6.81 2.762

. !GCIE X 10 -3 3
Aclﬁave LT =0.817 x 10
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Table 9-2. Data Substantiation for Cn
B

- ]
Ac/4 Flap Slots Gf (Cnﬁ) « 10~3 (Cnﬁ) « 10—3 ACnB X 10 3 %
(deg) (deg) CAIC TEST %
25 Double 30 -2,43 -1.684 0.746 :
25 Double 30 -2.35 ~0.845 1.505 i
25 T wole 30 -3.06 -1.297 1.763 “%
25 Deuble 30 -3.04 -1,138 1.902 g
25 Double 60 ~1.07 2.339 3.409 3
25 Triple 60 -0.33 4.223 4.553
25 Triple 60 ~0.44 4,061 4.501 4
25 Double 60 -1.03 2.731 3.761
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 b
35 Double 30 . 969 0.79 -0.179 b
35 Double 60 2.578 3.37 0.792 ‘%
35 Triple 60 2.574 2.67 0.096 |

~IAC -3
AC n o
ng :Z‘ X1 | -q.825x% 507
ave

n
Table 9-3. Data Substantiation for CYB ;
L , -3 C -3 -3
A,  TlapsSlots o, (Cb‘B) ‘10 ( Yﬁ) 107 A%y g
(deg) (deg) CALC TEST
25  Double 30  -26.85 ~16.53 10.32
25 Double 30 -27.29 -14.27 13.02 :
25 Double 30 -22.79 -14.34 8.45 .
25 Double 30 -22.98 -14.76 8.20 ¢
25 Double 60 ~24.70 -25.00 -0.30 3
25 Triple 60 ~30,85 -32,01 -1.16 ’g
25 Triple #0 <30, 19 -31.09 -0, 90 }
25 Daouble 60 ~25.00 ~25, 53 -0.53
28 Triple 60 -32.0% -18.83 13,20
35 - 0 -8, 224 ~10.29 ~1.066
45 - 0 -6,865 -12,75 5,885
a5 - 0 ~0,083 -11.43 -5, 348 :
35 Double 50 -24,00 -17.03 6,97
4% Double 60 -12.410 24,48 -11.97
43 Triple "0 - 13, 464 =24, 23 «10.866
N l‘w\s < 107 4
AC - OO . SUNEUULIRRY T T S 1t
Acsﬁslvu Rd - .56 ¥ 10
8-26
. .
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SECTION 10
CONCLUSIONS

A general methodology has been developed for predicting the low speed aerodynamic
and stability characteristics of STOL transport aircraft. The; methodology is applic~
able to the EBF, IBF and MF/VT STOL concepts, The basic procedures, which
predict the iift 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 tunmel 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 numerous co: celations
indicated in Sections 4 through 9. '

1. The lift and induced drag characteristics of EBF, IBF, and MF/VT con~-
figurations are estimated reasonably well by uging 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 superciroulation
(favorable lift interference) from the jet momentum not captured by the flaps
agrees well with the EBF test data for partial capture, The methodology
underpredicts 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 assumed extent of spanwise
jet spreading., The assumption in the methodology of a minimum jot expan«
sion angle of ¢ degrees gave satisfactory agreement for the EBF compari-
gons,

4. Tho methodology utilizes previous empirical corvelations of flap turming
efficioncy to account for effects of boundary layer separation on flap effec~
tiveness and on lift curve slope. These correlations tend to overestimate
the adverse effects of separation on lift for the triple- and doublo-slotted
flap configurations,

10-1
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5.

6.

10'

11,

Plain IBF configurations at C#T 2 0,5 have effectively eliminated flap sep-
aration effects on lift and achieved the full potential-flow theory values of

1ift, including supercirculation effects, beyond this jet momentum coefficient,

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

Cu JZ 1,0,

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 ¢ lead to a satisfactory
prediction of maximum lift coefficient under the following conditions:

® ‘eparation mnust be assumed at or behind the knee of the leading
edge device rather than at the leadjug edge of the wing,

e Effects of power on maximum lift coefficient include the influence
on the downwash angle on the pressure loading, as introduced inio
the current methodology.

e Stall does not occur over the trailing flaps.

The methodology assumes that the aerodynamic efficiency (induced drag
faotor) increases with increasing jet momentum coefficient one~half as
fast for the EBF configuration (because of the peaky spanloading) as for
the IBF cases,

Detailed methods for predicting the power-off minimum profile drag co-
efficieat and the power-off induced drag factor are not included and must
be found from either test results or alternative procedures,

The defined thrust recovery is the negative of the rate of change of minimum
profile drag coefficient with jet momentum coefficient and is indopendent

of lift coefficient, The test values are sensitive to the assumed induced
drag fnctors when the drag ourve is wonparabolic,

The thrust recovery in the methiodology is approximately the sume as the
jot statlic turning efficiency for both the EBF and IBF configuratinng, In
thy IBF case, a value of thrust recovery equal to 80 percent was found to
be satisfactory for all flap d~flections angles up to 60 dsgrees (Jot upper
surfaco angles of 72 degrees). For the EBY case, the thrust recovery
was correlated with a thooretical equation for the {dealized statio turning
efficiency of a planar wing,

The methods for the mechanical flap two~dimensional flap-pitching moment
incremonts wore not greatly affectext by the planform variatiors so the three-

dimensional values wore obtained by applying rudimentary 3-D corrections. The
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method for internally blown flaps with multiple chord segments was devel-
oped through an extension of Spence's 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 tail wake rake survsys 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 Cp, 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 Cnp and Cp,. Satisfactory correlations with test data
were achieved for G, 8 andngy[3 but further improvement is required for

Cage

A recommended Phase II program is described in detail in Volume I, Configuration
Definition Report.
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