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FOREWORD

This report was prepared for the United States Air Force by The
Boeing Company, Seattle, Washington in partial fulfillment of Contract
F33615~71-C-1757, Project No. 643A. 1t is one of eight related docu-
ments covering the results of investigations of vectored-thrust and jet-
flap powered lift technciogy, under the STOL Tactical Aircraft
Investigation (STAI) Program sponsored by the Air Force Flight Dynamics
Laberatory, Air Force Systems Com™mand, Wright-Patterson Air Force Base,

Ohio. The relation of this report to the ethers of this series is indi-
cated below:

AFFDL TR-73-19 STOL TACTICAL AIRCRAFT INVESTIGATION

Vol I Configuration Definition:
Medium STOL Transport with
Vectored Thrust/Mzchanical Flaps

Vol 11 Aerodyramic Technology:
Part 1 Design Compendium,
Vectored Thrust/Mechanical Flaps
Vol Il A Lifting Line Analysis Method
Part 2 for Jet-Flapped Wings
Vol III Takeoff and Landing Performauce

Ground Rules for Powered Lift
STOL Transport Aircraft

Vol IV Analysis of Wind Tunnel Data:
Vectored Thrust/Mechanical THIS
Flaps and Internally Blown REPORT
Jet Flaps
Vol ¥ Flight Control Technology: System
Part 1 Analysis and Trade Studies for a

Medium STOL Transport with Vectored
Thrust/Mechanical Flaps

Vol V Flight Control Technology: Piloted
Part 2 Simulation of a Medium STOL Transport
with Vectored Thrust/Mechanical Flaps

Vol VI Air Cushion Landing System Study

The work reported here was performed in the period June 1971 through

December 1972 by the Aero/Propulsion Staff of the Research and Engineering
Division and by the Tactical Airlift Program, Aeronautical and Informa-

tion Systems Division, both of the Aerospace Group, The Boeing Company.
Mr. Franklyn J. Davenport served as Program Manager.
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The success of the work is also due to the contributions of the fol-~
lowing per=ons in the areas desipnated.

Dennis L. Berry Investigated effects of tunnel wall corrections on
ground effect test results., Coupared ground effect
test results with theory. Authored control power and
engine-out thrust interference sections of this report.

Lorin D. Hawkius Performed analysis of lateral stability derivatives
and the thrust interference effect on 1lift,

Fred W. May Conducted jet flap test. Ferformed analysis of jet
flan data. Authored jet flap sectior of this
report,

The heip of the following persons is gratefully acknowledged: Willian
G. F. Hardy (Vertol), Gary R. Letsinger, Harold S. Lewis, Edward J. Monell,
Bernard F. Ray, William J. Runciman and Donald E. West.

The Air Force Project Engineer for this investigation was Mr. Garland

S. Oates, Air Force Flight Dynamics iaboratory, PTA, Wright-Patterson
Air Force Base, Ohio.

This report was released within The Boeing Ccwpany as document
D180-14411-1 ard submitted to the U.S, Air Force in Necember 1972,

This tecunical report has been reviewed and is approved.

£3-Creel)

E. J. Cross Jr,, Lt. Col., USAF
Chief, Prototype Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

This document presents the analysis of 728 hours of testing,
conducted in the Boeing ¥/STOL 20 x 20 ft. Wind Tunnel, on a model of a
medium STOL transport with vectored thrust and jet flap powered-lift
systems. The work is part of the STOL Tactical Aircraft Investigation,
U. S. Air Force Flight Dynamics Laboratory Contract Number F33615-71-C-
1757, (A Study of the Aerodynamic and Flight Controls Technology of
Vectored Thrust for STOL Transport Aircraft).

The interactions between the two powered 1ift systems and

the basi: airplane aerodynamics are precented for a systematic series
of configuration changes which include sweep and nacelle location. .
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SECTION I

INTRODUCTION

1.1 Background

The U.S. Air Force's need for modernization of its Tactical
Airlift capability led to establishment of the Tactical Airlift Technol-
ogy Advanced Development Program (TAT-ADP), contributing to the

technology base for development of an Advanced Medium STOL Transport
(AMST) .

The AMST must be capable of handling substantial payloads
and using airfields considerably shorter than those requirea by large
tactical transports now in the Air Force inventory. If this short field
requirement ig to be met without unduly compromising aircraft sgpeed,

economy, and ride quality, an advanced-technology powered-lift concept
will be required.

The STOL Tactical Aircraft Investigation (STAI) is a major
part of the TAT-ADP, and comprises stucies of the aerodynamics and
£1ight control technology of powered-lift systems under consideration
for use on the AMST, Under the STAI, The Boeing Company was awarded
Contract No. F13615-71-C-1757 by the USAF Flight Dynamics Laboratory
to conduct investigations of the technology of the vectored-thrust

and internally blown jet flap powered-lift concepts. These investiga-
tions included:

0 Aerodynamic analysis and wind tunnel testing.

o Configuration studies.

o} Control system design, analysis, and simulatiom.
1.2 State »f the Art Prior to the STAI

Early in the STAI, the available literature and test data
on vectored thrust was surveyed. It was found that the data base for
vectorerd thrust interference effects on transport-type configurations
was ai.ost nonexistent., Consequently, the "State-of-the-Art Design
Compendium" compiled from the information then available consisted only
of procadures for estimating power-off characteristics and the recom-
mendation to correct for power simply hy direct vector addition of the

propulsive forces. That is, interfarence effects were assumed to be
Zero.
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1.3 Test Program

To provide the required data bage, an extensive program of
testing was conducted in the Boeirg V/STOL Wind Tunnel. The unpowered,
vectored thrust, and control characteristics of a vectored-thrust STOL
transport configuration were defined in three separate test periods.

To provide better perspective for comparison of vectored
thrust with other powered 1ift concepts being considered for the AMST.
a limited additional program of wind tunnel tests was run with the rams
basic model equipped with internally blown jet flaps.

1.4 Document Organization

Section II defines the test program and provides a model
description and a facility description. Section III presents the
unpowe.red aerodynamic characteristics, establishing a reference level
for subsequent powered testing. Section IV presents the vectored
thrust characteristics. Section V presents the jet flap character-
istics, together with data obtained from outside sources on augmentor
wing jet flap performance.
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SECTION 11

TEST PROGRAM

2.1 Progrza Outline

The STAI wind tunnel test program consisted of four separate
test periods. Each of these test periods was conducted to accomplish
specific goals in ‘e overall program. The first, BVWT 097, was con~
ducted to define the basic unpowered airplane characteristics. The
second, BVWT 099, defined the aerodynamic characteristics with vectored
thrust. The third, BVNWT 101, was devoted to determination of vectored
thrust effects on control power. The fourth and final test period,
JVWT 103, was a test of the interrally Liown jet flap concept.

The tests followed the outline defined in th: STAI Wind
Tunnel Test Program Description (Reference 16). The program was
approved by the Air Force prior to execution, and wag designed to
exploit efficiently the configuration and vectored thrust capabilities
of the model, as well as special features of the Boeing Vertol Wind
Tunnel facility.

The test conditions, including wind tupnel, vectored thrust
and airplane porameters are summarized in Table I.

2,2 Model Description

The wind tunnel modei used for the Boeing STAIL test program
was bullt to represent a typical medium STOL transport == ,06 scale.

Quarter front and rear views of the wmodel installed in the
Boeing V/STOL wind tunnel are shown in Figuresl-a and 1-b., Figures 2-a
through 2-c show the air supply distribution control system inside the
model. The detalled features of the model are shown in the assembly
drawing, Figures 3-a and 3-b. The principal features of the configura-
tion will be cescribed in more detail in tne following paragraphs.

2.2.1 Wing Design

The wing section was an advanced technology section based on
test. of wings developed for commercial transport applications. (Ordi-
nates are given in the Appendix.)
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Jet Flap and Blown Aileron
; Supply Duct

LE Blowing
Supply Duct
Nacelle Air Supply Ducts
L.E. Blowing
Blown & Defiected
Aileron R.H. Wing
Onl
Loc. A
27% /2 -
Single Pod,
Double Pod
Alternate | o0 B -
43.5% b/2
Single Pod,

Double Pod Loc.C
Alternate  60% b/2 _ —

Single Pod

a. Schematic Diagram of Model
Figure 2: Air Supply
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Cad o

L

WD VEUCTORED THRUST PARAMETERS AIRPLAKE P RAMETERS
IWT TONNEL c NACELLE POSIT1ON Eng. Ing. T.E.
TEST PURPOSE COMDITIONS J o Chord Span Beight Out Type Sweep AR Flaps
097 Determine Solid floeor, 0 o* off off ctf Does Solid 0 5.37 -S1a¢
unpovered G=22 psf, or or or_ aot plug ‘0 to flays
dates | characceris- internal 352 27/ We = epply. ‘low), 4 17° 10.46  Yarisble
3-13 tics. straia chord 43.57 .371lor ringle 30° apan,
3-31 gauge span 406 pods. 5¢=0°
123 balance, P to
hours Refte .82 x 10 ss1
099 Determine Moving belt 0.0 o 02 Single h/cm Yee, Blown, 15¢ 8.0 3-stot
vectored ground to 30° 352 pods at & single Flspe
dates | thrust inter- plane instal- 6.0 62° 702 27/ .3n vari- pods or 30°* 6.62 §¢=0*
5-23 | ference led, q»22 & 10 90° 43.57 to oue 2 dual 20*
6-30 | effecte. psf, internal or .453 posi- pods. 3o*
strain gauge 43.5/ tions 3s*
395.4 belance, 602 48°
urs Refre - .02 x 109 dual
ad .55 x 108 pods
27 or
43,52
101 | Determine Muving belt 0.0 0* 0z Single h/c= Yes, Blown, 15* 8.0 3-S1ot
effect of ground plane te 30° 352 pods at 4 single Flapa
dates | vectored installed, 3.0 €0~ 702 27/ 7)1 veri- pods. 30° 6.62  8g=0°
7-18 thrust ou Ge22 psf, 80* 43.57 oy ous
7-27 | eileron and internal . 406 posi- 3s*
rulder con- strain geuge tions.
108 trol require- belance,
hours | ments; define wake reke.
downvash and Re/Ft = B2 x 1()6
3idevash.
. h/c=
103 Determine Moving belt For 0* 3R Single 371 Kone Blown, 15°* 8.0 Jet Plap
the charect- ground plane jet pods &4 single 8¢ =
dates | eristice of instellsd flep 21/ pods 0*
8-28 e jet flap q = 10 paf, 0-2.2 43,52 40°
9-7 AMST {aternel For, 60°
configuration. | gtrain geuge ascelle 80*
102 balence, 0-2.0
hours vake rake. .
RefFy = .B2 x 10°
A\
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Table | :

AIRPLARE PARAMETERS

ik TR < i ko

e AL S AL 55 i i

1.E. L.E. Control
AR Flaps Flape Ta1l Paraseters TEST ACCOMPLISHED
5.37 -Slet 8=60° on Not The airplane parameters shown to the left varied end 6-
to flaps 70° Tested cowponent force data were obtained. These date formed
10.46 Variable 80° the unpowered reference level to which the varioue inter-
span. C,=0 ference and control effecte of eubeequent teste could be
$¢=0° ta applied. The leading-edge flap configuration wvas
to .06 optimized and the trailing-edge flap configuratione
55% Vary gap for further testing wvere defined.
8.0 3-Slot §=70* on Not The vectored thrust and airplane psrameters ehown to
Tleys C.=.06 and Tested the left were varied and 6-component force data were
6.62 Sg=0° Nc gap off obtained in such a manner that the various serodynamic
20° and thrust interference effects could be isolated and
30° identified. The tests were conducted in both free air
35: and {n close proximity to the moving belt ground plane.
48
8.0 3-5lot §=70° on SALLERON The testa conducted with various combinations of
Plaps C,=.06 and 0,25,40,6C, 80" control deflections, vectored thrust parametera and
6.62 sg=0°* No gap off -40,-25* sirplane parameters. Six-component pitch and yaw
CualL. data vere cbtained. The wake rake preeaure deta were
35° 0.,.02,.04,.06 obtained for various vectored thrust snd airplane
8spo1LER 60° parameters. Fot every point on the matrix of posaible
SRUDDER vectored thrust, airplane or control parameter cosbin-
0,10.20.30' ations wae obtained, but a aufficient cross-section of
SSTAB combinations were teated to allow the program objectivea
0,10,20,30° to be realized. Data in close proximity to the ground
plane vere obtsined.
8.0 Jet Flup Mk o D off Not Various combination of jet {lap and engine thrust, and
¢ = c Tested jet flap deflections were tested. The 6-component
0° OPto .10 pitch and yaw data were obtained using an internal
40° strain gauge balance. A flow aurvey was also conducted
60° during this test phase with a wake reke. Date in ground
80° effect were obtained.
A
= 9
(A @aianinl

Wind Tunnel Test Program Outline
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The wing was pivoted to allow variable sweep. The wing was
tested at 0° dihedral and with the wing design plane parallel to the
body centerline.

The wing had two tip extensions to change a.pect ratio. Most
of the testing was done at the middle aspect ratio at sweeps of i5 and
30 degrees,

The wing geometric parameterg are given in Table II.
2.2.2 Trailing Edge Mechanical Flaps

The triple slotted trailing edge flaps are of the type used
on the Boeing 727 airliner. The shape of the main flap and the gap
settings have been changed from the 727 geometry to improve the flap
lift incremert on the basis of two-dimensional tests conducted in the
Boeing 4' x 8' low speed tunnel. Figure 4-a shows gections of the flaps
taken streamwise at a wing sweep of 15°. The extended wing chord with
the flaps rotated up, ratioed to the basic chord, is 1.302. The flap
ordinates are given in Apper. ix,

The main flap deflection angle is defined two ways:

(1) The angle betweeun tie flap local chord and the wing design plane;

(2) The angle between the flap local chord in the extended and
position.

Because of the way the flap is stowed in the retrac:ed positicn, the
latter ig greater than the former, The flap rotation definition cf
flap angle is used in the design comnendium (Reference 6).

Table III1 gives the relationship between the two ways of
measuring the angle,

The right hand column of Table IIl gives the angle a simple
flap would have to give the same lift, assuming a linear relationship
between flap deflection angle, flap chord ratio, and lift increment due
to flap.

For the purposes of the model nomenclature, the main flap
angle is used as a superscript on the flap symbol to denote a particular
flap angle combination. The flap type and flap spanwise section are
indicated by subscripts. For example:

retracted

susieiatl
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Table I1

WING GEOMETRIC PARAMETERS

Sweep | Aspect | Area Span Taper | MAC .25 MAC Y
cl/4 Ratio (fr)2 (in) Ratio (in) (MS, in.) (22?"
0 6.8518 | 2.696 | 74.782 | 0.481 | 11.417 16.513
8.380 | 6.237 | 86.752 | 0.398 | 10,993 33.897 18.576
10.461 | 6.741 {100.768 | 0.301 | 10.561 20.680
6.5 5.624 | 72,556 ; 0.483 | 11.613 37.437 16.634
15 8.0 6.164  84.274 | 0.400 | 11.179 37.980 18.059
10.0 6.669 | 97.996 | 0.302 | 10.737 38.533 20,124
5.374 | 5.584 | 65.738 : 0.485 | 12.723 40.481 14.534
30 6.620 { 6.126 | 76.420 | 0.401 | 12.245 41,549 16.384
8.283 | 6.630 | 88.928 | 0.303 | 11.759 42,638 18.270

Moment Reference Center at WL 12.132 and .25 MAC

TABLE III

TRAILING EDGE FLAP DEFLECTION ANGLES

Angle of Flap Local Total Flap
Chord to Wing Defini- Rotation fval Stmod
tion P1 Degreas Degree Equivalent Simple
Configuration | t10 Plane (Degreas) i Flap Rotation

Symbol Fore | Main | Aft Main | Aft (Degrees)
Flap Flap Flap Flap | Flap

F,%° 5 20 30 28.5 | 32.5 30

F,30 10 30 40 38.5 [ 42.5 40

Fp 3 12 35 66 43.5 62.5 50.5

G 20 48 60 56.5 | 62.5 58.7

F,°° 22 55 70 63.5 172.5 66.8

Flaps Up -8.5 -2.3

16




F 35-—flap 2ngle, degrees

type—*’l’ 12‘~flap spanwise segments

|
1 is mechanical flap

3 is jet flap

For the wing with 15° sweep and aspect ratio &, tne flap span-
wise breaks occur at the following locations:

Flap Section 1

a2
(98]
P
w

Body side | .565 to |.75 to {.861 to | Not used
Fraction of Span

to .565 .75 .861 1.0 at AR = 8.0
— \ 4
location of Used for
aileron AR = 10.45 wing
2.2.3 Jet Flap

Figure 4-b shows a section of the jet ilap and air supply
plenum. The end of the fixed upper surface (ccve) is irn the same locs-
tion as for the triple slotted flap. The geometry corresponds to a

15% Fowler motion and gives a flap to extended total chord ratio of
1.25.

The blowing slot is tapered from 0.1 inch at the root tec
.04 inch at the tip to give a constant slot size to extended choerd ratio
of 0.62%. This slot size allows a jet momentum coefficient of 2,2 at a
tunnel q of 10. The flap angle could be varied remotely. The flap has
two sections, one out te the aileron and a second which replaces the
aileron.

2.2.¢ Leading Edge Flap

The leading edge flap is cambered and has a constant chord
equal to 15% of the MAC of the basic wing. The blowing slot is at the
trailing edge of the flap and has a constant gap of .003 inch. There
is no blowing slot on the cutermost wing tip extension. The flap is
divided into six segments and can be set to 60, 70, and 80° =angles with
brackets.
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Figure 4: Trailing Edge Flaps
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b. Jet Flap
Figure 4. Trailing Edge Flaps (Corciuded)
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2.2.5 Spoilers

The spoilerswuere simple unvented plates ser at 60° tu the
hinge line at 70% wing chord (49° streamwise at 30° sweep). There were
six segments available for each side of the wing. The spnilers have a
constant chord equal to 14% of the m.a.c.

AL ety B AL L it

2.2.6 Aileron

The aileronwas a 257 local chord control surface mounted on
the outboard 257 of the semi~span. The right hand aileron has a .005
inch slioying slot which iwproves zilecon performance at the higher
deflections. The blowing nozzie restricts the available right hand
ailerun ceilection to the range 20° - 80° down. The left hand aileron
is unblown and has a range of deflection from -40° (up) to +60°.

2.2.7 Nacelle Geometry
0 Nacelle Description

The nacelles were sized to represent engines in the 20,000 1lbs.
thrust class at .06 scale. Two types of nacelles were available,

1. Faired Body Type. The nacelle is represented by a solid
body. No inlet or exit flow is simulated. Used in unpowerered
test only,

Solid Nacelle

Wing

e AR

Nacelle

—

L Assumed Nozzle

25 Blown Nacelle Type. The forward part of the nacelle is
externally the same as the sclid type nacelle above. The
nozzle is blown with an external source of compressed air
via a supply pipe built into the mouel. The nozzle can be
set at a choice of 4 vectored thrust angies: 0°, 30°, 60°,
90°.

20
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Wing

Biown Naceile

0° Nozzie Vector Angle

Figure 2-c shows the internal arrangement of the nacelle.
Note the two choke plates.

Nacelle Location

The nacelle can be mounted on the wing in a selection of chord-
wise, spanwise, and vertical locations by means of interchange-
able pylons, ac outlined below.

Chordwise Location. Three fore and aft nacelle locatiors were

available which placed the plane of the undeflected nozzle at

zero, 35, and 70% of the local wing chord as illustrated in the
following sketch:

0% c
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These positions are referred to as the ncminal nozzle locations
which are used to define the model parts. When the nozzle is
defiected, the center of the nozzle moves down and forward.

The resulting nozzle locations are given in Table iV,

Spanwise Location. Three spanwise stations were available on
the wing as nacelle mounting points, at 0.27, 0.435, and 0.60
semi-span. The combinations which were tested are shown in the
diagram below. The double pods were restricted to the 15° wing
sweep case.

Nacelle Spanwise Locations:

; Single Pods

!¥mnsx _ 5 ‘gm

Double Pods

43.5%

c

T,
|
i
L

b

Height. The nacelle could be lowered one inch from its nominal
vertical position by a spacer in the pylon. The available h/c
for the nacelle #here h is the distance from the WDP to the
nacelle centerline) were:

A \0° 15° 30°

Al .406 .371 NOMINAL

h/c
.5 | .496 | .452 | LOWERED 1 IN.
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2.2.8 Body Proporticns

The full scale body corresponded to 204 inch diameter and
; 110 ft, length (assuming “he full size to model scale of .06). This
i would provide a 138"W x 148"H x 540"L cargo box. The aft body is
designed for a rear loadinz door with a ramp and a truck-bed height
cargo floor with doors closed. The aft body has a keel line upswept
19.3°,

2,2,9 Empennage

The geometric characteristics of the horizontal and vertical
tail were as follows:

Horizontal Vertical
Tail Tail
Area 1.624"£¢2 1.359 2
Sweep at Quarter Chord 20° 35°
Aspect Ratio 4 1.08
Thickness/Chord Ratio .13 .11
Camber -27 0
Tail _ Tail _
Wing Sweep Wing Aspect Ratio Arm VH Arm Vy
6.818 1,327 0.143
0° 8.380 53.254 | 1.258 44,772 1 0,112
10.461 1.212 0.090
6.5 49.714 | 1.233 41.232 | 0.137
15° 8.0 49,171} 1.156 40.689 { 0,106
10.0 48.618 { 1.100 40.136 | C.083
5.374 46,670 | 1.064 38.188 | 0.141
30° 6.620 45,602 | 0.985 37.120 | 0.108
8.283 44,513 1 0.925 36.031 | 0.083

The double segmented rudder had a constant percentage chord
of 38% chord measured streamwise with a span of 907 of the vertical
fin height. The trailing-edge segment was 407 of the chord of the
rudder.
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2.2.10 Internal Strzin Gauge Balance

The model used the Boeing 6227 six-component strain gauge
balance containing an internal flow passage which allowed the air sup-
ply to cross the balance. In the first three test periods there was
a large pressure tare effect on the axial force corresponding to the
supply pressure acting on the internal cross-sectional area of the balance
bellows. The pressure tares were the principal source of error of the
balance, which resulted in a maximua uncertainty in axial force of 2% of
thrust or .05 in drag coefficient. However, the repeatability of the data
seems to be very much better than this. The error in normal force was
less than 0.5%. The balance was modified for the fourth jet flap test
with an opposed bellows system which gave internal cancellation of the
pressure forces to greatly reduce the tare. The balance installation
prior to the modification is shown in Figure 5.

The model was installed so that the balance moment reference
center was located horizontally at tunnel station 1000; laterally 20.5
inches to the left looking downstream and vertically at waterline 1000
(120 inches above the solid floor reference for the free air testing).

2.3 Facility

The STAl wind tunnel tests, BVWT 097, 099, 101 and 103,
were conducted in the 20-foot by 20-foot test section of the Boeing
V/STOL Wind Tunnel. The Moving Belt Ground Plane was intalled for all
of the tests except BVWT 097, The dynamic pressure was generally 22
psf except for BVWT 103, which was run at 10 psf to allow the jet flap
nozzle pressure to remain below the value at which the jet separated
from the flap surface. The corresponding Reynolds numbers per foot
were .82 and .55 x 106, respectively. The test section was in the
conventional (solid wall) configuration. The wind tunnel facilities
are shown on Figure 6-b.

2.3.1 The model was mounted on the Boeing 6227 internal six-
component strain gauge balance installed on an 18-degree preband
sting, which was in turn attached to the standard BVWT sting assembly
consisting of the short 'cannon', the offset adapter, and the yaw
adapter. The model installation in the wind tunnel test section is
presented on Figure 6-a,

2.3.2 The installaticn of the Moving Belt Ground Plane is shown

on Figure 6-a. The moving ground belt is 18 feet wide and stretched
between rollers 27 feet apart. For testing in ground effect, the

model was lowered into close proximity with the Moving Belt Ground
Plane, with physical interference between the model support sting

and the moving belt the limiting factor. The Moving Belt Ground Plane
was operated at the same speed as the air flow through the test section.
A boundary layer bleed scoop removed the tunnel floor boundary layer
ahead of the belt to assure full total head conditions near the surface
of the ground plane.
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2.3.3 Air Supply

The 1000 psi/20 pounds per secord compressed air supply
wvas limited to a flow of 16 pounds per second at 900 psi by the size
of the duct through the balance.

2.3.4 Data System

The force and pressure data from the model were converted
into digital signals and fed into an IBM 1800 computer. Printed
output of the data in coefficient form (onmicrofiche) and the gross
coefficient plots were issued as wind tunnel data reports (References
8 through 11). The data was further processed to derive net coef-
ficients and terms relating to the analysis using a CDC 6600 computer.
This latter data was released in References 1 through 5.

2.3.5 Flow Visualization
Flow visualization using - ~ke generated from ammonia and
sulfur dioxide was conducted on the & el to show the air flow pat-

terns in the presence of the ground plane and to show the effects of
thrust. 16 mm motion pictures were taken.
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SECTION IIl

UNPOWERED AFRODYNAMIC CHARACTERISTICS

3. SUMMARY

Table V summarizes the more significant lift and drag charac-
teristics of the wind tunnel model with power off.

3.1 Lift and Drag Effects
The characteristics of the model without powered lift (other

than leading~edge BLC) were obtained for the complete range of configur-
ation variables described in Section II,.

The three configurations which renresented the central area
of the unpowered test matrix were:

REFERENCE CONFIGURATIONS FOR UNPOWERED TEST

Sweep 0° 15° 30°
Aspect Ratio 8.38 8 6.62
B ~ —— o

Trailing Edge Fiap Angle 35°

Trajling Edge Flap Span Ratio .75

Leading Edge Flap Argle 70°

Leading Edge Cy, .06

Tail o:f

Nacelles On

Figure 7 givas the 1ift, drag and pitching moment for these
configurations to establish the level about which the effects of the
various configurations can be applied. The leading-edge blowing C of
.06 was chosen to be representative of a practical case. The corres-
ponding value for a '"well tempered" full-scale airplane would be about
.04,

The stall began at the wing root which did not have an
optimum aerodynamic fairing because of the variable sweep feature of
the model. At 30° sweep, the root stall produced a pronounced break
in the lift curve before CLmax was reached.

3.1.1 Effect of Trailing Edge Flap Deflection

Figure 8 shows that the flaps were effective in increasing
the 1ift up to 35° main flap deflection. Note that the increasing
slope of Cj LAP. o = with main flap angle between 30° and 35° becomes
linear if tge ehuiva?ent angle flap angle defined in Table III is used
as the abscissa. The 48° deflection gave reduced 1lift except at 30° of
sweep where the C was obtained with 48° flaps. As flap angle was
increased, the angTe of attack for C was reduced, as would be
expected for a fixed leading edge de%?gg.
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C, =.06 LE Flap Angle 70°

1 HLe
Tail Off Aspect Ratio 838 8.00 6,62
Naceties On Swoep ®° 150 390
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4.0 I
A \‘ A
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&7 el 1 | .
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= 32
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30° < T~ 2.8 L

"0 30 40 50 60
Main Flap Angle — Deg

Figure 8:  Effect of Flap Deflection on Lift
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Figuve 9 shows that the model L/D reduces as flap angle is
increased. The best L/D for the model, tail off at 15° sweep was 6.3,

J.1,2 Effect of Trailing Edge Flap Span

Figure 10 shows the effect on lift of variation of flap
span from 58% to full span. The low value of CLpax for the 75%Z span
flap is probably not typical and is most likely due to the spreading
of the separation behind the small (.375") breaks in th. I-ading edge
blowing slot. Elimination of the discontinuities for the last two test
periods did increase CLmax for this case by 0.2,

3.1.3 Effect of Leading-Edge Flap

The blown leading edge flap gave an increass of " .. of
approximately 1.C relative to the wing with no leading-~ _« device at
30° sweep, somewhat less at 15°, Figure 11 shows the effect on CLmax
of leading edge flap angle fo. varying amocunts of leading edge blowing.
At 30° sweep, the 70° flap ang'e was _est, essentially at all values
of C,. At 15° sweep at .06 C, the 60° flap was best, howaver, 70° flap
was used for most of the testing.

Mounting the :eading edge flap with a 1% gap inmproved tha
CLpax When it was used in conjunctien with leading-edge tlowing (C; =
.06) but gave no improvement by itself.

Figure 12 ghows the effect of increase of leading-edge
blowing quantity at the three sweeps tested. The blowing effectiveness
(ratio of lift increase to blowing wcmentun) was in the vicinity of 6.0,
Tnis iIs considerably less than the data shown “n Figure 13 of Volume 1I.
This result is attributed to the interruptions in the blowing slot (4
interruptions per side of width .375"). For the control power and jet
flap tests, the interruptions were greatly reduced in size giving the
improvement shown in Figure 13 ,

3.1.4 Effect of Sweep and Aspect Ratiu

Figure 14 shows the effect of sweep on the Cpp,, with lead-
ing and trailing edge flaps extended. The wing in this case was fixed
geometry so that aspect ratio changes with sweep. However, Figure 15
shows that the aspect ratio does not effect Cr,,, significantly in the
range of aspect ratio shown in Figure 14. Figure 14 also shows the
effect of sweep on the trailing edge flaps up with the leading edge
flap down case and for the clean wing.

Figure 15 shows that lift increases with aspect ratio up to
a value of aspect ratio of 7 for the 30° sweap or 8 for the 15° sweep
wing beyond which there is no further improvement due apparently to the
reduction in angle of attack at stall, This effect is more pronounced
at a higher sweep which would suggest that with the higher aspect ratio
the outward drift of boundary layer causes an earlier stall at the tip.
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Sl P i

N 8 9 1.0
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Figure 10: Effect of Fiap Span on Lift
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" 40
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Figure 11:  Effect of Leading Edge Flap Angle on Maximum Lift
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4,0
Flao Deflection 35° l
| l | —
& 4 ' l
E Break Width — In, o
; s =
: 37 !
C
Lmax :
32—
Sweep 15°
~ Aspect Ratio 8.0
1 2.8 Flap Span Fraction 1 = 75
LE Flap Angle 70°
Nacelles On
Tail Off
24 3 Gaps in LE Slot
375 In,
]
] 4.0
1 Flap Detlection 48°
l 1 | |
1 T
Break Width — In,

8

24

0 02 04 08 08 10
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Figure 13: Effect of Spanwise Break in Leading Edge Blowing
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Figure 14:  Effect of Sweep on Maximum Lift Coefficient
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Figure 15:  Effect of Aspect Ratio on Maximum Lift
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Figure 16 shows the effect of sweep on lift curve. The 1lift
is everywhere reduced as sweep increases with the exception of the
post stall region flaps-up when the 30° sweep does not reach stall
within the angle of attack tested.

At alpha = 8°, flaps-down, the 30° sweep has a higher slope
than the 15° sweep. This is not considered typical and is the result of
using the model in & general purpose way without (for example) retailor-
ing the leading-edge flap or the wing root intersection at each sweep.

3.1.5 Effect of Nacelles

Figure 17 shows 3 comparison of the lift of the basic con~-
figuration with and without the solid nacelles in the more inboard loca-
tions. The nacelles cause a loss of 1ift at both low and high angles of
attack, There is a 0.4 loss of maximum lift coefficient at both of the
sweeps shown, Data shown in Section IV would indicate that this loss
would be reduced if the nacelles were moved outboard.

3.2 Longitudinal Static Stability

3.2.1 Longitudinal stability data were taken at wing sweep angles
of 0°, 15° and 30°. Several flap configurations were tested. Aspect
ratio was also varied., Tail on and tail off, as well as nacelles on and
off, were also tested. Lift curve slopes and aerodynamic centers were
measnred at an angle of attack of 8 degrees.

3.2.2 The. flaps-up lift curve slope and aerodynamic center are shown
in Figures 18 and 19, Figure 18 shows the effect of aspect ratio at
wving sweeps of 15° and 30° tail off and 30° tail on. The effect of the
horizontal tail can also be seen on these figures, Aspect ratio has
very little effect tail off. Lift curve slope varies about .0l per
degree, and the serodynamic center moves only about two percent. How-
ever, with the tail on, aspect ratio has a strong influence on the aero-~
dynamic center. The 1lift curve slope is still relatively unaffected,

As the aspect ratio is increased from about 7 to 8.3, the aerodynamic
center shifts aft about 157 MAC, even though the horizontal tail volume
coefficient decreases as the aspect ratio is increased.

3.2.3 Wing sweep and nacelle effects on the flaps-up configuration
are shown in Figure 19, Wing sweep was varied nacelles on and off for
the tail-off configuration. The nacelles cause a 77 MAC shift in the
aerodynamic center, but do not affect the lift curve slope. For both
tail on and tail off, the lift curve slope deci-:ases slightly as the
wing sweep is increased. The tail-off aerodynamic center shifts aft
about 3% MAC for 30° of wing sweep. However, with the tail on, the
aerodynamic center moves forward about 5% MAC fer 30° of wing sweep.
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Figure 16 : Effect of Sweep on Lift
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Figure 17 : Effect of Nacelles on Lift
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3.2.4 The effect of flap angle is shwn in Figure 20. Tail-on
and tail-off configurations were tested. Wing sweeps of 0°, 15° and

30° were tested with the tail off. Tail on was tested only at 30° of
wing sweep. The effect of flap angle showed the same trend at ail three
sweep angles. Lift curve slope rose sharply, about .02 per degree, for
the first 20° of flap deflection. The rate of change of lift curve
slope with respect to flap angle goes to zero at about 25° of flap.

Then the lift curve slope drops sharply, about .012, as the fleps are
deflected to 40°. This effect is greater at zero wing sweep and less
pronounced as sweep is increased. The tail-off aerodynamic center moves
aft almost 107 MAC as the flaps are deflected from zero to about 25°.

As the flaps are further deflected, the aerodynamic center shifts back *
toward the initial locatioen. Tail~on data are less complete. However,
the same trend appears to be present, The changes in aerodynamic center
and lift curve slope occur when the Fowler action is taking place, low
flap angles, and then at the higher flap angles where the flow is start-
ing to separate.

3.2.5 Flap span effect is shown in Figure 21 . Flap span was
varied for the 30° sweep, flaps deflected 35° configuration. Tail on
and tzil off were both tested. Flap span has a strong influence on lift
curve sliope both tail on and tail off. As the flap span is increased
from 50° to 75% of the wing span, the 1lift curve slope drops by about
.02 per degree (both tail on tail off), then the lift curve slope
increases as the flaps are extended to the wing tips. With the tail on,
the same trend exists for the lift curve slope although a little less
pronounced, With the tail on, the a.c. shift is only 57 MAC as the flap
span is increased from 60% to 100% span.

3.2.6 Figure 22 shows the effect of wing sweep with the flaps
deflected 35°. Tail on and off, as well as nacelles on and off, were
tested. The trends are about the game with the nacelles on or off. The
aerodynamic center shift is about 157 MAC aft due to 30° of sweep tail
off and about 6% with the tail on. This is quite a bit more than the
case with flaps up shown in Figure 19 . With the tail on, sweep had no
influence on lift curve slope., Tail off, the 1ift curve slope increased
.01 per degree as the wing sweep was increased from zero to 15°. Then
as the sweep was further increased to 30°, the lift curve slope decreased
to its initial zero sweep value. There were slight aspect ratio changes
as the wing was swept, This may be masking some of the sweep effects.

3.3 Lateral-Directional Stability

Table VI is a summary of the results of all the lateral-
directional runs made during this phase of the test program, Figures
23 through 32 present lateral-directional sideslip derivatives
obtained during Phase I testing of the unpowered configuration. The
majority of these data plots reflect derivatives for a sideslip range
of +10° at an angle of attack of 8°, No aileron, rudder or elevator
powzf data were obtained during this phase. All coefficients are bLased
on the geometry of each particular configuration as tabulated in Table
I1.
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3.3.1 Aspect Ratio Effects

Figures 23 and 24 illustrate the effects of aspect ratio for
15° and 30° wing sweep, tail-on and tail-off, for the flaps-up and flaps-
down configurations. The aspect ratio effects are fairly small with only
a slight increase in tail-off Cpy, with increasing aspect ratic. Appar-
ently, the tail effectiveness tends to reduce as aspect ratio increases.
However, it is important to keep in mind that the derivatives are based
on the geometry of the wing tested. The higher aspect ratio wings have
more area and span, thus the coefficients tend to be smaller.

3.3.2 Sweep Effects

The effects of sweeping the wing from 0° to 30° are presented
in Figures 25 and 26 and can also be seen in Figures 23, 24 and 27. As
is illustrated, Cp. generally reduces slightly while Ceg increases (par-
ticularly with flaps down) as sweep increases. Note that the value of
aspect ratio changes as sweep changes. Again, keep in mind that the
geometry upon which the aerodynamic coefficients are based varies as the
wing is swept.

3.3.3 Effecis of Trailing-Edge Flap Angle

The effects of T.E, flap angle for the 757 span flaps are
shown in Figure 27. Data are presented for sweeps = 0°, 15°, and 30°;
and for tail-on and tail-off configurations. As flap angle increases,
Cnh, tends to increase with smaller effects being shown at flap angles
above 35°. The character of the variation of Cp, with flap angle
changes with sweep. This is also demonstrated in Figures 25 and 25.

3.3.4 Trailing-Edge Flap Span Effects

The effects of changing the T.E. flap span are illustrated
in Figure 28, Tail-off Cj, and tail on and off Cp, increase as flap
span increases. Tail-on C_  is relatively constan%, yielding a slight
decrease in tail Cng contribution as flap span in-reases.

3.3.5 Leading~-Edge Flap Angle and BLC Effects

The eifects of L.E. configuration changes on lateral-
directional derivatives (Figures 29 and 30) are negligible for .ne R
range (+17°) tested at a = 8°. With the leading-edge flap deflected
and BLC operating, the linear range of the sideslip derivatives is
extended to higher values of a and 8.

3.3.6 Effects of Angle of Attack
Figures 31 and 32 present the effects of angie of attack.

For the range of « tested (4° to 12°), C“B and C@B increase nacelles-
off, and decrease nacelles-on, 45 o increases.
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3.3.7 Effects of Nacelles

The effects of the nacelles are shown on Figures 25, 26, 31
and 32. Installation of the nacelles causes a more positive Cp, and
a more negative C¢, with flaps-up, while with flaps-down C,, sgets Bmore
negative and C@B gets more positive. 8

3.3.8 Tail Effects

As illustrated in Figures 23 through 32 , the effects of
the tail decrease with increasing wing aspect ratio (reference geometry
change), increasing flap span, and decreasing flap angle.
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SECTION 1V

VECTIORED THRLST CHARACTERISTICS

4.1 Thrust Interference Effects

T

The longitudinal characteristics obtained on the vectored
thrust model (BVWT 099, Ref. 9) are presented in the following discus-.
sion, with particular emphasis on the aerodynamic interference effects

of power from the four vectored thrust engines. The following principai
parameters were studied:

F ° Wing Angle of Attack " «

% o Thrust Coefficient CJ
; (¢] Thrust Vector Angle v ¢
o Nacelle Location: Chord ™ x/c

Spanwise " neng

Height ~ h/c

Single Pods vs Dual Pods
l o One Engine Inoperative

o] Trailing-Edge Flap Angle ~ 6f
o Ground Height ~ H/b

o Wing Sweep v A

The thrust from the blowing nacelles was included in the forces
and moments recorded by the strain gauge balance on which the model was
placed. Therefore, the gross force and moment coefficients produced by
the model included both the aercdynamic and vectored thrust forces,

In order to determine the net aerodynamic forces acting on
the model with power on, the vectored thrust components must be subtracted

from the gross forces. For example, the net 1lift coefficient is defined as:

C = C - C, sin {(o+o)
LNet LGross J

In order to determine the thrust interterence forces, the
power-on net forces are compared to the power-off forces. For example:
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Figure 33 gives typical 1ift curves and the resulting 1lift
interference.

The drag and pitching moment are treated in a similar mainer,
resulting in the following equations:

ac = [ - C, sin (at0)| - C ‘
l'Irt Gross J LCJ =0
ACD = [CD + C, ces (ot0)] - CD )
Int Gross CJ =0
4 X, 2y
ACm = [Cm - 3 CJ (g— sin o + = cos o)} - C,
Int Gross i=1 i CJ=O

The bracketed terms [] are the net components and the x and z
dimensions in the pitching moment equation refer to the location of the
nozzle thrust vector (of each of the four nacelles) with respect to the
noment reference center. These dimensions ar= listed, for each of the
nacelle configurations tested, in Section2.2.7, Table IV, Page 23.

The power-off reference forces used in the dctermination of
the interference increments were measured in the same test run series
(BVWT 099) as the power-on data.

Small differences were noted between the power-off data of
BVWT 099 compared to the power-off characteristics shown in Section III,
BVWT 097. The differences are ascribed to the cumulative effect of
several adjustments to details of the model, such as flap brackets, wax
fairings, etc. Use of the BVWI 099 power-off reference levels assured
that the accuracy of the interference data would be unaffected by these
differences.

The force and moment interference terms were calculated for
the entire test by a digital computer and were subsequently plotted
against angle of attack by an automatic plotting machine. Cross plots
were then made from the machine plots to show the variation of the thrust
interference terms versus the principal parameters studied during the
vectored thrust test. The following sections present these summary
crosspliots.*

*Complete tabulations and plots of the gross force and moment coefficients
may be found in the wind tunnel data reports (Refs. 8 through 11). The
rachine plots of interference effects may be found in wind tunnel data
analysis supplementary reports (Refs. 2 through 3).

68



4.1.1 Thrust Interference in Free Air

Table VII summarizes the effects of the principal parameters
studied on the lift, drag and pitching moment thrus: interference terms

in free air. Interference effects on maximum lift are discussed sepa-
rately in Section 4.4.

Most of the data presented here is shown at an angle of attack

of 8°, representing a nominal landing approach condition. Data is also

shown at u = 20° to illustrate effects occurring in a pull-up maneuver
or near-stall condition.

Analysis of all the thrust interference data has shown that
the drag and pitching moment interference terms tend to be directly
related to the lift interference values; therefore, emphasis is placed

on the lift term. It should be noted that the drag interference term
as used in this report is

rC = CD - CD
INT Power-0On Poser-0ff
(Net)

and is the drag difference at a given angle of attack.- It therefore
contains an induced drag term caused hy the change in lift due to power.

Thus, the dependence of the drag interference on the lift interference
is to be expected.

The thrust interference trends observed on this mod:l were,
in general, similar to those obtained in tests performed by NASA Langley
(Reterence 7). The NASA tests were made only at o = 0°, and indica*ed
large unfavorable lift interferences similar to thcse shown here at low
+'s. The NASA model had an unswept aspect ratio 6 wing with a single-

slotted trailing edge flap. The vectored thrust nozzles were usually at
90°, although some data was taken for o = 60°.
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4,1.1.1 Thrust Coefficient and Angle of Attack

Figures 33 and 34 illustrate the influence of thrust coeffi-
cient and angle of attack on the thrust interference terms.

As shown in Figure 33, a negative (unfavorable) 1lift inter-
ference was oLserved at low to moderate angles of attack while a positive
(favorable) lift interference occurs at relatively high angies of attack.

Figure 34 presents the drag and pitching moment interference
as well as the lift interference. Note that, for the range of a's tested,
the largest thrust interference ef”ucts generally occur betwzen C. = 0. and
1.0, with a relatively smaller change in interference at C_'s greater than
1.0. Note also, that as a increases, the drag interference term becomes

more positive (as does lift) while pitching moment interfereunce beccmes
more negative.

The probable explanation for the variation of interference
with angle of attack is that the jet plumes strongly entrain the &-rround-
ing air. This amounts to placing sinks directly below the wing. “ne sinks
induce downwash at the trailing edge, which effectively reduces the trailing-
edge flap angle. This leads to the observed loss in lift at low to moderate
angles of attack. The 8imks also induce @ downward velocity at the
leading edge which effectively reduces the local angle of attack felt by
the leading-edge flap. Hence the undersurface separation occurring behind
the leading-edge flap at low angles of attack is aggravated. The combined
result at lew to mdderate angles of attack is a loss of lift plus an
increase in parasite drag more than sufficient to offset any reduction of
induced drag due to the lift loss.

As the angle of attack increases, the fact that the sink effect
reduces the local angle of attack at the L. E. flap leads to a delay in
the wing angle of attack at which initial separatioun occurs. This occurs
because the sink effect reduces the pressure peak at the leading edge. The
upper surface boundary layer is then relieved of the strong adverse pressure
gradient behind the leading edge. This allows the flow to remain attached
to a higher o (and CL) than achieved with power-off,

4,1.1,2 Thrust Vector Angle

Figure 35 shows the effect of increasing the thrust vector angle
from 30° to 90° at constant angles of attack.

o} The lift interference becomes more unfavorable at moderate angles
of attack. At high angles of attack, the favorable 1ift interference
slightly increases going from o = 30° to 60°, but decreases again
going from ¢ = 60° to 90°.
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4.1.1.1 Thrust Coefficient and Angle of Attack

Figures 33 and :4 illustrate the influence of thrust coeffi-
cient and angle of attack «'n the thrust interference terms.

As shown in Figure 33, a negative (unfavorable) 1ift inter-
ference was observed at low to moderate angles of attack while a positive
(favorable) lift interference occurs at relatively high angles of attack.

Pigure 34 presents the drag and pitching moment interference
as well as the iifi iiiecference. at

| PR N s -l ~ a
wote that, for the range of a's tested,

the largest thrust interference effects generally occur between C, = 0., and
1.0, with a relatively smaller change in interference at CT‘S greater than
1.0. Note also, that as a Increases, the drag interference term becomes

more positive (as does lift) while pitching moment interference becomes
more negative,

The probable explanation for the variatiun of interference
with angle of attack 1s that the jet plumes strongly entrain the surround-
ing air. This amounts to placing sinks directly belcw the wing. The sinks
induce downwash at the tzalling edge, which effectively reduces the trailing-
edge flap angle. This leads tc the observed loss in lift at low to moderate
angles of attack. The 8imks also induce a downward velocity at the
leading edge which effectively reduces the local angle of attack felt by
the leading-edge flap. Hence the undersurface separation occurring behind
the leading-edge flap at low angles of attack is aggravated. The combined
result at low to moderate angles of attack is a loss of lift plus an

increase in parasite drag more than sufficienv to cffset any reduction of
induced drag due to the lift loss.

As the angle of attack increases, the fact that the sink effect
reduces the local angle of attack at the L. E. flap leads to a delay in
the wing angle of attack at which initial separation occurs. This occurs
because the sink effect reduces the pressure peak at the leading edge. The
upper surface boundary layer is then relieved of the strong adverse pressure
gradient behind the leading edge. This allows the flow to remain attached
to a higher o (and CL) than achieved with power-off,

4,1.1,2 Thrust Vector Angle

Figure 35 shows the effect of increasing the thrust vector angle
from 30° to 90° at constant angles of attack.

o The lift interference becomes more unfavorable at moderate angles
of attack. At high angles of attack, the favorable 1lift interference
slightly increases going from ¢ = 30° to 60°, but decreases again
going from o = 60° to 90°.

73

Preceding page blank

A e i b A AT




e |
O ——n— s DU LR L 4

80UBI3Y4BUI ISNIY [ UC JUBI2I}4I0D ISNIY [ 40 133443 : pE 84nbiy

sk

ry i

Lo

H
© 9
| -
|

i 3

i NS m 9~ M.

ov/n_V//.’\ g

_ O v

Hm/mv/( _ 1.

] . g N‘
2] ”
5 m 0 Fhyg j

Iw—IO’
o Lz 3
Z
B b
/. .
\‘t
o /1,

J I
0L
r d:-zuq ﬁw‘\ u)
u e
\ O vz o b 'Gop
oSE = ¢ HED -
09 =0 %gep/ez = U
. deyy
LT %E'YL = b
90° = J Bunessd( seuibug 1y
oL =g Ny 994 1O ey
}doL=b :aloN (IsujwoN) %GE = 9/ 29'9 = w o0E =V




i i

il

90ua194s93u ISNIY Y m
U0 8iButy 40329 1SNIYYL JO 398443 : GE aunbi4 ]
0 0 :
£
QW o00L o08 09 O 02 o0 - 000l 08 09 L0v 02 O“IQ.! “f.
. [ Al m
o) 0 / o~
v
> a-o

0 'ﬁlwr\ X U}
B8=p /Io oy x
.E_:od b : o
po o) JC—Q 3
av 3
\\ . = 7@'\ | O . w
/ z v °
= .
1. ,\x — | e G :
: Iy
= e GANS #
o0 & 90" = o} !
o0t =3¢ !

{leujwoN) %GE = I/x
LLED = 2M i
%6 ev/ez = BU3u
Bunesadg sauibugy iy
%EVL = dei3 L Ay 3334 :
299 = W HO ey “
z=0 o0 =V {
el 2 —




kol ht sl

Lt et i ity

bt

o The unfavorable drag interference increases at both low and high
a's. A greater increase is observed between 0 = 30° and 60° for
a = 20° than for a = 8°,

o The positive pitching moment interference at moderate a's increases.
The negative moment interference at high a's becomes slightly more
negative. '

The NASA data referred to above showed similar trends to those noted above
when o was changed frcm 60° to 90°.

4,1.1.3 Nacelle Location

Figures 36 through 40 summarize the thrust interference effects
in free air for various nacelie locations including chordwise, height and
spanwise variations as well 3c a comparison of the single pods versus the
dval pods installation.

4.1.1.4 Chordwise Location

Figure 36 is an example of the data obtained to determine the
effect of moving the nacelies fore and aft in a chordwise direction.
(Note that the x/c dimension shown in Figure 36 refers to the location of
the nozzle exit plame (relative to the basic wing leading edge) when the
thrust vector angle is zero. Therefore, x/c¢ is dimensionally correct only
when o = 0°, since the nozzle exit plane on the wind tunnel model actually
translated forward as the nozzles were rotated. Therefore the x/c shown
is referred to as the '"nominal" x/c. A tahle of the actual x/c versus
the nominal x/c is given in Table IV in Section 2.1.)

The effects of moving the nacelles aft are summarized below
and are shown in Figure 36 through 38. Additional da:ta is presented in
Reference 2.

Lift interference becomes more favorable for a given moderate
angle of attack as the nacelles move aft, particularly, as the nacelles
are moved from 35% to /0% x/c. However, the data shows that the 35% x/c
position is generally better than the 707% x/c position in terms of favor-
able lift interference at high angles of attack.

This agrees with the NASA data, which showed 1ift interference
becoming more favorable as the nacelles moved aft at low a's.

The drag interference at o = 8° tends to increase (especially

at o = 90°) as the nacelles move aft; however, at high a's the 70% x/c
position shows the least interference while the 357 x/c shows the most
interference. When plotted at a given level of 1ift interference, rather
than at constant o, the drag interference tends to reduce as the nacelles
move aft as shown in Figure 37. Note that the actual, rather than the
nominal, x/c is shown. Also the data shown has been smoothed and averaged
for several configurations.

The pitching moment interference shows that the 35% x/c position
generally shows the most positive increment at o = 8°, yet it also produces
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the most negative increment at a = 20°. The 0% and 70% x/c data are nearly
equal for both angles of attack. Again, when the pitching moment inter-
ference is plotted at a given level of 1ift interference (in a manner
similar to drag interference in Figure 37), the moments tend to become
more positive as the nacelles move aft, as shown in Figure 38.

4,1.1.5 Nacelle Height

Figure 39 shows the following small _effects of moving the
nacelle downward one inch model scale (from h/c = 0.406 to 0.496):

o The 1ift interference is essentially the same except above 20°u,
the lowered nacelle shows a little less favorable 1ift interference.

o The lowered nacelle chows slightly more unfavorable drag iicer-
ference at low a's and slightly less interference above 15°x.

o The lowered nacelle shows about 0.05 less positive pitching
moment interference.

4,1.1.6 Spanwise Location
The effect of moving the single pods from the 43.5%/60% b/2
position to the more inboard (27%/43.5% b/2) position is shown in Figure

40. As the single pods move inboard:

o Lift interference becomes more unfavorable at low a's and shows
no change at high a's.

o Drag interference increases at both low a's and high a's.

o Pitching moment interference becomes slightly more positive at
low a's yvet more negative at high a's.

Different trends were observed for the dual pods also illus-~
trated in Figure 40. As the dual pod nacelles move inboard from the
43.5% b/2 position to the 27% position:

o Lift interference shows slightly more favorable interference at
all o's.

o Drag interference is much more unfavorable at all a's.

o Pitching moment interference is more negative at all o's.

It is thought that the inboard dual pod nacelles were located
too close to the body side. This led to an induced separation under the
inboard wing due to the nacelle-body interference. The precipitation
of an inboard underwing separation could lead to the trends noted
above as the duai pod nacelles are moved inboard.
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4,1.1.7 Single Pods Versus Dual Pods

The configuration with the single pods is compared to an
inboard and an outboard dual pod configuration iun Figure 40 in terms of
the thrust interference effects for a 15° wing sweep configuration.

o Lift Interference: The configuration with the single pods shows
a more favorable lift thrust interlerence than either of the
dual pod configurations. The inboard dual pods are more favor-
able in terms of 1lift interference than the outboard dual pod
configuration as noted ezarlier.

o Drag Interterence: The outboard dual pods show less
drag interference than either the inboard dual pods (which gave
highest drag) or the configurations with the single pods.

o Pitching Moment Interference: At low a's, the piftching mnoment
interference is of the same order of magnitude for all nacelle
configurations shown. At high a's the single pods show a more
negative pitching moment interference than the dual pods.

4,1.1.8 One Engine Inoperative

Figure 41 shows the effects of an engine failure on the
longitudinal thrust interference in free air. The unfavorable 1lift
interference at a= 8° is reduced by 45% for an inboard engine failure
and by 29% for an outboard engine failure. Reducing the power setting
to C; = 1.5 with all engines operating reduces the lift interference
by orly 16%. It might be anticipated that the loss of one engine out of
four engines would reduce the interference by 25%. However, the reduc-
tions shown are due not only to the loss of the interference induced by
a single isolated engine but also to the loss of the mutual interference
experienced by two engines operating side by side. This is discussed
more fully in Section 4.2, The fact that the reduction in lift inter-
ference for an outboard engine failure is less than for an inboard engine
failure indicates that the outboard engine contributes less to the lift
interference than does the inboard engine.

Comparison of the reduction in the unfavorable drag interfer-
ence for an inboard or outboard engine failure indicates that the out-
board engine has a greater influence on drag interference than does the
inboard engine.

The positive thrust interference effect on pitching toment
is also reduced for either an inboard or outboard engine failure. The
results indicate that the outboard engine has less of an influence on
pitching moment interference than does tiie inboard engine.

4,1.1.9 Trailing~Edge Flap Angle

Figure 42 shows that, at o = 8° and 20°, increasing the I.E.
flap angle from 20° up to 48° leads to the following effects:

84

i £l

R

o e ok il b ol S A A




ot e GRaET R A i AR Ot e el it g L A

AN 170k e g

QOUBIyIU] ISNIY ) U0 aunjle suibuz U 40 233443 S P 8unbiy

—
{
a L o 6u3 v | -
paeoqut| Z= _..o
51 =" q— Y
: N8N
N) 0 N0 30
'S bu3 i1y
pieoqanQ .
| - — —~g1="9 ~S1="2 e
AN} = !
.My iNig Ty
i i+ 9OV b
Y
Q0
LLE® = N
{leuiwop) 3
%SE = 3/X ’
uoi322307 autbuy 3
LS,
| Q@
%LZ %STY =9N3, 1y 3914
HO ey
oo 31 oo =g
= o] oSE =¥ Q
eve =tu 29'9 = uv :
o8=D o09=0 o0E = \ deamg ;
3
;

m

¢

i VT 3 e o 1y i T T R o I W, CTToCuN Ly o T bt Ao e

B iy T e g ol L et e ki T ST gt R



90URIB4IRU; ISNIYL UO 3jBuYy deld 3| O 193)43 :Zy ainbl4

$ ‘e bo
2
008 oY O0E o0 o0t P o8 o0 0 o0 O o0 05 oY o0E 0T o0l u.o
"
o0z ol - v
H\G\A_v 0

F O ! OW = D n\ = _ 0
./c N
N _ _ \h__u Ny
v Nlg,, ., o0z = Djo— [ v
QON =D ell‘. °
F )
-
(1BujWoON) %GE = /X
LLED ~ 2N
V. %9'ep/Lz = ONIu E
D A _
LT~ i

SunesadQ seuibu3l iy

90" = o) o0c =3¢ %epL =dVIdy Iy 8914
299 = W 30 ey
€= 2=M o0E = y

G O it R R A bl - AN i i i A bl N e s et el




ki |

Sk b i i i ad

b b B el i

o Lift interference becomes more favorable.
o Drag interference becomes more unfavorable.
o Pitching moment interference becomes more negative.

Note that these effects are similar to the effects observed
when angle of attack is increased for a given flap angle. Indeed, the

effect of increasing trailing-edge flap deflection is to create a wing
flow field somewhat equivalent to an increase in a.

4,1.1.10 Wing Sweep

Figure 43 shows a comparison of the 30° and 15° wing sweep
configuration thrust interference data. The following effects are
noteworthy:

o Lift Interference: At moderate a's, the 15° sweep data shows more
favorable thrust interference than the 30° sweep data. At higher
a's the 15° and 30° sweep data are at about the same level.

o Drag Interference: The 15° sweep data generally shows more drag
interference than 30° sweep at a = 8°, while the reverse is true
at a = 20°.

o Pitching Moment Interference: The 30° sweep shows a more positive

interference at « = 8° at ¢ = 60° and 90°. At o = 30° the reverse
is true. The 15° sweep shows a less negative interference than

30° sweep at 2 = 20°. Note that the reduction of the thrust vector
from 60° o to 30° ¢ shows a much more positive shift in pitching
moment interference at 1i5° sweep than at 3C° sweep.

4.1,1.11 Test Conditions

As discussed in Section 2.3, the majority of the vectored
thrust testing was conducted at a dynamic pressure (q) = 22 psf which
resulted in a freestream Reynolds number per foot (Re,/ft) = 0.82 x 108
and a Mach number (Mx) = 0.12. However, five runs were conducted at
q = 10 psf which yielded Re,/ft = 0.55 x 106 and M, = 0.08 which allowed
testing C. up to 6.0. These data are shown in Figures 33 and 34, and
also are compared to the q = 22 psf data in Figure 44. The other figures
in Section IV (unless otherwise noted) are for q = 22 psf conditions.

The small change in freestream Mach number associated with
the change in dynamic pressure is normally thought to be negligible
and, as such, the differences illustrated in Figure 44 would then be due
primarily to the change in freestream Reynolds number. However, it
should be not:d that the change in q also results in a change in the Mach
number and Reynolds number of the jet flow. It has been found by many
investigations that the main jet trajectory may be correlated with C._,
but the shape of the plume along the trajectory and associated jet mixing
is dependent on MJET and ReJET' Therefore, some of the effects shown in
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Figure 44 are probably due to the change in the jet flow conditions as
well as the remote flow. As shown in the figure, an increase in the
test dynamic pressure caused:

o A shift in the unfavorable direction in the 1ift interference.

W AT

o A decrease in the drag interference for C. = 0 to 1, but an
increase in drag interference for CJ's greater tham 1.

o A shift in the positive pitching moment interference direccion.
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4,1.2 Thrust Interference in Ground Effect

Table VIII summarizes the inficeace of ground proximity on
the thrust interference terms for each of che principal parameters
studied, (Ground effects on the overal! longitudinal aerodynamics are
discussed separately in Section 4.3.)

Most of the data is shown only at a 4° angle of attack, which
represents an average of the range of a's occurring during takeoff
rotaticn or landing approach near touchdown. Reference 2 contains a
complete set of the interference data obtained during the vectored
thrust testing.

4.,1.2.1 Ground Height

Figure 45 1llustrates the change in the thrust interference
terms, relative to the free air values, as the ground is approached.
Comparison of tne data shows the following effects as the airplane height
above the ground is decreased from free air to a H/b of 0.24 (at o = 4°):

o The unfavorable 1ift interference obzerved in free air
becomes less unfavorable.

o The slightly unfavorable drag interference observed
in free air becomes favorable.

o The positive pitching moment interference observed
in free air decreases.

4.1.2.2 Angle of Attack

The influence of increasing the aircraft angle of attack
while near the ground, demonstrates trends similar to those observed in
free air. However, the effects are smaller in magnitude. (Compare
Figure 46 to Figure 34.) Separation occurred on the undersurface of
the wing, with flaps down, at angles less than 4° which resulted in
large deviations of the data as shown by the a = 0° and 2° data in
Figure 46,

Increasing the angle of attack at Cj = 2 led to:

o The unfavorable lift interference becomes less unfavorable.
o The favorable drag interference becomes less favorable.

o The positive pitching moment interference reduces.

4.1.2.3 Thrust Coefficient

Figure 46 illustrates the effect of increscing the thrust
level at several angles of attack. Figure 45 presents a comparison of
the data measured in ground effect versus the free air data at o = 4°,
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As shown, the lift juterference becomes more unfavorable as
Cj increases at a = 4°. However, the in-ground-effect data reaches a
minimum level near €3 = 1.0 while the free-air data continues in the
unfavorable direction.

The a = 4° drag interference shows a maximum unfavorable
level at C; = 0.5 and then reduces for both free-air and in-ground-
effect data. However, the in-ground-effect data is less unfavorable
at C; = 0.5 and then reduces to a favorable level at Cy = 2.0 while
the free air data interference is still unfavorable at C3 = 2.

The pitching mcment interference trends at a = 4° are quite
similar (in ground effect vs. frec air) but the in-ground-effect ‘data
reaches a less positive value at C; = 2 than the free air value.

$.1.2.4 Thrust Vector Angle

The influence of rotating the thrust vector angle from 30°
te 90° is illustrated in Figure 47. At o = 30°, the magnitudes of the
1lift, drag and pitching moment interference terms were similar for both
the free air and the in-ground-effect condition. However, as o
increases to 90°, the unfavorable in-ground-effect 1lift interference
reduces to zero while the unfavorable free-air 1ift interference
becomes much mor- unfavorable.

The large difference between the in-ground-effect and the
free-air data at large o is due to the fact that the jet trajectory is
quite different in ground effect compared to the trajectory in free air.
At o = 60°, the jet impingement on the ground causes the jet to turn
sooner than in free air. At o = 90°, some of the jet air was observed
to actually move upstream along the ground plane for some distance
(almost to the nose of the model). The favorable (negative) drag inter-
ference became unfavorable at o = 60° in free air, while the in-ground-
effect drag interference changed only slightly. However, at o = 90°,
the in-ground-effect interference was more positive than the correspond-
ing free-air data.

The positive pitching moment interference became more posi-
tive as ¢ increased in a similar manner for both free air and in ground
effect conditions.

4.1.2.5 Nacelle Chordwise Location

Figure 48 illustrates the effect of moving the nacelles aft
from the 35%Zc¢ (mid) to the 70%c (aft) location. As shown, the aft
locatfon leads to more favorable 1lift and drag interference than the
mid nacelle location. Pitching moment interference becomes less
positive as the nacelles move aft.

4.1.2.6 Single Pods vs Dual Pods
Figure 49 presents a data comparison between the inboard

dual pod configuration and the single pods in the inboard location.
The following notes summarize the effects shown:
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At o = 30°

o Lift interference is the same (unfavorable) for the single
and dual -pods.

o Drag interference is unfavorable for the dua) pods but
favorable for the single pods.

o Pitching moment interference is z1ightly positive for the
single pods but slightly negative for the dual pods.
At o = 60°
o Lift interference is slightly favorable for the cual pods

but slightly unfavorable for the single pods.

o Drag interference is more unfavorable for the dual pods than
for the single pods.

o Pitching moment interference is the same positive value for
both pod configurations.

At o = 90°

o Lift interference is much more unfavorable for the inboard
dual pods than for the single pods.

o Drag interference is more favorable for the dual pods than
for the single pods.

(o] Pitching moment interference is slightly more positive for
the dual pods than for the single pods.

4.1.2.7 One Engine Inop.rative

Figure 50 shows the wffects of an engine failure on the
longitudinal thrust interference in ground effect. As discussed in
Section 4.1.1.8, the reduction in thrust interference is due to the
loss of both the thrust interference induced by the engine which failed
and the mutual interference experienced by two engines when operating
side by side.

As is also ind‘cated in free air (Section 4.1.1.8), the out-
board engine has a grew:-er influence on drag than does the inboard
engine, but has less of an influence on 1ift and pitching moment.

4.1.2.8 Trailing-Edge Flap Angle
The influence of increasing the T.F. flap angle from 8¢ = 20°

to 8¢ = 48° is presented in Figure 51. As shown, che differen.e between
the in-ground-effect data and the free-air data is small.
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Increasing the flap deflecticn shows:
Less unfavorable 1ift interference.
Less favorable drag interference.

Less positive pitching moment interference.

4.1.2.9 Wing Sweep

Figure 52 shows a comparison of the data for tae 30° and 15°

wing sweep configurationms.

(o]

Lift interference is more unfavorable for the 30° sweep than
for the 15° sweep (both free-air and :n-ground-effect) except
at 0 = 90°. The jet impingement on the ground apparently
influences the 15° sweep configuration differently than the
30° sweep.

Drag interference is more favorable for 30° sweep (at o = 60°)
than for 15° sweep. At o = 30° and 90°, the reverse occurs.
These statements apply to both free-air and in-ground-effect
conditions. The differences are small except at o = 90°

with 15° sweep.

Pitching Moment imterference is generally the same for
both sweeps in and out of ground effect.
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4.2 Engine-Out Thrust Interference

To evaluate control requirements due to engine failure, a
series of tests were performed with the left-hand inboard or outboard
engine faoperative. As noted in Section 4.1, the thrust interference
effects on the aircraft are significant. This section analyzes the
effects of the following variables on the thrust interference effects
due tc an engine failure:

o Wing angle of attack
0 Thrust vector angle

o Nacelle spanwise location

o Trailing-edge flap angle

o Wing sweep

o Height above ground plane

Before continuing with this section, it is important that
tue concept of engine-out thrust interference effects be carefully
defined. For example, assume the number one engine of a four-engine
airplane has failed. We then speak of the interference effects due to
a failed engine. Actually, however, the interference is due to the
number four engine which continues to operate. The crucial point is
that thrust interference must be caused by an engine developing thrust.
So then, when thrust interference due to a failed engine is mentioned,
remember that the effect is produced by the opposite engine which
remains operative.

T

A summary of the thrust interference effects, engine out,
is presented in Table IX.

4,2.1 Analysis Method

The aircraft response to an engine failure is mainly due to
the rolling and yawing moments produced by the vectored thrust of the
remaining operative engines. Additional moments occur, however, due to
the aerodynamic forces induced on the aircraft by the vectored thrust
(thrust interference forces).
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The equations below were used to determine the iusterference
effects of a single engine. The quantities so defined must be subtracted
from the all-engines operating interference tov obtain the three-engines
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operating (OEI) values.
Longitudinal:
AC = AC - AC
Lint LNt Lint
: One All Three
g Engine Engines Engines
3 Operating Operating
AC = AC - AC
: Pint PNt Prxy
3 One All Three
- Engine Engines Engines
i Operating Operating
3
3 A = AC - AC
3 CMINT Moyt Mrnt
i One All Three
Engine Engines Engines
Operating Operating
! Lateral-Directional: 5
Y.
ac, =lc + ) C; - sin (wto) - =1 -¢C
INT Oross =1 i Gross
One One All
Engine Engine Engines
Out
4 Yi
ACn | = [Cn, 4 2: CJ. * cos (a+g) - g~] -C
INT Gross i=1 i Gross
One One - All
Engine Engine Engines
Out
AC = {C ] -C
YINT YGross YAll
One One Engines
Engine Engine
Out
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The bracketed terms [] are the net components and the ¥

dimension refers to the location of the nozzle thrust vector

(of each of the four nacelles) with respect to the moment reference
center. The dimension is listed in Section 2.2, Table IV, for each

of the nacelle configurations tested. The all-engine thrust interference
terms were determined as shown in Section 4.1. i

For the rolling moment, yawing moment, and side force coef-
ficients, the gross coefficients for all engines operating (which
should be zero) are subtracted in order to account fcr unsymmetrical
model or tunnel characteristics.

The 1ift interference for all engines operating is

AC = AC + AC + AC + AC + AC

LNt Lo LNt Lint Lint LNt
1 1,2 2 3 3,4
All
Eng ac
INT4
where,
ACL = Interference 1lift induced on the model by the
INT vectored thrust with all engines operating
All
Eng
ACL = The lift interference caused by an engine
INT as if operating alone
i=1+4
ACL ’ = The change in lift interference when two eugiues
INT operate side by side (mutual interference) compared
1,2 to the sum of each operating alcne
3,4

Now, with the left wing outboard engine inoperative, the
1ift interference caused by that engine and the mutual interference
between the two left wing engines are absent. Thus, the 1lift
interference of the remaining three engines is:

AC = AC + AC + AC + AC

LINT LINTG LINT? LINT3 4 LINT4
#1 Engine “ - ?
Out

Thus, the reduction in lift interference which occurs when Number 1
engine becomes inoperative is obtained by subtracting the three-
engine interference from the all-engine interference:

110




AC = AC ~-AC
LNt Lot Lvr
One Engine All Engines #1 Engine Out
(#1 Engine out)

= AC +AC
L L
INT1 INTI,Z

Now, assuming symmetry, the lift interference for the left and right
wing outboard engines are identical as is the mutual interference
between the engines on the left and right wings. Thus,

SRS B A R S e e

AC = AC +AC
Lint “ovr, v,
One Engine ’
(#1 Engine Out)
The rolling moment thus obtained, shown schematically in Figure
53, is
Y . Y
ACK = —ACL . 3,4 —ALL . 4
INT INT3 4 b INT4 b
One Engine ’
(#1 Engine Out)
where,
Y = the effective moment arm measured positive out the
right wing
b = wing span

Similarly, thesingle engine 1ift interference and rolling
moment obtained for a left wing inboard engine out are as follows,

AC =AC +AC
LINT LINT LINT

One Engine 3 S
(#2 Engine Out)

and

AC = _AC .

v Lint b Lot
One Engine

(#2 Engine Out)
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~
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It should be emphasized that comparison of the all-engine
thrust interference data in Section 4.1 with the engine-out data in
this section for a single engine shows that the summation of the single
engine interference data does not equal the all-engine interfereance:

ac, 2 (ac, ) +2-(aC. )
INT INT “INT
All Single Engine Single Engine
Eng Inboars Out . Outboard Out

This is due to the fact that the single engine thrust interference data
defined herein includc- the mutual interfernce terms for two engines
operating side by side. .: fact, the difference betweer the right and

left hand sides of the abeve equation divided by two yields the mutual
interference term:

aC, = - %-[ACL -(2- 8¢ +2-0C )]
“INT INT INT INT
Mutual All Single Eng Single Eng
Interference Eng Inboard Out Outboard Out

Inspection of some of the test data has shown that the maguitude of the
mitual ‘nterference term is on the order of +.02 to -.06 (for moderate
angl~> of attack) for ¢ = 30° and 60°, respectively. A typical value
for total lift interference for all engines operating is AC = 0.0 to
-.30. Lint

As shown schematically ia Fijure 53, the slope of a straight
line faired through the data yields an effective moment arm through
which the thrust interference on lift acts. Thus,

Y
ACf = -(ACL ETE) +K£
INT INT '
Engine Out Engine Out

In Figure 54, the engine-out rolling moment is plotted
versus the engine-out lift interference for left wing inboard or ocut-
boiard engine out. The small offset, Kt’ shown in Figure 53 and also
noted in the test data in Figure 54 at AC = 0 is caused by the

INT
mutual interference between two engines operating side by side. The
mutual interference also causes the nonlinearity in the test results.

Similarly, in Figure 55, the thrust interference on drag
with an engine out is compared with the yawing moment. As shown, the
slope of the line falred through the data yields the effective moment

arm through which the interference drag acts. The resulting vawing
moment is,

1l

Y
AC (AC . ™))
n ) = n

INT INT b
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et it

The effective moment arms shown in Figures 54 and 55 were deterinined

3 utilizing the engine-out test results with the engines located at 27%
; and 43.5% of the wing semi-span. In order to relate the center of the
3 lift interference te the actusl engine locations, the efiective moment

arms must be related to the wing semi-span as follows,

il

-

SLOPE = "L
b

and

Bt R il i

8 2 - (SLOPE) = Y_ /(b/2)

Thus, for an inboard engine failure (located at .:7 b/2), the centers of
the*lift interference and drag interference are at .22 and .37 b/2,
respectively. For an outboard engine failure (located at .435 b/2), the
centers of the lift interference and drag interference are at .32 and
.40 b/2, respectively.

4.2.2 Engine-Out Test Results

3 The effects of the principal variables on the thrust inter-

; ference terms are presented in this section. As discussed in the
previous section, the interference forces presented are the single

engine thrust interference terme. In the case of lift, drag and pitch-

3 ing moment, these terms were obtained by subtracting the thrust interfer-
E ence with three engines operating from the thrust interference with all
engines operating. Most of the test data are presented at a = 8° repre-
senting a normal landing approach condition.

In the previous section, the analyses showed that the rolling
moment and yawing moments were a direct function of 1lift and drag,
respectively. Therefore, in this section emphasis will be placed on the
lift and drag interference forces.

4.2.2.1 Thrust Vector Angle and Angle of Attack

Figures 56 through 59 illustrate the efiects of angle of
attack and thrust vector angle on the thrust interference terms. The
inoperative engine is on the left wing.

For an inboard engine out (Figures 56 and 57), the lift
interference becomes more positive at the higher angles of attack
resulting in rolling moments which add to the moment due to vectored
thrust alone.

The iu~rease in drag at the higher angles of attack is
partially due to the induced drag caused by the increased 1lift interfer-~
ence. The vawing moment follows the same trends as the drag and
produces moments at the higher angles of attack which oppuse the yawiug
moment due to thrust.
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The pitching moment is stabilizing at the higher angles of
attack aad destabilizing at the lower angles. The side force interfer-

ence terms appear to be independerit of angle of attack but significantly
affected by thrust vector angle.

All of the thrust interference terms are functions of thrust

vector angle. Increasing the thrust vector angle generally produces the
following results:

c Lift interference decreases
o Drag interference increases
o Pitching moment interference is variable, becoming more positive at

medium vector angles and more negative at high vector angles.
o Rolling moment, yawing moment, and side force become more positive.

For an outboard engine out (Figures 58 and 59), the thrust
interference terms follow the same trends as for the inboard engine-out
test results.

4,2.2,2 Nacelle Spanwise Location

Figures 60 and 61 show the effect of nacelle spanwise loca-
tion on the single engine thrust interference data. As the location
of thz inoperative engine moves toward the wing tip, the following
results are indicated:

o Lift interference becomes less unfavorable, resulting in less favor-
able rolling moments.

0 Drag becomes more positive moving from inboard to mid position.
Drag reduces moving from mid to outboard position.

o Pitching moment decreases.

0 Rolling moment decreases.

0 Yawing moment trends are similar to the drag trends.

o Side force interference bacomes more positive at 0= 30° and

becomes more negative at 0 = 60° and 90°.

4,2.2.3 Effect of Flap Deflection

Figures 62 and 63 show the effect of increasing the trailing-
edge flap deflection on the thrust interference data. The lift, yawing
moment, rolling moment and side force results are, in general, only
slightly affected by the flap angle for an inboard or outboard engine
out. The interference drag increases with flap setting anc the pitch-
ing moment becomes more negative.
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4.2.2.4 Effect of Wing Sweep

Figures 64 through 67 stow the effects of wing sweep on the
thrust interference for an inopzidative inboard or outboard ergine. In
general, increasing the wing sweep from 15° to 30°, produces the
following results for an inboard cr outboard engine out:

o Lift interference becomes more negative producing more favorable
rolling moments.

o Drag interference is reduced resulting in less favorable yawing
moments.
o Pitching moment increases (except at o = 30°) and side force

generally increases slightly.

Thrust vectcr angle has, in general, the same effects on the
thrust interference at the two wing sweeps.

4.2.2.5 Thrust Interference in Ground Effect

Figures 68 through 71 show the effects of ground proximity on
the thrust interference results for an inboard or outboard ergl.ie out.
The results are shown for an angle of attack of 4° representing the con-
4 figuration just prior to touchdown. In ground effect, the following
2 results were obtained for an inboard or outboard engine out. As the
' ground is approached:

1 0 Lift interference becomes more positive resulting in a decrease in
E the rolling moment.

o] Drag interference tends to increase slightly.

o Yawing moment tends to reduce slightlv.

o Pitching moment decreases at the higher thrust vector angles

with no change at the lower vector angles.

o Side force interference becomes more positive for an inboard engine out
and is relatively unaffected for an outhoard engine out for moderate o,

In ground effect for the inboard engine out, the lift inter-
ference be._omes positive at 0 = 90° and the rolling moment should
become negative. However, the rolling moment remains positive indicat-
ing that in the proximity of the ground, the jet impingement on the
ground may cross under the fuselage from the right wing and produce the
positive rolling moment noted. The same effect was not obtained for the
left wing outboard engine out indicating that the two operating inboard
engines prevent flow from cressing under the fuselage.
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therefore

aC, = (C + AC ) - (C + AC )
] Lee. K Linr L Lint
i it G.E. C1=0  p.a
] G.E. FoA. -A.
3 finally
' aC = (C -cC ) + (AC - AC )
L L L L
PEon i =2 =0 GE FA
- G.E. F.A. .E. -A.
— ~ 7 L__v J
'la'| "b"

Therefore, a: can be seen above, the total increments with power ~a are
represented by the sum of "a" (the increment due to groumnd efrect, power-
off) and "b" (the change in thrust interference between free air and in
ground effect). This fact must be borne in mind, particularly if the
following Table X and charts are compared to Table VIII and charts of

Section 4.1.2 "Thrust Interference in Ground Effect.”

4.3.1 Introduction

The effects generally observed as the ground is approached
for moderate angles of attack are:

o Lift is increased.
o Drag is reduced.
o The wing-body contribution to pitching moment becomes more positive.

At higher angles of attack, the maximum 1ift and associated
stall angle are reduced.

Figure 72 shows the calculated characteristics in ground effect
ior 30° sweep, power-off, using the prediction method presented in
Reference 6. The predicted curve agrees well with the data at moderate
angles of attack and, assuming the method works as well at higher angles
of attack, illustrates the reduction in C due to ground effect. The
data obtained in ground effect during this Eest were limited to fairly
low angles of attack due to the wind tunnel model support sting inter-
fering with the moving ground belt.

Ground effects on "net" forces may be analyzed in terms of the
velocities induced by the images of the wing's bound and trailing vortices.
The image trailing vortices reduce the downwash, increasing o and Cj while
reducing Cp. The image bound vortex induces a tail wind, reducing all
forces by lowering q. The latter effect is proportional to CLZ, and usually
is masked by the & change except at very high CL's, which leads to the
reduction in CLmax’ (A detailed discussion of this subject is provided
in Ref. 6.)
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Figure 72 : Comparison of Free Air and Ground Effect Characteristics, Power-Off
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Ground effects on thrust interference are more complex. In the
first place, the velocities induced by jet entrainment are reduced by the
images of the jets. Secondly, the jets themseclves have different paths
near the ground. This sometimes causes very irregular behavior of the
interference forces. For example, at high values of ¢, the jet sometimes

goes upstream along the ground plane, separating from it well forward of
the wing.

Figure 73 compares the net longitudinal characteristics in
ground effect with the corresponding free air values, power-onm, at 15°
sweep. The changes due to ground effect with power-on are similar to
those observed with power-off; however, the ground effects are more

pronounced power-on., This is partly due to the impingement of the jet
on the ground.

The following discussion and figures illustrate the ground
effect increments for each of the principal parameters studied.

4,3.2 Ground Height

Figure 74 shows the change of the longitudinal characteristics
with ground height varying for a given value of angle of attack, power-
on. Again, the general trends of ground effect (increasing lift, drag
reduction, and more positive pitching moment as the ground is approached)
are demonstrated for moderate angles of attack. At « = 0°, flow
separation occurred on the wing und. rsurface in the flaps-down configura-
tion which caused considerable data deviation from the usual observed
(attached flow) trends.

4.3.3 Thrust Level and Angle of Attack

Figure 75 demonstrates the effect of thrust coefficient on
ground effect at several angles of attack., The major effect of increas-
ing power near the ground is generally to emphasize the ground effects.
As shown in the figure, as Cj increases, the lift increase and drag
reduction due to ground effect becomes more pronounced. However, the
pltching moment increment due to ground effect at moderate angles of
attack (o = 4° to 8°) shows little change as power increases. Again,
at low angles of attack (o = 0° and 2), the undersurface flow separation
caused nonlinear effects which were emphasized as CJ increased.

4,3.4 Thrust Vector Angle

The influence of the thrust vector angle on the ground effects
is shown in Figure 76, The effect of ¢ with power-off 1is relatively small,
as one might expect. However, the additional 1ift due to ground effect
with power-on 1s Increased quite dramaticallv as the thrust vector angle
increases from 30° to 90°, largely because of the impingement of the
noczzle jet on the ground. The jet impingement and resulting distortion
to the flow field is particularly noticeable in the data at o = 90°, At
this thrust angle, some of the jet air actvally was observed to move
forward along the moving ground belt. Then, near the nose of the model,
the jet air began to recirculate.
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Note that the difference between the power-on and the power-off
increments shown in Figure 76 is equal to the difference between the thraust
interference in ground effect and the thrust interference in rree air
shown in Figure 47. This is demonstrated by the final equation on page 139
(last paragraph of Section 4.3).

4.3.5 Nacelle Location

Figure 77 through 79 summarize the ground effects for several
nacelle locations including chordwise, spanwise, and height variations
as well as a comparison of the single pods versus the dual pod installationm.

4.3.6 Nacelle Chordwise Position
The effects of choidwi:ie movement of the nacelles are shown in

Figure 77. 1In general, the effect of moving the nacelle aft from 0% ¢ to
70% ¢ (with power on, Cj = 2) is to:

o Reduce the lift increase due to ground effect.
o Emphasize the drag reduction due to ground effect.
o Increase the positive pitching moment increment due to ground effect.

Note that the 90° thrust deflection angle data again shows the recircula-
tion effects discussed (4.3.4) above, particularly when the nozzle is at
0% w/c.

3.7 Nacelle Spanwise Position

Figure 78 illustrates that the influence of moving the single-
pods outboard with power-on (C; = 2) is to:

0 Reduce the lift increase Jue to ground effect.
o Slightly emphasize the drag reduction due to ground effect.
o Show an increase in the positi.. pitching moment increment due

to ground effect at ¢ = 60°, but no change was observed at
o = 30° and 90°.

4,3.8 Nacelle Height

_  Figure 78 also shows that the effect of lowering the nacelle
from h/c = 0.371 to 0.452 is to:

o Reduce the lift increase due to ground effect.
o Show only small changes in the drag.
o Increase the positive pitching moment increment due to

ground effect.
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3 4.3.9 Single Pods versus Dual Pods

A comparison of the single pods versus the dual pods located
inboard is shown in Figure 79. The 30° and 60° thrust vector angle data
show the following effects in changing from the single pod to the dual
pod configuration:

o The 1ift increment due to the ground is increased.
i o Little change in drag due to ground effect is present.
o Pitching moment increment due to ground shows no change going

from 30° to 60° for the dual pods, but an increase is observed
for the single pods going from 30° to 60°

3 The 90° vector angle data shows a large difference compared to the above
E trends in that:

o The 1ift increase due to ground goes to zero for the dual pods
1 while the single pods show a continuing increase.

o The drag reduction and pitching moment increase is emphasized
for the duas pods compared to the single pods.

4.3.10 One Engine Inoperative

The effects of the failure of one engine are shown in Figure
80. Note that the ground effect trends are similar for all the power-on
runs and are relatively independent of whether the power (total Cj = 1.5)
is distributed over three engines or four, except for the small effects

noted below. The failure of the inboard engine instead of the outboard
engine shows:

T

o Slightly less lift increase due to ground effect.
o More drag reduction due to ground effect.
o More of a pitching moment increment due to ground effect.

4.3.11 Trailing-Edge Flap Angle

The influence of the trailing-edge flap angle is illustrated
in Figure 81, 1In general, the effects are small., As the flap angle is
increased:

o The 1ift increase due to ground effect increases with power-on,
but shows a decrease with power-off except at &g = 48°,

o The drag reduction due to ground effect is emphasized both
power-on and power-off,
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o The pitching moment increase due to ground effect shows approxi-
mately an 0.03 increase when the flap setting is increased from
30° to 35° both power-on and power-off. There is essentially
no change going from 20° to 30° &¢ and in going from 35° to 48° &¢.

4.3.12 Wing Sweep

Figure 82 shows a comparison of the ground effect increments

obtained on the 15° versus the 30° wing sweep configurations. The
following items are noteworthy:

o

The 1ift increase due to ground effect is similar for both configura-
tions although the 30° sweep data shows more lift increase (power-on)
at v = 90° than the corresponding 15° sweep data.

The drag reduction due to ground effect is more for the 15° sweep
configuration than for the 30° sweep configuration.

The positive pitching moment increase due to ground effect, with
power-on, shows a steep increase as o increases for the 15° sweep.
The 30° sweep configuration shows a decrease as o increases from
30° to 60°, and an increase as o increases from 60° to 90°.
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4.4 Maximum Lift

This section discusses how maximum 1ift is affected by vectored
thrust. The following table presents a brief surmary of the trends obtained.

TABLE XI EFFECT OF VECTORED THRUST ON MAXIMUM LIFT

PARAMETER FIG. EFFECT
Thrust 83 C and stall angle increase with thrust.
Coefficient Favatable 1lift interference increases with
thrust.
o (] .
Thrust ) 84 60° vector angle gives highest CLmax‘

Vector Angle

Nacelle Location
o Chordwise 84 C . improves as nacelle moves aft for 60°
and290° vector angle.

o Spanwise 85 Inboard mounted nacelle gives slightly
better CLm1x‘

o Height 86 Lower nacelle showed slight increase in
CLmax'
Nacelle Type 85 Dual pod gives slightly lower CLmax than

single pads.

One Engine 87 One engine out decreases favorable 1lift
Inoperative thrust interference by 25 to 40%.

T.E. Flap 88 T.E. flap deflection slightly increases
Deflection the favorable thrust interference on CLmax'
L.E. Flap 89 L.E. flap increases power-on CLmax by 0.7

and o stall by 8.5°.

Wing Sweep 90 Reducing wing sweep increases CLmax power~
on and power-off. Lift interference at
CLrﬂx shows essentially no change.

Stall 91 15° wing sweep has a more definitive stall
Characteristics than 30° wing sweep for both power-on and
power-off.

Ground Effect 92 Ground effect reduces both CLmax and stall
angle.

Reynolds 93 An increase in Reynolds number slightly

Number increases CLmax both power-on and power-off.
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4.4.1 Thrust Coefficient

Figure 83 illustrates the effect ¢f power on a typical lift
curve and shows, in particular, the favorable thrust interference which
exists at C . For example, G due to thrust interference is as
high as 0.7Lg€xCJ = 2.0, flaps down. Hote that the angle of attack at
which C ax OCCUTS generally increases as CJ increases indicating the jet
sink effect (see Section 4.1.1.1). 1ypi.zlly, the increase in
angle was 11° for a Cy of 2.0 with flaps down. The stall chacteristics
of this model exhibited no large, abrupt loss of 1lift wher the stall angles
were exceed:ad.

4.4.2 Thrust Vector Angle

Figure 84 presents the results of varying the thrust vector
angle from 30° to 90° for several chordwise nacelle positions. The highest
power-on C x Occurs near 60° thrust vector angle for the range of nacelle
chordwise locations tested. The most favorable thrust interference at
CLm also occurs near o = 60°. (The effect of thrust vector angle is
small for power-off.)

4.4.3 Nacelle Location

The effects of various nacelle locations are discussed below,
including variations in chordwise, spanwise and height positions. A
comparison of the single pods to dual pods is also made.

4.4.4 Nacelle Chordwise Position

Figure 84 also illustrates the nacelle chordwise effects at
several vector angles.

For o = 30°, the highest power-on CLmax occurs at the forward
nacelle location (x/c¢ = 0%) while for a o = 60° and 90°, the most aft
nacelle location is best.

4.4.5 Nacelle Spanwise Position

Figure 85 illustrates the influence of locating the nacelles
at various spanwise locations. As shown, the inboard position is slightly
more favorable than the outboard position for the 15° sweep, 60° o config-
uration shown. However, the data in Ref. 2 shows that the nacelles
should be more outboard as ¢ increases, particularly for the 30° sweep
condition.

4,4.6 Nacelle Height
Data shown in Figure 86 illustrates that the influence of

lowering the nacelle A h/c = .08 (at A = 30°) showed only a slight (.07)
increase in CLmax for most configurations tested.

156

s N ey LD b s T E N R g Kkt b o i T St

P T P T e P T



xep
O U0 JUB1314490 1SNy 40 138443

iT2) 3eronyy003 151y )y

082

llllllI-HII-llnl

9"

-y
18N

(D) weny jo afuy

t

157

sso.)

930N

%e'pL =4y
299 = W

©0

90 =My o, -y

bunesad sautbuz |y
iy 9314 UOREDDT dj220N |eundioy

st 5

%G°ch/Lz = Buzy




S oY

Lo

A = 30° R = 6.62
Tail Off h/C=0.371
Free Air Ny =74.3%
All Engines Operating
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Figure 84:  Effect or Thrust Vector and Nacelle Chordwise Location on C, .
ax
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4.4.7 Single Pods vs Dual Pods

Figure 85 compares the dual pods and single pods and shows very
‘little difference in C level at ¢ = 60°. The data in Ref. 2 shows a
slight trend for the C of the dual pod configuration to deteriorate
compared to the cinfiguration with single pods as ¢ increases.

4.4.8 One Engine Inoperative

It was found that the failure of any one of the four engines
reduced the favorable 1ift thrust interference at C by 25 to 402
for 0 = 60°. Compare Figure 87(a) to (c) and (d). uct:on of the all-

engine thrust to give a change of thrust equivalent to an engine-out
condition reduced the favorable interfernece, by comparison, only 15%.
Compare Figure £7(a) to (b). This dependence of the lift change on the
thrust distribution is partly expldined by the curve of lift interference
versus thrust shown in Figure 83, which shows that a total loss of thrust
gives a much larger loss of 1ift compared to a small change of thrust at

the higher thrust levels. Similar results were obtained at o. = 30° and
90°,

4.4.9 Trailing-Edge Flap Deflection

The effaoct of trailing-edge flaps, power-off, is discussed in
Section III. -The influence of trailing-edge flap deflection comparing
power-on and power-off Cj,.. is demonstrated in Figure 88. C is the

highest power-off between &¢ 30° and 35°. The highest powet—onaé < lies
between §¢ of 35° and 48°. For both power-on and power-off, only a small
increase in C (0.09 and 0.06, respectively) occurs from é¢ = 20° to 35°.

The favorable thrust interference at CL?a increases from esséntially zero,
flaps-up (see Ref. 2) to an increment o b.5 ACLI at 48° flaps, with
most of the increase occurring between flaps-up a§£ §¢ = 20°.

4,4,10 Leading-Edge Flap

Figure 89 presents the effect of the leading-edge flap for power-
on and power-off conditions. As shown, the AC due to leading flap is
0.40 and 0,70 for Gy = 0 and Cy = 2.0, respectivgfy. The stall angle of
attack increases approximately 8.5° in both cases. Note that, for this
comparison, the leading-edge blowing was operating even with the leading-
edge removed. With no leading-edge blowing in the flaps-up case, the CLmax
increment due to L.E. flap, power-off, was 1.0 (shown in Section III},

4,4,11 Wing Sweep

Figure 90 shows that an increase of wing sweep decreases CLmax
substantially. (Note that aspect ratio changes simultaneously.) This

effect is also shown wi“h power-off in Section III. The decrease of

C with increasing sweep, pnwer-on, is less than that shown with power-
o%??x This implies that the thrust interference is more favorable for the

30° sweep wing than for the 15° at C . Data in 4.1.1.12 shows that thrust
interference on lift was generally mote faverable for 15° sweep than 30°

sweep with the above case being the exception rather than the rule (see
Figure 43).

161




g
3 A= 15° MR - 80

5y = »° Mg =75%
;
g Tail Off c = 0.06
1 PLe
f Free Air h/e = 0.406
1 Neminal Nozz e Location x/c = 35%
3

435% 60% | 27% 435%

Engine Inboard
:
i Inbd Engine Outbd Engine
¢ Out Out
C J = 1.5
Tot

— Gross

/' Net

} Interference

\- Power Off

(c)

Figure 87: Effect of an Engine Failure on CL
Max

162




A = 3° R = 662
Tail Off n g =743%
Free Air GLE=70°

WAURIPRRT, TN W TR TR W T U TR nA AT

NEng ™ 27/43.5% C“ I = Q.06

e = 03N o=30
Nominal Nozzle Location x/c = 35%
All Engines Operating

wer

. Gc
: LMax
]
F: 6.0 Y 1 T |
GYOSS. CJ =20 |
e e % ¥
40 Net, C, = 2.0
c o~ —— -
L — g — e -+
Max Power Off
2.0
0 &y
200 300 40° 50°

T.E. Flap Angle (8 ¢)

Figure 88:  Effect of Flap Angle On CLM
ax

163

F




xew
19 uo deyy °3°7 40 193443 : 68 240ty
(se9:820) D
4 87 | L4 oz 9i 4} 4

}jj

SUNY |1V 104 UO §I
(90°0 = Dj 78 3" :a10N

164

o

uQ sde(3°3)

pasowey sdejy ‘3"

™ ..

oo™

%EPL . bu  oBE 9N

%GE = I/x s
uLNEJ0T 3|2ZO0N (BUIWON

29'0 = W 900 = 10 11 .
SupeiedQ ssuuy |1y o“.n = . .w LLE0 = ay
Ny 9013 "4 goepe - ™
HO oL

o0t = V

adadiic - |




Tail Oft Tigng = 21/435%
Free Air GLE = 7¢°

& = %% cC =
{1 Mg 0.06

o = 60°

Nominal Nozzle Location x/c = 35%
ALL ENGINES OPERATING

C
LMax

Aspect Flap
Sweep Ratio Span
A J.i] N h/c
15° 8 75% 0.406
30° 6.62 74.3% 0.371

(1] 1.0 2.0 30
Thrust Coefficient (C J)

Figure 90:  Comparison of C; o for 159 and 30° Wing Sweep
X

165

¥ s

b o Sl

o S VAl St B e D WAL




- W

oyry:

TR

4.4.12 Stall Characteristics

Figure 83 shows that for flaps-down, power-off C; is relatively
constant for increasing angle of attack above the initial stall. This is
also shown on Figure 7, Section 1I1. Figure 83 also shows flaps-down power-
on effects, With power-on, both C and the stall angle increase. Power-

on also gives a more definite, yet mild stall, as compared to the power-off
data.

Figure 91 compares lift for two wing sweeps for the flaps-up
configuration. Both the power-on and power-off data show that the 15°
wing sweep has a more definite stall compared to 30° wing sweep. lote
that, at 30° wing sweep, the lift continues to increase to the highest
angle of attack tested (32°) both power-on and power-off. The same result
occurs for the power-off flaps-up data shown in Figure 16, Section III,

4.4.13 Ground Effect

As discussed in Section 4.3, the angle of attack range was
restricted while in the proximity of the moving belt ground plane. How-
ever, as shown in Figure 92, a gemi-empirical method (Ref. 6) was used
to extrapolate the test data to higher a's in ground effect. The predi-
cation shows that the effect of the ground is to reduce € and the
corresponding stall angle. For example at H/b = .209, the 8¥a11 angle
is reduced by 3.5° and Crpay 1S reduced by .22, power-off.,

) Note that the predicted reduction in C is smaller power-on
than for power-off, This is because the prediction method assumes that
the favorable effect of the ground on the lift-thrust interference
observed at moderate angles of attack (see Section 4.1.2) also occurs

at high angles of attack.

4.4.14 Reynolds Number

Figure 93 illustrates that the effect of an increase in the
flow velocity in the wind tunnel test section led to an increase in
C + The most influential parameter, in the case of Cf, » 1s the
freegtream Reynolds Number. As shown, an increase of abo%%xo.z in C
was observed, both power-on and power-off, when freestream Re/ft increased

from 0.55 x 106 to 0.82 x 109, This change matches unpublished data
measured on other high-lift configurations.

At the very high C 's attainable with modern high-1lift systems,
local pressures on the wing surface, particularly near the lading edge,
fall to ery low values. Locally, the flow velocity can become a signif-
icant fraction of the speed of sound. Compressibility effects can thus
affect maximum 11ft. Unpublished Boeing data for wings similar to the
one discussed in this report show that beyond M = .15, further increases
in freestream Mach Number will result in declining CLmax'
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4.5 Longitudinal Stability

The effects of various vectored thrust parameters and air-
plane variables are analyzed herein with respect to their impact on
longitudinal stability derivatives. The more significant effects are

- summarized in Table XII.

4.5.1 Effect ¢f Vectored Thrust
4,5.1.1 Thrust Coefficient

Net 1ift and net pitching moment for 30° vector angle are
presented on Figure 94. These data are typical of the effects of thrust
on longitudinal stability, since the entire family of sweep and tarust
vector angles tested exhibited similar characteristics. Vectored thrust
also adds a pesitive increment fo the pitching moment curves.

The direct pitching moment (no aerodynamic or interference
components) due to vectored thrust is presented on Figure 95. The data
indicate that the direct thrus* produced pitching moments can exceed
the total aerodynamic and interference pitching moment (Figure 94)
depending upon the location of the nacelles and nozzles.

The aerodynamic center, lift siope and moment interference
were evaluated at an angle of attack equal to 8° to minimize the effect
of separation on either the wing upper or icwer surfaces. An 8° angle
of attack is also representative of the climb-out and approach flight
condition. The effect of power on the aerodynamic center, lift slope,
and moment interference are presented on Figures 96 and 97. The tail-
off aerodynamic center tends tc shift from 10 to 30% aft as C;
increases to z.u. The tail-on aerodynamic center tends to remain fixed
or decrease slightly as Cy increases to 2.0. The lift slope increases
as Cj increases, either tail-on or tail-off. The pitching moment inter-
ference increases with both thrust deflection and thrust coefficient.

4.5.1.2 Thrust Deflection Angle

The effect of thrust deflection angle is presented on Figure
98. When the thrust is deflected from ¢ = 30 degrees to ¢ = 90 degrees
the aerodynamic center shifts aft, depending on Cj. The lift slope
increases with thrust deflection and is also dependent upon Cy. The
moment interference increases with both thrust level and deflection.
The pitching moment interference also increases with sweep as shown
on Figure 98.

4.5.1.3 Nacelle Position

The fore and aft nacelle position affects the power-off
aerodynamic center position and 1lift slope level. Moving the nacelles
forward moves the aerodynamic center forward and reduces the lift curve
slope, as shown in Figures 99 and 100. With power on (Cj = 2.0), the
variation of aerodynamic center with chordwise position is small
(approximately 5%) at all thrust deflections while the lift slope
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] PARAMETER FIC. PITCHING MOMENT AERODYNAMIC @
a = Variable a=8°:

95 Increases GCy. Thrust moves a.c.

Thrust Coefficient 96 off, tail-on s.c.
97 s
_’ (Figure 9%4) (Figures 96 and 37) j
Thrust Deflection 98 ' Deflection moves th{
a.c. aft. ;
-
Nacelle Position 99 Power-off the a.c. 3
forward with the naj
EhoIBuiEe 2o Power-on small effe
The a.c. shifts aft}
Spanwise 101 and forward power-of
nacelle moves outbo#

One Engine Inoperative | 102

EFFECT OF AIRPLANE VARTABLESY

Wing Sweep 103 Increasing sweep shj
the a.c. aft.
: T. E. Flap 164 T. E. flap deflectid
“ little effect. f
B o £a: 105 | [iearitics and pitcheus.
Ground Effect 106 :
EFFECT OF THRUST
Trnrust Coefficient 107 I Increasing thrust increases downwash, and lineari?'
Thrust Deflection Angle {167 Increasing thrust deflection angl | ncreases dovnﬂ
One Engine Inoperative (108 One engine out equivalent to operating at .75 Cj, i
T-Tail Vs, Body 107 “wwash I0 Geprees greatet Lo¥ Loly woenteld wail
Mounted Tail
Ground Effect 109 Ground effect reduces downwash.
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Table X11: Effect of Vectored Thrust on Longitudinal Stability

AERODYNAMIC CENTER
a=§

LIFT SLOPE
a=8°

MOMENT INTERFERENCE
a= 8

Thrust msoves a.r. aft tail-
off, tail-on s.c. unaffected.

(Figures 96 and 97)

Thrust increases the lift slope.

(Figures 96 and 97)

Thrust increases pitcliin;
moment interference.

(Pigutes 96 and 97)

Deflection moves the
s.c. aft.

Deflection increases the
11ft slope.

Deflection increases the
moment interference.

Power-off the a.c. shifts
forvard with the nacelle.
Power-on small effect.

Moving nacelle aft decreases
Cy.. power-on, increases
CLy power-off .

Momen: interference max.
at mid (35% chord)
position.

The a.c. shifts aft power-off
and forward power-on as the
nacelle moves outboard.

The 1ift slope decreases as the
nacelle moves outboard except
at A = 15° power-on.

The moment interference
decreases as the nacelles
move outboard.

Effect is small
(+.015 A C‘INT)

EFFECT OF AIRPLANE VARIABLES ON LONGITUDINAL STABILITY

Increasing sweep shifts
the a.c. aft.

Increasing sweep increases
1ift slope.

Sweep increszses moment
interference.

T. E. flap deflection has
litcle eifect.

T. E., flap deflection decreases
CLa slightly.

T. E. flap deflection has
slight effect.

¥

& causes non-
and pitch-up.

Over the normal range
8 Cpyyy = #-1 or less.

Moment interference due to
ground height greatest at
g = 30°,

EFFECT OF THRUST ON DOWNWASH

thrust increases downwash, and linearizes € versus a.

hrust deflection angle increases downwash.

t equivalent to operating at .75 Cj, all engines operating.

‘degrees greater for body mounted tail.

t reduces downwash.
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Figure 95: Direct Pitching Moment Due to Vectored Thrust
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Figure 96 : Effect of Thrust on Longitudinal Stabiiiiy
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Figure 97 :  Effect of Thrust ggo Longitudinal Stability
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Figure 98 :
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Effect of Thrust Deflection Angle on Longitudinal Stability
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Figure 99:  Effect of Nozzle 5C¢I)wrdwise Position on Longitudinal Stability
A=1
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Figure 100:  Effect of Nozzle Chordwise Position on Longitudinal Stability
A = 30°
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variation with chordwise nacelle position becomes more exaggerated as
the thrust deflection angle increases. The pitching moment interference
presented on Figures 99 and 100 varies substantially with nacelle chord-
wise position, with the minimum occurring at the 707 chord pos-tion and
the maximum occurring at the 35% chord position. However, the trend is
not consistent for changes in sweep and thrust deflection.

The effect of spanwise location is opposite power-on versus
power-off as shown on Figure 101. When the nacelles are moved cutboard,
the aerodynamic center shifts aft up to 5% power-off and forward up to
5% power-on (Cy = 2.0). Moving the nacelles outboard decreases the
lift slope up to .025 except for A = 15° power-on, which shows an
increase of .016. The pitching moment interference decreases up to .09
as the nacelles move outboard.

4.5.1.4 One Engine Inoperative

The effect of an engine out on longitudinal stability is
small. A comparison between all-engine operating power levels and the
one-engine inoperative effects is also included in Figure 102. With
15 degree sweep, the moment interference is reduced from .01 to .02
and has the same characteristics as the all-engine configuration
operating at a Cy = 2.0 (each engine has a Cj = .5). With 30 degree
sweep, there is very little difference between the all-engine operat-
ing data either Cy = 1.5 or Cy = 2.0. With an outboard engine
inoperative, the moment interference increases .015 but with an in~-
board engine inoperative, the moment interference decreases .015.

4,5.2 Effect of Airplane Variables

4,5,2.1 Wing Sweep

The effect of increasing the wing sweep from 15° to 30° is
to reduce the maximum C; and to increase the pitching moment inter-
ference as presented on Figure 103. The aerodynamic center shifts aft
about 7 percent. The lift curve slope at an angle of attack of 8°
increases about .01 for 30° of sweep. This increase is the result of
separation on the underside of the leading-edge device, and is also
to be seen on the power-off 1lift curve (Figure 16, Section III).

AN 2.2 Trailing Edge Flap Deflection

The effect of flap deflection over the range of 20 to 48
cae,rees is relatively minor on longitudinal stability as shown on
Tigure 104. The 1lift slope tends to decrease while the aerodynamic
center remains relatively constant (within 5%). The pitching moment
interference decreases approximately .05 at 30 degrees of sweep and
increases .04 at 15 degrees of sweep.

4,5.2.3 Angle of Attack

The net 1lift and net pitching moment coefficients are non-
linear with angle of attack due to separation as shown on Figure 94.
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Figure 101:  Effect of Nacelle Spanwise Location on Longitudinal Stability
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Effect of One Engine Inoperative on Longitudinal Stability
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Figure 103:  Effect of Sweep on Longitudinal Stability
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Figure 104 :  Effect of Flap Deflectioni on Longitudinal Stability
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The separation on the undersurface occurs at angles less than 4° and

is caused by the leading-edge devices. The upper surface separation
begins at approximately 14° angle of attack. The configurations tested
~exhibit pitch-up with the tail on and the power off &fter maximum 1ift
has been exceeded (a = 26 to 28°). The pitching moment interference is
between ~.1 and +.1 over the normal expected angle of attack range as

- shown on Figure 105.
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4.5.2.4% Ground Effect

The pitching moment interference increases in ground effect
wich the largest increase (.08) at ¢ = 30°, a moderate increase (.02) -
at ¢ = 60°, and plus or minus variation (+.03) at o = 90° as shown on
Figure 106.

4.5.3 Effect of Thrust on Downwash

Increasing the thrust coefficient and thrust deflection
angle increases the downwash (¢) and the effect becomes more pronounced
as the angle of attack increases as shown on Figure 107. The downwash
increases 2° when the thrust deilection is increased from 30 to 60°.
The downwash 1s approximately .0° greater at a = 8° for the body mounted
tail than it is for the T-tail configuration. For the T-tail and 8°
angle of attack, 3e/3a 18 .54 at 0 = 60° and Cyj = 0, With Cy = 2.0,
de/da is .66. For the body mounted tail and 8° angle of attack d¢/3a
is .70 power off (Cj = 0) and 1.18 power on (C; = 2.0). The effect of
power tends to linearize the change in downwash with changes in angles
E of attack. The downwash data presented on Figure 107 through 109 were
3 obtained utilizirg a wake rake. A comparison between the force derived
3 downwash and the rake data 1is shown on Figure 107 and indicate good
agreement.

2 "The effect of one engine inoperative is equivalent to operat-
' ing at 75% of the all-engine thrust coefficients (Cy = 1.5). With one
engine inoperative, the 3¢/3a varies between .56 and .60 at a = 8°

k depending on thrust deflection. There is negligible effect with the

spanwise location of the engine out, as presented on Figure 108, whereas
ground effect reduces the downwash as shown on Figure 109. Due to ground
plane shielding, 3¢/3a is reduced to approximately .2 at a = 8° for the
T~tail, whereas the hkody mounted tail locatrion is subject to reflection
effects power off. Power-on the body mounted location at a = 8° has a
3e/3a value of .4l.
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Figure 107 :  Effect of Vectored Thrust on Downwash at the Horizontal Tail
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Figure 108:  Effect of One Engine Inoperative on Downwash
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Figure 109:  Effect or Ground Height on Downwash
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4,6 Lateral Stahility

The lateral stability derivatives, in general, do not exhibit
a strong dependence on vectored thrust. However, there are some changes
which are discussed in the table on the next page.

Free air effects ave discussed in Sections 4.6.1 through
4.6.2.3. Ground effects are discussed in Sections 4.6.2.4 and 4.6.3.
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4.6.1.1 Thrust Coefficient

The effects of thrust on the sideslip derivatives are shown
in Figures 110 - 113. Figures 110 - 112 are for the tail off, while
Figure 113 presents the tail contribution.

Figure 110 shows that the outboard nacelle location has
essentially no effect of thrust. The inboard nzcelles shcw a moderate
increase in Cyg at o = 60° and 90°. Figure 113 shows that the vertical
tail. emrrribution to CYB increases slightly with thrust.

The yawing moment derivative, shown in Figures 111 2ad 113,
is influenced very little by thrust.

T, © rr‘ bl bt Rk e S b bR e L e e O Ll S A i e 7

3 The rolling moment derivative shown in Figure 112 is influ-
4 enced very little by thrust. For inboard mounted nacelles at ¢ = 90°,
Cfg increases somewhat with thrust. Figure 113 shows that the tail
contribution to Cﬂe varies only slightly with thrust.

4.6.1.2 Thrust Deflection

ot b

The influence of thrust deflection on th: lateral derivatives
is shown in Figure 114 through 116. For the power-un condition, in free
air, the side force derivative increases negatively for o = 30° to 60°
with inboard single pods. From o = 60° to 90°, Cy becomes less negative.
For the outboard mounted nacelle, CYs decreases slﬁghtly with thrust
deflection.

bl vty

Thrust deflection has little influence on yawing moment as
shown in Figure 115.

3 Figure 116 shows that the rolling momerit derivative becomes
] less negative with thrust deflection for the outbo rd mounted nacelles.
A Thrust deflectior has small influence on Cgg for tae inbodrd mounted

3 nacelles.

$.6.1.3 Nacelle Chordwise Location

Figures 117 through 119 show the influence of moving the
nacelle aft. CY,  decreases as the nacelle is moved aft except at §; = 35°,
5 = 90° as shown’in Figure 117.

Figure 118 shows that chordwise movement has little effect on
the vawing moment derivative, power-on or power-—off.

With power-on or -off, the rolling moment derivative is
influenced very little by chordwise movement as shown in Figure 119.
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Figure 110:  Effect of Thrust on Sideforce Derivative

195

3.0



1
=
o =300
1 0
] Sweep 15°
3 c,‘,ﬁ. Per Deg 2 Sy o o TE Flap 35°
4 Angle of Attack 8°
«,004 Tail Off
Free Air
Nominal Nozzle Location 35% Chord
Nacetle Height Below WDP h/€ = 0.406
Nacelle Spanwise Location
-.008
. n =27/43.5%
l n = 43.5/60% - -
U = 60° o =gQ°
0
P — __./ . [ —
Cn 8 Per Deg L_T
«,004
-,008
0 1.0 20 3.0 0 1.0 2.0 3.0

Thrust Coefficient Thrust Coefficient

Figure 111:  Effect of Theust on Yawing Moment Derivative
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Figure 112:  Fffect of Thrust on Rolling Moment Derivative
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Figure 114:  Effect of Thrust Deflection Angle on Side Force Derivative
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Figure 115:  Effect of Thrust Deflection Angle on Yawing Moment Derivative
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Figure 116:  Effect of Thrust Deflection Angle on Rolling Moment Derivative
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Figure 117:  Effect of Nacelle Chordwise Location on Side Favce Derivative
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Figure 118:  Effect of Nacelle Chordwise Location on Yawing Moment Derivative
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Figure 119:  Effect of Nacelle Chordwise Location on Rolling Moment Derivative
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E L.6.1 4 One Engine Inoperative

Figures 126 through 122 show that thrust deflection has little

influence on the derivatives, either inboard engine out or outboard engine
out.

4.6.2 Effect of Configuration Variables on Sideslip Derivatives

diada ok KRG

5.6.2;1 Wing Sweep

Figure 123 shows that sweep has little influence on the side
force and yawing moment derivatives. However, increasing sweep increases
the rolling moment derivative, which was expected.

4,6.2,2 T.E. Flap Deflection

The influence of T.E. flap deflection on lateral derivatives
is small for constant thrust deflection, see Figure 324,

4.6.2.3  Angle of Attack

The effects of angle of attack on the sideslip derivatives

3 are shown in Figures 125 through 130. Figure 125 shows that for the

: various flap deflections and thrust deflections, the side force derivative
increases with angle of attack. Power-on increases Cy except for

8¢ = 35°, o = 30°. At &; = 35°, o = 90°, C; = 2.0 Cy, rapidly decreases
as alpha increases, while at C; = 0.0 and 1.0 the effect is small.

3 Figure 126 shows that the influence of angle of attack on the tail
contribution to Cy, is small except for C;y = 2.0, & = 35°, o = 90° and

power-off, &8¢ = 35%, o = 30°. At these conditions, CYB decreases with
alpha.

Yawing moment derivative increases slightly with alpha as
shown in Figure 127, Figure 128 shows that the tail input is-insensitive
to alpha. Adding power has 3 varying influence on an (sometimes
increasing, sometimes decreasing Cp

g+

Rolling moment derivative decreases with alpha except for
8¢ = 20°, ¢ = 30° as shown in Figure 129. Adding power increases CLB'

4.6.2.4 Ground Effect

Ground effects are shown in Figures 114 through 116 and 120
through 122 and Figure 124. Generally, ground effect tends to
decrease the side force and rolling moment derivatives. Yawing
moment derivatives are influenced only siightly.

4.6.3 Effect of Thrust on Sidewash
Figure 131 shows that the various thrust parameters (Cj, 0,

engine inoperative), ground height, and angle of attack have negligible
effect on sidewash at the vertical tail.
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Figure 131:  Sidewash at the Vertical Tail
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4.7 Control Power

The control power tests evaluated the dependence of control
effectiveness on the following variables:

Aileron boundary layer control
Wing leading edge blowing
Engine thrust

Engine thrust vector angle
Wing sweep

Flap setting

Angle of attack

Sideslip angle

[~ TN VRN o B © B o T o BN o B o

The data on which this analysis is based is given in
References 9 and 10.

4.7.1 Lateral Control

4.7.1.1 Ailevon Control

Figure 132 shows the effects of aileron boundary layer
control (BLC) on downgecing aileron effectiveness, power-off. The
maximum aileron deflection angle before aileron stall is greatly
increased by increasing the aileron blowing (C;pi1). The maximum
rolling moment attainable is increased by a factor of four to ffve,
The aileron yaw to roll ratio stays approximately constant as the
aileron effectiveness improves.

- Test results indicated thac wing leading edge blowing also
increased the downgoing aileron effectiveness. The effects of wing
leading edge blowing are shown in Figure 133.

Figure 134 shows that the additiorn of engine thrust signi-
ficantly increases the downgoing aileron effectiveness and reduces the
amount of aileron blowing required tc produce a given rolling moment.
Test results indicated that engine thrust had only a slight influence on
the upgoing ailevon effectiveness. The data also indicated that thrust
vector angle influenced the aileron effectiveness only slightly.

4.7.1,2 Spoiler Effectiveness

Figure 135 shows the right wing spoiler effectiveness power
on and off. The spoiler effectiveness decreases rapidly beyond
o = 12° for power-off. Power-on spoiler effectiveness is significantly
greater than power-off beyond o« = 3° and does not exhibit the rapid loss
of effectiveness at higher angles of atrack. At angles of attack below
7° there is a large increase in drag due to spoiler deflection. For
angles of attack above 7°, however, the drag with spoiler deflected is
lower than for the undeflectad case (due to the compensating changes in
induced drag). This phenomenon greatly reduces the favorable yawing
moment normally associated with a spoiler roll control system,
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4,7.1.3 Combired Lateral Control Power

The total lateral control power due to combined aileron and
spoiler deflectien is shown in Figure 136. The lateral control power
due to aileron deflection is approximately constant for positive angles
of attack. Addition of roll control due to spoiler deflection increases
the lateral control power significantly.

: 4,7.2 Directional Control

The directional control power test results are shown in

1 Figure 137 for engine power-off. The rudder effectiveness is reduced at
] the higher angies of attack, power-off, but the addition of engine
thrust significantly improved the effectiveness. The thrust effect on
rudder power is indicated on Figure 138. Most of the control power
testing was conducted with the horizontal tail on. A series of tests
conducted with the tail off indicated that the horizontal tail had a
favzcrable influence on the rudder power and increased the effectiveness
by i2 percent at the higher angles of attack.

In ground effect, the rudder effectiveness was reduced by 20
percent for both power-on and power-off., Thrust vector angle had only a
slight influence on rudder power in free air and in grouad effect.

The effect of sideslip on rudder effectiveness is shown in
Figure 138. The rudder effectiveness, 4 C,, is significantly reduced at
the larger sideslip angles and produces only 60 percent of the effective-
ness at zero sideslip. The addition of engine thrust improves the
effectiveness at all sideslip angles tested.

4,7.3 Longitudinal Control

The stabilizer effectiveness shown in Figure 139 was obtained
by deflection of the entire horizontal stabilizer surface. The stabilizer
longitudinal control power increases with angle of attack until « = 20°
and then drops off rapidly. Engine thrust cignificantly improved the
effectiveness at the higher angles of attack. Proximity to the ground
plane did not affect the stabilizer power for low argles of attack.
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SECTION YV

INTERNALLY BLOWN JET FLAP

The Air Force's need to develop STOL transport aircraft
focused attention on the inadequacies of the aerodynamic data base for
a number of powered lift concepts under investigation. As part of the
Boeing Company's portion of the STOL Tactical Aircraft Investigation, a

limited wind tumnel test program was performed on the internally blown
jet flap concept.

A significant amount of wind tunnel testing has been accom-
plished in the past on the jet flap concept. This testing, in general,
assumed that all of the engine air was ducted into the wing and used to
power the jet flap. 1In a practical airplane application, it is prolable
that all of the engine airflow would not be ducted to the jet flap. For
example, due to temperature limits in the wing, it might be desirable t»
use only the bypass air from a low or moderate bypass ratio engine to
power the jet flap while allowing the hot core jet to exhaust aft or be
deflected for additional 1ift or glide path control. This exhaust jet

would produce aerodynamic interference by interacting with the jet flap
sheet.

A limited jet flap test program was run with two objectives.

(1) To provide data for an aerodynamically efficient reference high
lift system for comparison with the vectored thrust powered lift

concept which wns the primary focus of Boeing's STAI
investigation.

(2) To provide an indication of the magnitude of the interfereace
effects due to the interacting of residual nacelle exhaust for
conventional underwing engine locations and the jet sheet.

5.1 Aerodynamic Data for Internally Blown Jet Flap and
Vectored Thrust

Vectored thrust and internally blown jet flaps were tested
on the same model in order to obtain a direct comparison between the
two concepts. Testing was accomplished with basic wing, body, nacelle
location, and flap span identical in both cases.

This section presents a ecomparison of aerodynamic
data for the two corcepts.

5.1.1 Longitudinal Characteristics

Low speed longitudinal aerodynamic characteristics of the
model with internally blown jet flaps and vectored chrust at approxi-
mately the same jet angles are shown in Figures 140 and 141. Figure 141
shows vectored thrust at 90° deflection angle and the 80° jet flap
which had a measured static jet arele of 86°, Figire 140 shows
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vectored thrust at 60° and jet flaps at 40°. 1t can be seen that the
IBJF produces considerably more 1lift for the same amount of thrust, due
to the generation of supercirculation lift. However, large pitching
moments accompanv this iift since it is induced well aft on the wing.
For the vectored thrust nozzle location shown, 35% local chord, the
pitching moments due to thrust actually decline with increasing thrust
coefficient for tha vectored thrust/mechanical flap concept.

The variation of maximum lift with thrust coefficient is
shown in Figure 142. The vectored thrust has a higher unpowered maxi-
mum lift than the jet flap since it has an efficient triple-slotted
trailing edge high 1lift system. This advantage quickiy disappears as
thrust coefficient is increased since the vectored thrust maximum 1ift
increase with Cjy is about equal to Cj while the jet flap enjoys a large
amplification factor because of the super-circulation lift associated
with jet flaps. Although insufficient data were taken to define the
jet flap maximum lift variation between Cy = 0 and 0.6, IBJF data
typically shows an initial high slope due to boundary layer control
effects with a knee which is conventionally denoted as the boundary
layer attachment point.

Since both the jet flap and vectored thrust were tested on
the same model, for economy the same blown leading edge device was used
on both concepts. Figure 143, which shows the effect of leading edge
boundary layer control on maximum 1ift, illustrates that this must be
done with caution. Leading edge BLC is only about half as effective
for the jet flap configuration as it is for the vectored thrust config-
uration. This illustrates that the leading-edge high-lift system
must be designed for the lift levels achieved by the particular
cancept under investigation. It is not reasonable to expect that
a leading edge designed to have favorable characteristics at one lift
level will necessarily behave well at another.

5.1.2 Lateral Stability

A comparison of lateral stability for the two concepts is
shown in Figure 144, Tor the lower jet angle the IBJF has higher
stability than the MF + VI. (g, decreases with jet flap thrust for the
IBJT while MF + VT remains constant. At the 90° jet the IBJF has higher
stability at Cy = 0 than the jet flap: however, the effects of power are
large and in opposite directions for the two concepts. For the jet flap
Cy, decreased substantially with increasing thrust while it increased
for the vectored thrust configuration.

5.1.3 Lateral Control
Several alternative methods were investigated to provide

lateral control: spoilers, asymmetric jet flap deflection, and asym-
metric blowing.
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5.1.3.1 Spoiler Effectiveness

Spoiler effects for the mechanical flap plus vectored thrust
concept were tested only at 30° sweepback so that the comparison pre-
sented here cannot be as unambiguous as desired. However, the ceonclu-
sions reached are still valitd.

A comparison of spoiler effects for spoiler deflection of
60° is shown in Figure 145. At (j = v, the spoilers on the jet flap
configuration are Jess effective than.on the vectored thrust config-
uration. This was to be expected since spoiler effectiveness depends
on the effectiveness of the trailing edge flap system behind it. At
C; = 2.0 spoiler rolling effectiveness is increased significantly for
the vectored thrust configuration and dramatically for the jet flap
configuration. Again, this yesult could be anticipated because of the
: very high 1lift levels generated by the jet flap and the rolling moment
is accompanied by large lift losses.

5.1.3.2 Asymmetric Jet Flar For Lateral Control

3 The use of asymmetric outboard jet flap deflecticn for
lateral control was exploved briefly. From full span 80° jet flap
deflection, the outboard 257% span flap on the right wing was retracted
to 40° giving §; 40°. The asymmetrir flap was 80/40.

» The data, Figure fﬁé, showsggﬁat this is highly effective at low angles
] of attack but that rolling moment decreases rapidly with increasing
angle of attack. Referring back to Figures (140) and (141), the explanation
for this is readily apparent. The 80° flap deflection has a higher 1lift
at zero angle of attack than the 40° flap but a much lower lift curve
slope. Therefore, the lift difference, and thus rolling moment for the
] asymmetric flap deflectior, decreases as angle of attack increases.

Lateral control could also be obtained by using asymmetric
jet flap blowing, perhaps in conjunction with asymmetric flap deflection.
: Only an extreme case was tested in order to determine the maximum rolling
3 moment such a scheme cr 11d generate. From 80° full span flap deflection,
the right outboard flap section (25% span) was retracted to zero deflec-
tion and the blowing on that segment also eliminated. The resulis are
given in Figure j347. Large rolling moments were generated ai the
expense of a large lift decrement. Roll effectiveness is nearly inde-
pendent of angle of attack until 20° where it drops off sharply due to
asymmetric wing stall.

5.2 Residual Nacelle Thrust

Traditionally the performance of an airplane with jet flaps
has not accounted for the residual thrust, if any, from the jet engines.
For engines mounted below the wing, the engine exhaust will interact
with the jet sheet to reduce its effective deflection or to effectively
create a part span cut-out in the sheet. The majority of the testing
accomplished on the jet flap model was to determine the magnitude of
the aerodynamic interferance effects due to exhausting the residual jet
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aft from under-wing nacelles. These effects were determined to be very
significant. Alternate configurations having the nacelles mounted above
the wing have been suggested, and in fact, were proposed on the IgJF
"baseline" a airplane designed early in the STAI.* Configurations
representative of the IEJF baseline cunfiguration were not tested since
the interference effects should be minimal if the engine exhaust was

not deflected downward. Significant addi:ional 1lift augmentation could,
in fact, be gained by using the flaps behina the nacelles as Coanda
surfaces to turn the residual nacelle exhaust tflow (Ref.7 ), thereby
creating an Upper Surface Blown flap.

5.2.1 Effect of Dividing Total Thrust Between Nacelle and Jet Flap

The jet flap and powered nacelle have been run with several
combination of thrust coefficient adding up to a total Cj of approxi-
mately 2.0. Lift and drag for these conditions are summarized in
Figure 148. This shows the large variation in 1lift and flight path
angle available from the same amount of total thrust. Further variation
is, of course, possible by vectoring the residual thrust.

5.2.2 Residual Nacelle Thrust Interference Effects

Interference effects of the residual nacelle thrust on 1lift,
drag, and pitching roment at an angle of attack of eight degrees and a
jet flap deflection of 80° are shown as a function of both nacelle
residual and jet flap thrust coefficient, Figure 149. Interference
effects on 1ift and drag are nearly independent of residual nacelle Cj
over the range tested but strongly dependent on trailing edge jet flap
thrust coefficient. Unfortunately time and the difficulty of adequately
visualizing the flow did not permit a flow visualization investigation
of this phenomenum to detevmine how the jet sheet had been affected.
The pitching moment interference is very small and trends with nacelle
thrust could not be established.

Interference effects have been summarized as a function of
wing angle of attack, jet flap angle, and jet flap thrust coefficient
for CJN = 2.0, Figure 1530, 1In general, interference effects increase
with increasing flap angle as the flap jet sheet becomes steeper.

The data indicate that residual nacelle thrust has only a
small effect on pitching moment below the stall angle of attack no
matter what the jet flap thrust coefficient, Figure 151. Lift inter-
ference increases rapidly with jet flap thrust coefficient up to
CJTE = 0.5 and then becomes nearly independent of CJTE.

5.2.3 Ground Effect

As an airplane operating at the very high lift levels
required for ST operation comes into ground effect, lift may be reduced
by the effects + che image bound vortex reducing the velocity at

*For deteils, see Appendix B of Ref. 12
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the wing. This effect is shown in Pigure 152 at zero angle of attack
for the nacelle at ram pressure ratio and at Cy = 1.6. These data were
deteramined using a moving belt ground plane. While the variation of
aerodynamic coefficients with height follows the trend expected for
ram pressure ratio, both lifc and pitching moment are relatively

unaffected by height above the ground plane for C;j = 2.0 and
5¢ = 80°. NAC

Residual nacelle thrust effects were also examined in ground
proximity over an angle of attack range for jet flap deflection of 40°.
Sting contact with the ground plane limited ground effect testing to a
maximum angle of attack of 8°. A comparison of free air and ground
effect interference for 40° flaps, Figure 153, shows that interference
changes significantly between free air and ground effect. In fact, the
drag interference changes sign.

5.3 Flow Survey

A limited amount of flow survey testing was done using a
17-tube rake. Figures 154 and 155 presented some downwash and sidewash
data which represent effective angles that would be felt by the hori-
zontal and vertical tails for typical tail location.

The downwash curves show that with no jet flap blowing the
effect of nacelle thrust is to shift downwash by a small posicive
amount and to straighten the curve at higher angles of attack. With
jet flap thrust coefficient of 2.2, the etfect of residual nacelle
thrust is to significantly reduce downwash angle. This is due to the
large reduction in lift that results from the nacelle thrust
interference.

Residual nacelle thrust has no effect on sidewash at the
vertical tail. Jet flap blowing reduces the slope of o versus 8.

5.4 Augmentor Wing Jet Flap

The augmentor wing jet flap is a powered lift concept that
was not included in the STAI wind tunnel studies. Boeing has been
involved with this concept through its independent research, through
a technical data interchange agreement with the deHavilland Company of
Canada, and under NASA Contract NAS 2-6344 which included two-dimen-
sional wind tunnel and static augmentor testing. In crder to lend
additional perspective to the jet flap as a candidate for STOL powered
1ift, a short summary of the augmentor wing is presented here.

A comparison between a pure jet flap and an augmentor wing
jet flap on the same two-dimensional model is shown in Figure 156. The
data indicate that the "pure" jet flap actually has a lower attachment
C; than the augmentor wing jet flap as indicated by the knee of the lift
a: u = -2° versus Cj curve, but that the two are very similar at high
Cj. The augmentor wing has higher Clmax above C; = 1.0 and always has
lower drag.
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A definition of geometry parameters for the augmentor wing
is given in Figure 157. The aerodynamic performance of an augmentor
flap is related to its static thrust augmentation characteristics.
Statically the deflected augmentor flap is a curved ejector and the
static thrust augmentation ratio is a function of the geometric para-
meters which govern the entrainment and mixing of the ejector flow.
These include:

o Throat area ratio (lT/hE)
0 Mixing length (cf/hE)

o Diffuser angle

o Inlet geometry
o location of primary nozzle exit
o Primary nozzle geometry

Also, the aerodynamic performance of an augmentor wing at
forward speed depends strongly upon avoiding flow separation from the
shroud upper surface. Shroud flow separation tends to increase with
flap deflection, angle of attack, and reduction of nozzle thrust
coefficient. It also depends upon intake door angle and shroud ard flap
position.

The eifects of some augmentor variables on static thrust
augmentation is shown in Figure 159 .

Some typical two dimensional aerodynamic wind tunnel test
data from NASA-sponsored Boeing tests are shown in Figures 1€0 and 161.

Boeing has also modified a deHavilland Buffalo into an
augmentor wing configuration for the NASA. This airplane is now being
flown for flight research purposes by the NASA Ames Research Center.

Enough flight testing has been done to get a preliminary
indication if full scale performance can be predicted from wind tunnel
data. The data obtained thus far, Figure 161, are very encouraging in
that they lend confidence in the use of wind tunnel data and theoretical
methods to predict full scale airplane characteristics.
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APPENDIX

3 DETAILED COMPONENT DESCRIPTIONS AND ORDINATES WING AND FLAP

é - Description Dwg. Ref. No.

; Wing Ordinates at WBL 8.427 1204~5

; Wing Crdinates at WBL 23.175 1204-8

% ¥ ing Ordinates at WBL 48.998 1204-9

; Wing Spanwise Thickness 1204 Model
Leading-Edge Krueger Flap Ordinates 1204-20
Aft Flap Ordinates at WBL 4.214 1204-34
Aft Flap Ordinates at WBL 8.427 1204-35
Aft Flap Ordinates at WBL 16.855 1704-36
Aft Flap Crdinates at WBL 23.175 1204-37
Aft Flap Ordinates at WBL 25,282 1204-38
Aft Flap Ordinates at WBL 48.998 1204-39
Main Flap Ordinates at WBL 4.214 1204-41
Main Flap Ordinates at WBL 8.427 1204-42
Main Flap Ordinates at WBL 16,855 1204-43
Vain Flap Ordinates at WBL 23.175 1204-44
Main Flap Ordinates at WBL 25,282 1204-45
Main Flap Ordinates at WBL 48.998 1204-46
Fore Flap Ordinates at WBL 4.214 1204-47
Fore Flap Ordinates at WBL 8.427 1204-48
Fore Flap Ordinates at W.7, 16.855 1204-49
Fore Flap Ordinates at WBL 23,175 1204-50
Fore Flap Ordinates at WBL 25.282 1204-51
Fore Flap Ordinates at WBL 48.998 1204~-52

Flap Gap Settings Table(5f = 20, 30, 48, 55°) 1204-93

Flap Gap Settings Table (Gf = 35°%) 1204-236
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, DVG. REF. NO. 1204-5
E T CHD-  STA. INS. UPPER ORD.  LOWER ORD.
0.00 0.000 0.000 0.000
.25 .033 144 -.105
.50 . 066 .209 -.141
.75 . 099 .257 ~.167
1.25 .166 .329 -. 205
2.5 .331 .452 -.263
5.0 .662 .613 - 347
7.5 .993 .713 -.412
, 10.0 1.324 .788 -.470
i 12.5 1.655 .846 -.525
15.0 1.986 .895 -.574
20.0 2.649 .969 -.667
25.0 3.311 1.017 .~ -.741
30.0 3.973 1.055 -.797
35.0 4.635 1.078 -.835
40.0 5.297 1.084 -.843
45.0 5.959 1.083 -.827
50.0 6.622 1.074 -.789
55.0 7.284 1.049 -.731
60.0 7.946 1.001 -.659
€5.0 8.608 .924 -.579
7.0 9.270 .824 -.495
80 0 10. 594 .572 -.315
90.0 11.919 .289 -.138
100.0 13.243 .005 ~-.005

WING ORDINATES AT WBL 8.427
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DWG. REF. NO. 1204-8

% CHD. STA. INS.
0.60 0.000
.25 .025
.50 .050
.75 .076
1.25 .126
2.5 .252
5.0 . 504
7.5 .756
10.0 1.008
12.5 1.260
15.0 1.512
20.0 2.017
25.0 2.521
30.0 3.025
35.0 3.529
40.0 4.033
45.0 4.537
50.0 5.042
55.0 5.546
60.0 6.050
65.0 6. 554
70.0 7.058
80.0 8.066
90.0 9.075
1Y 10. 083

UPPER ORD.  LOWER ORD.

0.000 0.000
.101 -.071
146 -.095
.180 -.113
.231 -.137
.319 -.175
433 -.230
.503 -.274
.556 -.314
.596 -.351
.620 -.385
.680 -.450
.712 -.502
.738 -.542
.753 -.568
.758 -.573
.757 -.562 .
.752 -.535
.736 -.493
. 704 -.443
.650 -.388
.581 -.330
. 404 -.208
.205 -.089
005 -.005

WING ORDINATES AT WBL 23,175
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X CHD. STA. INS.
0.00 0.000
0.25 011
0.50 .023
0.75 034
1.25 057
2.5 114
5.0 .228
7.5 .341
10.9 455
12.5 .569
15.0 683
20.0 .910
25.0 1.138
30.0 1.365
35.0 1.593
40.0 1.820
45.0 2.048
50.0 2.275
55.0 2.503
60.0 2.630
65.0 2.958
70.0 3.185
80.0 3.640
90.0 4.095
100.0 4.550

WING ORDINATES AT WBL 48.998
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m. m. m- 1204-9

UPPER ORD.  LOWER ORD.
0.000 0.000
.045 -.032
.066 -.043
.081 -.051
1G4 -.062
L1464 -.079
.195 -.104
.227 -.124
«251 -.141
<269 -.159
.284 -.174
<307 -.203
.321 -.226
.333 -.244
.340 -.256
<342 -.259
.342 -.254
.339 -.241
.332 -.223
.318 -.200
<294 -.175
. 262 -.149
.182 -.094
.092 -.042
.005 -.005

E
3
3
i
:
1
-
E
;
E
2
3
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DWG. REF. NO. 1204-20

STA. INS.

0.000
. 007
.011
.C31
. 042
.067
107
.126
.184
.196
.229
. 290
.390
495
.605
.718
.866

1.024

1.179

1.314

1.436

1.547

1.600

1.677

UPPER ORD.  LOWER ORD.

0.000 0.000
.071 —
— -.068
— -.116
.155 —

-1

.235 —_
— -.193
— -.193

.298 —
— -.163
.345 +.129
.377 .189
.396 .200
405 .200
403 .200
.382 .200
.343 .200
.290 .194
.228 .168
.162 124
.091 .071
.055 . 040
0.0 -.010

LEADING-EDGE KRUEGER FLAl ORDINATES
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DWG. REF. NO. 1204-34

STA. INS.

0.000
.014
<042
.071
.099
.170
. 240
.382
.523
. 665
.806
<948

1.089

1.231

1.372

1.514

1.655

UPPER ORD.  LOWER ORD.
-.083 -.083
-.033 -.128
+. 007 -.151
+.033 -.159

.056 -.163
.103 -.159
<134 -.159
179 -.159
.196 -.159
.196 -.159
.186 -.159
.166 -.159
.139 ~-.159
.108 -.159
.075 -.159
. 041 -.159
. 008 -.008

AFT FLAP ORDINATES AT WBL 4.214
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DWG. REF. NO. 1204-35 1204-35

Z CHD. STA. INS. UPPER ORD.  LOWER ORG.
88.3 0.000 -.073 -.073
88.4 .013 -.029 -.112
é 88.6 . 040 +.006 -.132
i 88.8 . 066 . 029 -.140
89.0 .093 . 049 -.142
89.5 .159 . 090 -.140
90.0 .225 .118 -.140
91.0 .358 .157 -.140
92.0 .490 .172 -.140
93.0 .622 .172 -.140
94.0 . 755 .163 -.140
95.0 .887 .145 -.140
96.0 1.020 .122 -.140
97.0 1.152 . .094 -.140
98.0 1.284 . 065 -.140
99.0 1.417 .036 -.140

100.0 1.549 +.007 -.007

AFT FLAP ORDINATES AT WBL 8.427
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DWG. REF. NO. 1204-36

% CiD, STA. 1NS. UPPER ORD.  LOWER ORD.
88.3 0.000 -.058 -.058
88.4 .011 -.023 -.090
88.6 .034 +. 005 ~-.106
88.8 .057 +.023 -.112
89.0 .080 .040 -.115
89.5 .137 .072 -.112
90.0 .194 .095 ~.112
91.0 .309 .126 -.112
92.0 <423 .137 -.112
93.0 .538 .138 -.112
9.0 .652 131 -.112
95.0 .766 117 -.112
9.0 .881 .098 ~-.112
97.0 . 995 .076 -.112
98.0 1.109 .053 -.112
99.0 1.224 .029 ~-.112

100.0 1.338 .006 -. 006

AFT FLAP ORDINATES AT WEL 16.855
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DWG. REF. NO. 1204-37
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% CHD.  STA. INS.  UPPER ORD.  LOWER ORD.
88.3 0.000 -.050 -.050
88.4 .010 -.020 -.078
88.6 .030 +.004 -.092
_ 88.8 .050 .020 -.097
] 89.0 071 .034 -.099
i 89.5 121 .062 -.097
; 90.0 171 . 082 -.097
; 91.0 .272 .109 -.097
92.0 .373 119 -.097
g 93.0 474 119 -.097
—~
9.0 .575 113 -.097
95.0 676 .101 -.097
g 96.0 .776 .085 -.097
97.0 .877 066 -.097
98.0 .978 .045 -.097
% 99.0 1.079 . 025 -.097
E 100.0 1.180 .005 -.905
E

AFT FLAP ORDINATES AT WBL 23.175
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Dm. REP. m. 1204'38
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X CHD STA. INS, UPPER ORD.  LOWER ORD.

88.3 0.000 -.048 -.048

88.4 .010 -.019 -.074

88. 6 .029 +.004 -.088

88.8 . 048 .019 -.092

89.0 .067 .033 -.094

89.5 .116 . 060 -.092

1 0.0 .164 .078 -.092
i 91.0 .260 .104 -.092
92.0 .356 114 -.092

93.0 453 114 -.092

94.0 .549 .108 -.092

95.0 .645 .096 -.092

96.0 742 .081 -.092

97.0 .838 .063 -.092

98.0 . 934 .043 -.092

99.0 1.031 .024 -.092

100.0 1.127 .005 -.005

AFT FLAP ORDINATES AT WBL 25.282
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DWG. REF. NO. 1204-39

Z CHD. STA. INMS. UPPER ORD. LOWER ORD.

88.3 0.000 -.023 -.023

. 88.4 . 004 -.009 -.035

88. 6 .014 +.002 -.041

§ 88.8 .023 .009 -. 044

Z ) 89.6 .032 .015 -.045

~ 89.5 .055 .028 -. 044

] 90.0 .077 .037 - 044

91.0 .123 .049 - 044

92.0 .168 054 -, 044

93.0 .214 .054 -, 044

| 9.0 259 . 051 -. 044

95.0 .305 . 046 - 044
: 96. 0 .350 .038 -, 044 ;

r 97.0 .396 .030 - 044

| 98.0 441 .020 -.044

9.0 487 .011 - 044

100.0 .532 +.002 -.002

AFT FLAP ORDINATES AT WBL 48.998
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DWG. REF. NO. 1204-41

% CHD, STA. INS. UPPER ORD.  LOWER ORD.
76.88 ~-.003 -.365 -.365
71.0 0. 000 -.325 -.3986
71.1 . 014 -.249 -.432
71.3 .042 -.166 -.467
71.5 .071 -.106 -.485
71.8 .113 -.033 -.493
72.0 .141 +.007 -.500
73.0 .283 172 -.482
74.0 424 <292 -.482
75.0 . 566 .378 -.482
76.0 707 448 -.482
77.0 .849 +502 -.482
78.0 .990 .538 -.482
79.0 1.132 «551 -.482
80.0 1.273 . 554 -.482
81.0 1.415 .551 -.482
83.0 1.698 .521 -.482
85.0 1.980 .481 -.241
86.0 2.122 .458 -.216
87.0 2.263 432 -.173
88.0 2.405 .402 -.083
82.0 2.546 .370 +.056
90.0 2.688 +339 .136
91.0 2.829 305 179
92.0 2.971 0272 .199
93.0 3.112 «239 .196
94.4 3.310 +.194 +.179

MAIN FLAP ORDINATES AT WBL 4.214
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DWG REF NO 1204-42

X CHD. STA. INS. UPPER ORD. LOWER ORD.

70.88 -.003 -.320 -.320
71.0 0. 000 -.272 -.349
71.1 +.013 -.218 -.378
71.3 .040 -.145 -.407
71.5 .066 -.093 -.425
71.8 .106 -.029 -.436
72.0 .132 +.006 -.439
: 73.0 .265 .151 -.422
§ 74.0 .397 .256 -.422
; 75.0 .530 .332 -.422
3 76.9 662 .393 -.422
: 77.0 .79 436 -.422
Z 78.0 .927 471 -.422
f 79.0 1.059 .483 422
; 80.0 1.192 .486 -.422
: 81.0 1.324 .483 -.422
- 84.0 1.589 .457 422
3 85.0 1.854 422 -.211
l 86.0 1.986 .401 -.189
] 87.0 2.119 .378 -.151
88.0 2.251 .352 -.073
89.0 2.384 .324 +.049
90.0 2. 516 .297 .119
91.0 2.649 .268 .157
92.0 2.781 .238 174
93.0 2.913 .209 171
9%.4 3.099 .170 .157

MAIN FLAP ORDINATES AT WBL 8.427
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DMG REF NO 1204-43

2 - Tl kUt b e S b R

X CHD.  STA. INS.  UPPER ORD. LOWER ORD.

; 70.98 -.002 -.257 -.257
E 71.0 +0.000 -.235 -.275
; | 7.1 .011 -.176 -.304
' 71.3 .034 -.117 -.328
% 71.5 .057 -.070 -.342
§ 71.8 .091 -.020 -.351
§ 72.0 114 +.005 -.353
1 73.0 .229 122 -.339
74.0 .343 .206 -.339

75.0 457 .270 -.339

76.0 .572 .316 -.339

- 77.0 686 .351 -.339

5 78.0 .800 .375 -.339
E 79.0 .915 . 388 -.339
‘ 80.0 1.029 .391 -.339
81.0 1.144 .388 -.339

83.0 1.372 .367 -.339

85.0 1.601 .339 -.170

86.0 1.714 .323 -.152

87.0 1.830 .304 -.122

88.0 1.944 .283 -.058

89.0 2.059 . 261 +.040

90.0 2.173 .239 .096

91.0 2,287 .215 126

92.0 2,402 .192 .140

93.0 2.516 .168 .138

94.4 +2.676 +.137 +.126

MAIN FLAP ORDINATES AT WBL 16.855
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DWG REF NO 1204-44

% CHD. STA. INS. UPPER ORD.  LOWER ORD.
70.98 ~-.002 -.222 -.222
71.0 0.00 -.188 -.262
71.1 0.000 -.151 -.262
71.3 .030 -.101 -.282
71.5 .050 -.064 -.294
71.8 .081 -.020 ~.302
72.0 .101 +.004 -.304
73.0 .202 .105 ~.292
74.0 .302 177 -.292
75.0 .403 .232 -.292
76.0 . 504 .272 -.292

: 77.0 .605 .302 -.292
78.0 .706 .325 -.292
79.0 .807 .335 -.292
80.0 .907 .337 -.292
81.0 1.008 .335 -.292
83.0 1.210 .317 -.292
85.0 1.412 .292 -.146
86.0 1.512 .278 -.131
87.0 1.613 .262 -.105
88.0 1.714 244 -.050
89.0 1.815 .225 +.034
90.0 1.916 .206 .083
91.0 2.017 .186 .109
92.0 2.117 .165 a21
93.0 2.218 .145 .119
94.4 2.359 . +.119 .109

MAIN FLAP ORDINATES AT WBL 23.175
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DWG REF NO 1204-45

% CHD. STA. INS. UPPER ORD. LOWER ORD.

70.98 -. 002 -.212 -.212
71.0 0.900 -.180 -.231
71.1 .010 -.144 -.250
7.3 .029 -.096 -.270
71.5 .048 -.062 -.281
71.8 .077 ~.019 -.289
72.0 .096 +. 004 -.291
73.0 .193 .100 ~.279
7%.0 .289 .170 ~.279
75.0 .385 .220 -.279
76.0 .482 . 260 -.279
77.0 .578 .289 -.279
78.0 .674 .310 ~.279
79.0 .770 . 320 ~.279
80.0 .867 .322 ~. 279
81.0 . 963 .320 ~.279
83.0 1.156 .302 -.279
85.0 1.348 .279 -.140
86.0 1.445 . 266 -.125
87.0 1.541 . 250 -.100
, 88.0 1.637 .233 -, 048
| 89.0 1.734 .215 +.033
1 90.0 1.830 .196 +.079
Y 91.0 1.926 177 +.104
1 92.0 2.023 .158 +.116
' 93.0 2.119 .139 +.114
9.4 2.254 +.113 +.104

MAIN FLAP ORDINATES AT WBL 25,282
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3
: ING REF NO 120446
= % CHD. STA. INS. UPPER ORD.  LOWER ORD.
70.98 -.001 -.100 -.100
71.0 0.000 -.085 -.109
; 7.1 .005 -.068 -.118
1 71.3 014 -.046 -.127
! 7.5 .023 -.029 -.133
3 71.8 .036 -.009 -.136
, 72.0 .04¢ +.002 -.137
73.0 .091 .047 -.132
3 74.0 .137 .080 -.132
L 75.0 .182 .104 -.132
76.0 .228 .123 -.132
77.0 .273 .136 -.132
78.0 .318 .147 -.132
79.0 .364 .151 -.132
80.0 .410 .152 -.132
81.0 .455 .151 -.132
83.0 . 546 .143 -.132
é 85.0 .637 132 -.066
5 86.0 . 682 .126 -.059
: 87.0 .728 .118 - 047
88.0 774 .118 -.023
89.0 .819 .118 +.015
90.0 .864 .118 +.037
91.0 .910 .118 +.049
92.0 .956 .118 +.055
93.0 1.001 .118 +.054
94.4 1.065 +.059 +.049
MAIN FLAP ORDINATES AT WBL 48.998
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DWG REF NO 1204-47

LA T G A nul s P A i

% CHD. STA. INS. UPPER ORD. LOWER ORD.
63.4 0.000 -.365 -.365
68.6 .028 -.216 -.501
68.8 .057 -.149 -.536
: 69.0 .085 -.100 -.551
k 69.3 .127 -.042 -.558
! 69.6 .170 +.010 -.548
? 70.0 .226 .066 -.508
70.5 .297 .133 -.418
/ 71.0 .368 .188 -.276
: 72.0 .509 .279 +.007
73.0 .651 . 345 174
i 74.0 .792 .398 . 294
75.0 .934 441 . 380
76.0 1.075 .478 .450
76.7 1.174 +.501 +.485

(FLAP CHECK ORDINATES)

0.000 -.0875 -.0825
.130 +.130 -.196
.680 .292 +.059

1.520 .075 .062

FORE FLAP ORDINATES AT WBL 4,214
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DWG REF NO 1204-48

Z CHD. STA. INS. UPPER ORD. LUMER ORD.

I T W AT R AT ST I T TR YR A TR T T e

68.4 0.000 -.320 -.320
: 68.6 026 -.189 -.439
, 68.8 .053 -.131 -.470
g 69.0 .079 -.089 -.483
] 69.3 .119 -.036 -.487
69.6 .159 +.009 -.480
70.0 .212 .058 445
70.5 .278 116 -.366
E 71.0 .344 .164 -.241
; 72.0 477 244 +.006
E 73.0 609 .302 .153
E 74.0 .742 . 349 .257
; 75.0 .874 .387 .333
76.0 1.006 419 .394
76.7 1.099 439 425

(FLAP CHECK ORDINATES)

, 0.000 -, 044 - . 044
‘ .125 +.154 -.146
.580 +.264 +.044

1.385 +.036 +.023

FORE FLAP ORDINATES AT WBL 8.427
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3 DWG REF NO 1204-49 i
y X CHD.  STA. INS.  UPPER ORD. LOWER CRD. |
: 68.4 0.000 -.257 -.257 ;
- 68.6 .023 -.152 -.353 ;
" 68.8 046 -.105 -.378 ?
69.0 .069 -.070 -.388 ;
j 69.3 .103 -.028  -.393 ;
4 69.6 .137 +.007 -.386 ;
70.0 183 .048 -.358 f
i 70.5 . 240 .094 -.295 g
" 71.0 .297 .132 -.194 §
72.0 412 .196 +.008 §
73.0 .526 .243 122 ?
74.0 .640 .281 .207 ;
75.0 .755 .311 .271 :
76.0 .869 .337 .317
i 76.7 .949 .353 .342
g (ILAP CHECK ORDINATES)
1 0.000 -.013 013
.109 +.150 -.104
.260 .208 -.068
3 .423 .224 +.018
5 .760 V174 .079
E 1.161 .011 0.00
]

FORE FLAP ORDINATES AT WBL 16.855
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DWG REF NO 1204-50

% CHD.  STA. INS.  UPPER ORD. LOWER ORD.
68.4 0.000 -.222 -.222
[ 68.6 .020 -.131 -.304
68.8 .040 -.091 -.326
69.0 .060 -.060 -.335
69.3 .091 -.026 -.339
69.6 121 +.006 -.333
70.0 .161 .041 -.308
70.5 .212 .081 -.254
710 - 282 - 114 -.167
; 72.0 .363 .169 +.007
¢
73.0 464 ,210 .105
74.0 .565 .242 .178
| 75.0 .665 .268 .231
é 76.0 .766 .291 .273
} 76.7 .837 .306 .295

(FLAP CHECK ORDINATES)

0.000 0.000 0.000
.12 .148 -.087
+25 .188 -.047
.357 .195 +.011
.700 .137 +.066

1.170 +.006 -.005

FORE FLAP ORDINATES AT WBL 23.175
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DWG REF NO 1204-52

STA. INS. UPFPER ORD. LOWER ORD.
Q000 ~.100 -.100
.009 ~-.059 -.137
.018 ~.041 -.147
.027 -.027 -.151
. 041 -.011 -.153
.055 +.003 ~-.150
.073 .019 ~-.139
. 096 .036 -.115
.118 .051 ~.076
164 .076 +.003
.209 .095 . 047
. 255 113 .081
. 300 127 .105
. 346 .138 124
.378 .143 .133

(FLAP CHECK ORDINATES)

0.000
.078

.155
.300
462

~-.02

+.077
.090
.069
.009

~-.02

-.035
+.002
+.030
-.003

FORE FLAP ORDINATES AT WIL 48.998
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68.6
68.8
69.0
69.3
69.6
70.0
70.5
71.0
72.0
73.0
74.0
75.0
76.0
76.7

DWG REF NO 1204-51

STA. INS. UPPER ORD.  LOWER ORD.
2.000 -.212 -.212
.019 -.125 -.291
.038 -.087 -.311
.058 ~.058 -.320
.087 -.023 -.324
.116 +.006 -.313
.154 .039 -.295
.202 .077 -.243
.250 .109 -.160
.347 .162 +.007
443 .200 .100
.539 .231 171
.636 .256 .221
.732 277 .261
.799 .291 .281

(FLAP CHECK ORDINATES)

0.000
.115
340
550
. 760
. 969

-.009
+.143
+.187
+.164
+.098
+.00¢€

-.009
-.083
+.011
+.062
+.052
-.006

FORE FLAP ORDINATES AT WBL 25,282
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DWG. REF. NO, 1204-93

ey

FORE MAIN AFT i
FLAP - FLAP FLAP LOCATION

WBL

5° .261  20° 394 30°

10° 2219 30° 328 40°

20° 184 48° 276 60° 132 9.000

22° 157 55° 0236 70°

5° 2234 20° 351 30°

10° .195  30° 2292 40°

20° 164 48° 246  g0° 117 15.700

22° .140  55° .210 70°

5° .205  20° 308 30°

10° 172 30° .257 40°

20° 145 48° .216 60° .103 22,300

22° 123 55° .185  70°

5° .187 20° .280 30°

10° 156  30° 2233 40°

20° 131 48° 196  60° .093 26.700

22° .112 55° .168 70°

5° 171 20° . 257 30°

10° 143 30° 214 40°

20° 120 48°  ,180 eo° ‘086 30.300

22° 103 55° 154  70°

FLAP GAP SETTINGS
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FORE
LA,

5
50
10°
20°
22°
5.
10°
20°
22°
50
10°
20°
22°
50
10°
20°
22°
5°
10°
20°
22°
S°
10°
20°
22°
20°
20°
20°
20°
20°
20°
20°
20°
20°
20°
20°
20°

*NOTE:

¢
,162
‘135
2113
.007

.150
.125
.105
.09¢

141
.117

.099-

085
«126

. 105 .

.088
075

.115
.096
.081
.069

.097
.081
.068
.058

.113
.113

.105
.105

.099
.099

.088
.088

.113
.105
.099
.088

This is inboard side of flap bracket.

MAIN AFT
FLAP FLAP
5, ¢, 5, ¢
20°  .243  30°
30°  .203  40°
48* .170 en* 081
ss*  .146  70°
20° .225  30°
30°  .188  40°
«8° .158 e0° 973
ss*  .135  70°
20°  .212  30°
30° .175  40°
48° .148  e0° 071
ss° 127 70°
20°  .189  30°
30°  .157  40°
48° .32 eo° 063
55 .113  70°
20°  .173  30°
30° 146 40°
48  .121  eoc 098
ss°  .106  70°
20° .146  30°
30° 122 40°
48° .102 60 049
5s°  .088  70°
48°  .170  40°  .081
48°  .170  80° .08l
48°  .158  40°  .07S
48°  .158  80°  .075
48°  .148  40°  .O71
48°  .148  80°  .071
48°  .132  40°  .063
48°  .132  80°  .063
48°  .170  0°  .045
48°  .158  0° .04l
48°  .148  0°  .039
48°  .132  0°  .035

FLAP GAP SETTINGS (Continued)

&

LOCATION i
WBL 3

32.400
35.200
37.300
40.900
43.400

47.500

32.400
35.200
37.300

40.900

32.400
35.200
37.300
40.900
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