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FOREWORD

This document is submitted in accordance with the requirements of NASA
Contract NAS1-13871, Exploratory Studies of the Cruise Performance of Upper
Surface Blown Configurations. W. C. Sleeman, Jr. is the NASA-Langley Contract

Monitor and J. A. Braden is the Lockheed-Georgia Project Manager.

The technical results under this contract are presented in five reports.

For convenience, the overall program documentation is summarized below:

DOCUMENTATION SUMMARY
CR-Number Title
CR-3193 Summary Report
CR-3192 Experimental Program - Test Facilities, Model Design,

Instrumentation, and Low-Speed, High-Lift Tests

CR-159134 Experimental Program - High-Speed Force Tests

CR-159135 Experimental Program - High-Speed Pressure Tests

CR-159136 Program Analysis and Conclusions
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SUMMARY

This document summarizes the work performed under NASA Contract NAS1-
13871, which had the objective of establishing an experimental/theoretical
aerodynamic data base for upper-surface-blown (USB) configurations at cruise.
The scope of the technical effort on the USB-Cruise Program has included
extensive transonic wind-tunnel tests of a comprehensive array of nacelle/wing
geometric combinations under simulated powered conditions. The experimental
studies have been supported by a three-dimensional theoretical model of the
system also inclusive of first-order power effects. The data obtained in the
experimental/theoretical phase of the program are used to develop aerodynamic
"effects" trends as indicative of the effects of variations in component de-
sign and placement. Such data have been utilized to aid in the definition of
a typical USB~commercial transport suitable for a transonic cruise mission.
Feasibility studies, conducted in cooperation with on-going USB acoustical
work (NASA Contract NAS1-13870), evaluate the compatibility of the USB-system
with current design criteria. Supplementary tests have assessed the high-lift
capabilities of the selected study aircraft. As an outgrowth of this back-~-
ground work, recommendations have been formulated as to technical areas where

additional USB development work would appear to be potentially beneficial.

1.0 INTRODUCTION

In early 1975, the NASA awarded a contract (NAS1-13871) to the Lockheed-
Georgia Company for the acquisition of a high-speed, experimental data base

for aircraft configurations featuring nacelles mounted on the wing upper-



surface. This design concept, known as USB (upper-surface blowing), had
received earlier experimental endorsement as a viable means of achieving
moderate-to—good powered 1lift performance along with beneficial noise re-
duction in the STOL environment. In the interest of further development of
the USB-system, two related contracts were awarded by the NASA; the present
(NAS1-13871) and the other, "Exploratory Studies of the Noise Characteristics
of Upper-Surface Blown Configurations" (NAS1-13870). The contractual work
performed under the present contract emphasizes exploratory investigations of
USB transonic cruise characteristics. The companion contract had a similar
objective as related to airport noise. In the present work, the fundamental
nature of the experimental effort has been manifested in the use of
interchangeable model parts employed in a build-up fashion. As such, the
intent has been to primarily develop trends and aerodynamic "effects" as
influenced by geometric variations in the nacelle configuration. The more-
refined, low-drag designs could then evolve from the more favorable trends

established by this base.

The five major elements comprising the cruise data base program are:
Program Definition - Task I

Experimental Data Base - Task II

Compatibility Studies - Task III

Recommendations for Additional Development - Task IV

o ©0 o o o

Reporting - Task V

The present report summarizes the work performed and results obtained as
pertaining to each of the foregoing tasks. The format used in these
discussions is structured according to task as given above,. In view of the
comprehensive nature of the overall study, documentation has been extensive.

For convenience, a documentation summary is provided in the Foreword.

Use of trade names or names of manufacturers in this report does not
constitute an official endorsement of such products or manufacturers, either

expressed or implied, by the National Aeronautics and Space Administration.



2.0 SYMBOLS

A area, cross—-sectional, cm2 (in.™)

AR aspect ratio

e local wing chord, cm (in.)

c mean aerodynamic chord, cm (in.)

CD model drag coefficient, D/quw

CL model lift coefficient, L/qwsw

Cp pressure coefficient, (p1-poo)/qOo

CT gross thrust coefficient, T/qmsw

D drag force, N (1b)

e wing efficiency factor

For T force or thrust, N (1b)

h jet or nozzle height, cm (in.)

H total pressure, N/m2 (lb/in.z)

Hj/Bw nozzle pressure ratio

L lift force, N (1b)

L/D lift-to-drag ratio

M Mach number

p static pressure, N/m2 (1b/in.2)

q dynamic presure, N/m2 (1b/in.2)

RN Reynolds number based on wing chord
c

W nozzle width at wing surface, cm (in.)

X chordwise dist

z vertical dimension

Sj jet angle, deg



w/B

%po
B

8AIL

Subscripts:
c
install
isol
jet
!
M
N
NF

TOT

V/T

spanwise position

wing plus body

angle from zero lift, deg

boattail angle (or roof angle), deg

aileron deflection, deg

based on mean aerodynamic chord

installed

isolated

due to jet

local

measured

nacelle

nacelle friction

total

wing

due to vectored thrust
freestream conditions
due to scrubbing

due to aerodynamic circulation



3.0 PROGRAM DEFINITION - TASK I

The USB Cruise Program was primarily an experimental effort guided
appropriately by analytical modeling of the aerodynamic/propulsive charac-
teristics of the USB system. The requirements attendant to secondary program
objectives, that is the selection of promising cruise configurations and the
assurance of accéptable powered high-1lift performance, were necessary elements

of the program plan.

The purpose of Task I was to define a program framework in which the
remaining tasks could be effectively accomplished. Preliminary studies were
undertaken to identify basic needs of the experimental work in terms of key
aerodynamic/propulsive phenomena to be evaluated. Secondly, a program concept
was formulated, embracing both testing and analyses, which would provide the -
means of assessing typical USB-cruise performance in terms of wing/nacelle
geometric variations. With this background, Task IIT (Compatibility Studies)
and IV (Recommendations) could then flow accordingly. The major elements of
the overall USB-Data Base Program, as resulting from these considerations, are

shown in Figure 1.

Task II was the heart of the program with a two-phase wind tunnel test to
explore transonically the gross effects of systematic geometric variations of
the parameters selected in Task I. A powered model concept was selected based
on a building block arrangement to take advantage of model components already
in existence. Concurrently with the test program, an analytical model was

developed to correlate and extend the test results.

In Task III, a Compatibility Study was performed to evaluate the
installation, design, and structural implications associated with candidate
configurations selected from Task II. This task was performed jointly with
the related, on-going acoustical work being performed under contract
NAS1-13870. The objective of this combined study was to perform a complete
installation design of a competitive short-haul aircraft using guidance from

both disciplines.




USB CRUISE PROGRAM

Major elements of USB Cruise Program.

1

Figure



Task IV consisted of organizing the recommendations for additional USB
development which evolved from the previous tasks and documenting these

recommendations as a separate report.

4.0 CRUISE PERFORMANCE DATA BASE - TASK II

The Task II effort had the objective of experimentally quantifying the effects
of various nacelle geometric parameters on cruise 1lift and drag performance.
The experimental phase of this task was supported where possible through
guidance from the theoretical model of the system. The matrix of test con-
figurations was selected to provide geometric "effects" data representing
major variables such as nacelle size, location, shape, boattail angle and
number of nacelles. The corresponding theoretical model was structured around
a vortex-lattice representation of the wing-nacelle configuration with a simu-
lated power-package providing first-order propulsive interactions. In the
paragraphs which follow, Section 4.1 summarizes the scope and results off the
experimental phase of Task II while Section 4.2 considers the capabilities and
limitations of the theoretical model. Conclusions relative to the overall
Task II effort, inclusive of both experimental and theoretical findings, are

given in Section 4.3.

4.1 Exploratory Wind-Tunnel Tests
The major elements off the experimental program consisted of:

0 nozzle calibrations
o static testing

0 high-speed testing

Static nozzle calibrations were performed on each test nozzle as isolated from
the wing in terms of gross thrust coefficient versus nozzle pressure ratio.
Initially, the nozzle calibrations were performed on a highly-accurate low-
speed balance system. Later in the test program, calibrated thrust checks
were made utilizing the several balance systems used in the high speed wind

tunnel tests.
7



Each of the test nozzles was installed on the test wing and tested
statically across the pressure ratio range. These tests provided information
as to installation losses (i.e., Jjet scrubbing 1losses) in terms of the
parameters’ Ne = TINSTALL/TISOL' Static jet deflection angles, Sj. were also
defined by these studies. Again a low-speed balance system, as well as high-

speed balance systems, afforded cross—checks of the data obtained.

The high-speed testing surveyed the wing-nacelle configuration matrix
utilizing both surface-pressure and force-measurement models. With the
pressure models,fixed and traversing total-head rakes provided wake momentum
profiles under both unpowered and powered test conditions. For the most part,
the nominal range of test parameters considered for both force and pressure-

testing were: /

.60 < M_<0.80
oo S a 5 50
1.0 < Hj/p_ < 3.0

Ry. = 3.5 x 108 (based on chord)
c

.For most of the test configurations, flow-photographs were obtained at
selected blowing levels and Mach numbers using oil mixed with titanium-oxide

as a flow-visualization medium.

Prior to the acquisition of the high-speed force and pressure data, a
series of preliminary investigations were conducted to assess the effects of
utilizing relatively high-blockage (5 percent) powered models in a porous-
walled, blowdown test faéility. Physical and jet-blockage interference
effects were evaluated by instrumenting the test-section walls with static
pressure taps in the vicinity of the model. It was concluded from these
preliminary investigations that the test facility was compatible with the
sizes and types of models employed in the Data Base Program and that only

minor corrections to pre-set freestream conditions would be required.

4.,1.1 Experimental models. - The basic objective of the model design

effort was to develop a wing-nacelle arrangement which could accommodate a

wide range of USB nozzle types for comparative evaluation. To accomplish




this, the high-speed test configurations were developed around two semi-span

-body combinations with untapered wings swept 0 and 25 degrees. These
basic test vehicles could be combined in build-up fashion with a series of
nacelle forebodies to form a wide range of powered or unpowered
configurations. Figure 2 provides an exploded view of a typical example of

the selected model design concept. The choice of a "piped-in" nozzle supply

air as a powered simulator was made for simplicity and economy. T
nozzle block, denoted as "mid-pylon" in Figure 2, provide
substitution of other nozzle and forebody designs as well as for the cover-
sions to the clean-wing configuration As shown, the wing has two tangs for
wall-mounting in the two-dimensional configuration. For three-dimensional
testing, one tang is removed and replaced by the tip, also shown in the
figure. Although not shown here, the addition of a fuselage half-body
completes the conversion to the 3-D test installation. A remotely-controlled
traversing wake rake is positioned one chord length downstream to provide for

complete mapping of the model/jet wake pattern.

The nozzle configuration matrix employed in the experimental studies is
summarized in Figure 3. As noted, the major geometric variables for
which aerodynamic evaluations could be made consisted of nozzle exit aspect
ratio, (w2/AN). nozzle size (in terms of the parameter, CZ/AN). nozzle
boattail angle in the nozzle plane of symmetry) and chordwise position of the
nozzle exit. Figure U4 provides additional dimensional data appropriate to
each of the nozzle designs. As indicated in this table, the largest nacelles
(C /A = 12 and 24) were utilized as straight wing installation whereas the
smaller' nacelles (C /A = U48) were mated with swept wing. A single exception
to this was nozzle N6 which was a small, streamlined nacelle tested as a
straight wing installation. The wing-mounted nozzles, indicated in the 1last
column of the table denote those nacelles which were supplied by the wing
internal air supply system and therefore could be tested as 3-D force-
measurement configurations. With many of these same nozzles, the chordwise
exit position could be varied by mounting directly on an upstream-directed
pipe which supplied the blowing air; these are also identified in Figure 4.
As pipe-mounted installations, the nozzle/wing combination was tested as a 2-D
surface-pressure model or as a wake-survey model,. A1l of the nacelles and

nozzles were symmetrical-shaped in planform with the single exception of the

9



0l

Figure 2.

USB CRUISE PROGRAM

. Airfoil Tip

Straight Wing with
Static Pressure Orifices

Aft Pylon Fairing *~ ~

Exploded view of basic test model arrangement.

Removable



NOZZLE BOATTAIL ANGLE *

7 6° - 1240 12° - 320
" NOZZLE DISCHARGE POSITION
10% | 20% | 35% | 50% | 10% | 20% | 35% | 50%
1.25 No! | No' | No' | Ng'
. ¥ + + :
- 250 | N f N NN T
Z 4.00
S — T F ¥
- —- N2
= + +
; <f 125 | NNt NoT Nig | Nog
= O t | t]]hs t
< O] 250 | NgT | NgT Nt N3 N3
124 | 3 E
< &
= < + ¢ N4 1 N4
4.00 | N N | Ny 1
:(_. " 4 4 N4 N4E
ac N N5
< N + t t
6.00 | N N +| N
= 1.25 Ny
N AEL)
I
S 2.50 g | M
‘Z 48 . N82
i 4.00 N,
6.00 Nys3

*

Boattail angle dependent on aspect ratio

* . .
* Nacelle frontal area varies with nozzle area

t Indicates air supplied by upstream tunnel pipe

Subscript g: Existing hardware

Figure 3 . USB Experimental Program.— Matrix of Nozzle Geometric Parameters

11




el

USB CRUISE PROGRAM

O o & =

AR = 1.25 2.5 . b 6
ﬁzELAnvE ASPECT ‘ DISCHARGE | BOATTAIL NOZZIE MAXIMUM NOZZLE
GEOMETRIC SIZE RATIO ' LOCATION | ANGLE LENGTH DIAMETER AREA WINGS  |MOUNTING
NOZZIE—EARAMETER R } ‘ , )

NO. DESCRIPTION N AR ! x/ . 5~ DEG cm (in) cm (in) cm (in“) |STRAIT | SWEPT [PIPE [WING !
N, LARGE D-DUCT, LONG 12 2.5 0.1-05 9.0 T‘28.915 11.384 | 9.088 | 3.578 | 26.923  4.173° X X :
N, INTERMED. CIRCL., LONG ' 24 1.25 0.35 | 590 {20.447  B.050 |6.426 2.530 | 13.464 2.087 X X |x X '
Ny INTERMED, D-DUCT, LONG 24 as 0.35 | 9.0 ;20,447 8.050 '6.426 2.530 | 12.935 ' 2.005 X X X

N, INTERMED. HIGH AR, LONG 24 4,00 0.35 . 1.0 ]20.447  8.050 6.426 2.530 | 13.464 2.087 X X X

Ng INTERMED. VERY Hi-AR, LONG 24 6.0 0.35 | 12:5 20.447 | 8.050 6.426 2.530 ' 13.464 2.087 X X iX
| N, SM. STRMLIN. D-DUCT, LONG| 48 2.5 0.35 ‘ 9.00* [14.458  5.692 4.544* 1.789* | 6.729 1.083 X X ‘
| Ng! | SM.INBD. D-DUCT, LONG 48 2.5 0.20 | 950 11791 0 462 4544 1789 6.729 | 1.043 X X :
NgZ * SM. OUTBD. D-DUCT, LONG | 48 2.5 0.20 o 9.5 11791 4.642 ' 4.544  1.789 6.729 | 1.043 , X
Ng @ LARGE CIRCULAR, SHORT 12 1.25 0.1-0.5 | 12.00 ;28915 |11.384 | 9-088 3.578 | 26.923 1 4.173 X | x i

Njo | LARGE VERY HI-AR, LONG 12 6.01 0.1-0.5 i 12,50 |28.915 [11.384 ' 9.088 !3.578 | 26.923 | 4.173, X x - i
Ni) i SMALL CIRCL., SHORT 48 1.25 0.10 | 1200 {10.003 i3.942 | 4.544 1,789 6.729 | 1.043] ! X i
N,, | SMALL Hi-AR, LONG 48 4.0 0.35 , 11.00 114.458 | 5.692 | 4.544 : 1.789 6.729 . 1.043° ' | X |
Nj5 | SMALL VERY HI-AR, LONG 48 | 6.06 | 0.50 ©O11.00 117.125 | 6.742 | 4.544 1.789 6.729 : 1.043" \ X

Njg | INTERMED. CIRCL., SHORT 24 bhas 0.20 16.78 9.629 ‘ 3.791 | 6.426 '2.530 | 12.813 | 1.986" X : X

Ny | INTERMED. CIRCL., SHORT 24 ' .25 0.35 . 1678 [12.29 | 4.841 ! 6.426 ' 2.530 | 12.813 | I.9Bé! X X

N, | INTERMED. D-DUCT, SHORT 24 2.5 0.35 2452 [12.29% ’ 4.841 . 6.426 . 2.530 | 13.464 | 2.087| X ' l X

N | INTERMED. HI-AR, SHORT 24 4.0t 0.35 35.88 |12.29 | 4.841 | 6.426 | 2500 | 13.464 | 2.087} X X

% THESE ASPECT RATIUS ARE EXPRESSED FOR EQUIVALENT RECTANGULAR NOZZLE CROSSECTIONS

' APPROXIMATELY EQUIVALENT DIMENSIONS FOR NON-CIRCULAR, NON-SYMMETRIC NACELLES

Figure L. Key dimensions for nozzles in test matrix
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aforementioned nozzle N6. Exit shapes appropriate to each of the exit aspect

ratios listed are also shown in Figure 4.

Design details of a typical nozzle are shown in Figure 5, The internal
rake was used for setting nozzle thrust in terms of the Hj/P vs CT data
generated during the nozzle static calibrations. The short, straight section
noted in Figure 5 just forward of the nozzle exit, was a design feature
incorporated in some nozzles to minimize the impingement angle between wing
and jet. As the nozzle exit aspect ratio increases, the nozzle boattail (or
impingement) angle tends to become larger resulting in increased jet spreading
and a greater degree of jet-attachment to the wing surface. 1In the use of the
straight section, the intent was to minimize these effects when evaluating the
aerodynamics attendant to varying nozzle width or exit aspect ratio. Nozzles
denoted with an "E" subscript in Figure 5 did not utilize this feature and
thus the boattail and impingement angles increased progressively with exit

aspect ratio.

The method for combining the wing, nacelle forebody and nozzle for force
testing is shown in Figure 6. High-pressure blowing air was supplied through
the wing ducts, into an underwing pylon and then into the faired-over nacelle
forebody. It is then exhausted through the nozzle after passing through a
choke plate. For a fixed exit aspect ratio, nozzle boattail angle could be
varied by changing the overall length of the nacelle/forebody combination; a

long nozzle design is illustrated in the figure.

The total test matrix available with the model hardware included several
supplementary configurations. not shown in Figures 3 or 4, These were the
upper-surface pylon configurations used for representing over-the-wing (OTW)
installations as contrasting with the surface-mounted, USB, arrangements.
Several pylon lengths permitted positioning of the circular nacelle, N2 (see
Figures 3 or 4) at 0.5 and 1.0 nozzle exit diameters above the wing (surface-
to-surface) on either the straight or swept wings. For straight wing installa-
tion, the pylons were constant chord, symmetrical airfoils while for the swept
wing application, the pylons were twisted and cambered to conform with
theoretically-derived streamlines above the wing-surface. A thickness ratio

of t/c = 0.06 was employed for both sets of pylons.
13
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Figure 5. Typical nozzle design
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Figure 6, Nacelle general arrangement for straight wing
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Figure 7 shows an example of the small "D-Duct" nacelles (N8) mounted as
a 3-D force model in the Compressible Flow Facility (CFF). Extensive fillet-
ing used to "soften"™ the nacelle-wing junction is evident in the photograph.
A typical 3-D, straight wing force model is shown in Figure 8. A medium-sized
(02/AN = 24), aspect ratio U nozzle (Nu) is pictured in this configuration.
Although not in evidence here, leading-edge filleting, similar to that of the

swept wing, was employed for all such straight wing installations.

4,1.2 Test facilities. - The experimental phase of the USB-Cruise Pro-

gram was formulated around the use of minimum-cost, powered models in several
porous-wall blow-down test facilities - the Lockheed Compressible Flow and 4!
x 4' tunnels. This combination permitted a test program covering a compre-
hensive series of test configurations and parameter variations over an ex-
tensive range of test conditions. The Lockheed Compressible Flow Facility
(CFF), shown in Figure 9 is a specialized, exploratory test facility capable
of conducting transonic investigations at Reynolds numbers up to 164 x 106/M
(50 x 10/ft). The tunnel is of the blow-down type, exhausting directly to the
atmosphere. The test section is 50.8 em (20.0 in.,) wide by 71.2 cm (28.0 in.)
high by 183 em (72.0 in.) long and is enclosed in a 3.7 m (12.0 ft) diameter
plenum chamber. The top and bottom walls of the two-dimensional test section
have variable-porosity capability (from O to 10 percent), obtained by sliding
two parallel plates with 0.635 em (0.250 in.) diameter holes slanted 60 de-
grees from the vertical. The 2-D test section side walls are not porous. The
three-dimensional test section has variable-porosity top and side walls while
the bottom wall, where the balance is located, is not porous. The S5-component
semispan balance used in these tests is located in the floor of the tunnel.
High-pressure air is passed through the balance to the model nacelles via two

opposing bellows arrangements.

The Lockheed-California 4 x 4 ft. tunnel is similar to the CFF except
that it has a muchlarger test section flow area. For this test, a 6-component
wall-mounted balance was employed. The basic design and air ducting arrange-

ment was essentially the same as for the balance system used in the CFF,

4.1.3 Experimental data analysis. - The format for presenting the more

significant test results of Task II is first a summary of the aerodynamic wake

16
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Figure 8. AR 4 nozzle installation on 3-D straight
wing force model in 4' x4' tunnel. 17




8t

Figure 9,

Lockheed Compressible Flow Facility (CFF).

207 N/CM2 =300 PSI

NOTE:

164 x 108/m =50 x 108/FT,



surveys. This discussion is followed by presentation of force-measurements
results typifying the basic aerodynamic features of the USB-cruise

configurations as tested.
4,1,3.1 Pressure-test results:

o Static versus wind-on - In the Data Base Program, it was necessary
that the composition of the measured performance changes nominally associated
with typical USB-installations be quantified in order to identify causative or
particularly sensitive parameters. At cruise conditions, the highly inter-
active nature of the aerodynamic and propulsion flow-fields can greatly hinder
identification of the sources of observed lift or drag changes. As a aid to
this end, static tests of the installed nacelle are of value in assessing, to
the first-order, parameters such as jet-deflection angles and jet-scrubbing
losses. Since, in many instances, the assumption 1is made that these para-
meters vary little in going from the static to wind-on condition, surface-
pressure measurements within the jet are particularly useful in studying the

comparative behavior of the deflecting jet as such ambient changes occur.

Figure 10 shows typical chordwise variations of wing-surface pressures
along the jet centerline of a small "D-Duct"™ - shaped nozzle, The figure
compares pressures at both static and wind-on test conditions to those
existing on the straight wing at M = 0.68. The pressure coefficients have
been normalized on the basis of Jjet dynamic pressure, qj, rather than q, for
convenience. At the pressure ratio selected, Hj/p‘: 2.6, the jet efflux is
supersonic and the associated shock pattern generates rapid fluctuations in
the measured pressures, It is apparent from these data that a basic
difference in centerline pressure 1level exists between those measured
statically and those in the wind-on condition. Moreover, the mean (negative)
pressure 1level generated by the jet at wind-on conditions can exceed that
existing on the clean wing at the same freestream conditions. These
differences within the jet-scrubbing area are reflected as an increase in lift
due to the jet turning over the wing surface and a corresponding increase in
wing pressure-drag. Additionally, the data would suggest that, between static
and wind-on conditions, a basic difference can exist in the angle at which the

jet leaves the wing trailing-edge. This wind-on interaction of the jet and
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wing flow-field is such as to generally increase the jet deflection angle with
a subsequent increase in wing-surface pressure load (i.e., increased lift and
pressure drag). These conclusions are supported by the wake-rake data pro-
vided in Figure 11 which compares total pressure measurements within the jet
at both static and wind-on conditions. The comparison shows that at one chord-
length aft of the wing trailing-edge, the jet is more concentrated and appears

to be more highly deflected at the wind-on condition.

Figure 12 compares results obtained from several laser velocimeter sur-
veys made spanwise near and slightly above the wing trailing-edge at both
static and wind-on conditions. The nozzle configuration is a small "D-duct"
design with exit at x/¢ = 0.35. The data are presented in terms of flow angu-
larity relative to the wing chord-line; angle-of-attack is therefore subtrac-
ted out. The increase in inclination or vectoring of the jet flow-field (z8°)
as a result of wind-on wing lift is readily apparent. Of interest also is the
even greater flow inclination at the outer edges of the jet ( 51/2 > +1.0)

induced by the strong vortices shed by the nacelle at angle-of-attack.

The primary conclusion drawn from the foregoing data is that the
apparent or effective angle through which the jet is vectored by the wing
under static conditions is substantially increased when the wing/nacelle is
immersed in a freestream flow field. Therefore, static testing to quantify
the trailing-edge jet angle may not necessarily be meaningful to the wind-on

case.

o Effect of nozzle shape - Evaluation of the effects of geometric
variations in the nozzle exit shape on aft-wing pressure at Mach number are
provided in Figure 13; a relatively low nozzle pressure ratio is employed to
minimize shock-induced pressure fluctuations in the comparison. From these as
well as similar data, the pressure load generated within the scrubbed area
appears to be generally dependent on nozzle height (nozzle aspect ratic in the
figure) and on the boattail angle or jet-impingement angle. In this figure,
the wide nozzle, (aspect ratio = U) characterizes a high boattail angle con-

figuration (B = 369  Tne resulting impingement of the jet creates a compar-

atively high-pressure region just aft of the nozzle exit thus tending to sup-

press the 1lift generated at least along the jet centerline. The high impinge-
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Figure 11, Comparison of static and wind-on. jet isobars one chord
length behind straight wing, HJ'/Pco = 2.2, a = 2.6°.
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ment angle would also cause a thinning and spreading of the jet with closer ad-
herence to the wing surface forward of the trailing-edge. The increase in jet-
vectoring due to jet-thinning would also tend to produce a more negative
pressure level forward of the wing trailing-edge as evidenced in the figure by
the data for the aspect ratio 4 nozzle. This increase in section aft-loading
produces a pressure drag component relative to the drag of the clean wing. As
the nozzle aspect ratio is reduced and the jet thickness is increased (nozzles
N3E and NZE), both the extent of the high pressure region and the pressure
drag diminish, with the latter indicative of a lower jet-deflection angle.
Shown also on Figure 13 are values of the pressure coefficient as calculated

from the statically-derived Coanda expression (Reference 1):
=2h 4]

which relates maximum centerline pressure for an attached jet to jet-height,
(h), aft-wing radius of curvature (R) and jet-dynamic pressure ratio (qj/qw).
The jets from the two wide nozzles more closely follow the wing upper surface
and therefore show trends corresponding to the calculated pressure coeffi-
cient. The thick circular jet, unable to follow the wing surface, separates
thereby generating a less negative pressure level which implies less jet-

induced 1ift and less section pressure drag.

o Effect of pressure ratio - As indicated in Figure 14, the general
effect of nozzle pressure ratio on jet-centerline pressures is a gradual in-
crease in the negative pressure level over the airfoil aft-surface. Thus,
these changes would be manifested as an increase in lift generated within the
area scrubbed by the jet and a similar change in aft-wing pressure drag when
comparing these pressure levels to those of the clean wing. The aft-wing
pressure drag appears to be  generally iﬁcreasing with pressure ratio; evalua-
tion of the 1lift changes requires integration of the pressures to properly

assess the trend.

o Integrated pressure data - As an aid to force-data interpretation,
pressure data within the jet-scrubbed area were integrated in both the 1lift
and drag directions. The basic assumption made was that the measured center-

line pressures were essentially sustained across the exit width of the nozzle.
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The validity of this assumption has an obvious dependency on the spreading
rate of the jet or the degree of jet attachment to the surface. However, flow
visualization photographs, along with evaluation of multiple rows of surface
pressures behind the wide nozzles, indicated this assumption to be reasonable.
The pressure integration was carried out chordwise from the nozzle exit to
the wing trailing-edge. Incremental 1ift and drag coefficients, based on wing

area, could then be evaluated from:

1.0
AC| = Cp d(%) An ’ (2a)
(X/C)Exit
(Z/c)TE
4 = J Cp 42| an (2b)
(z/c)_ . ,
Exit

where An represents the exit width of the nozzle. Use of a similar procedure
for the clean wings provided comparative data such as shown in Figures 15 and
16. The data show typical variations of the integrated pressure drag co-
efficient as a function of nozzle pressure ratio. For the two wide nozzles,
Figure 15, the pressure drag increases almost linearly with nozzle pressure
ratio starting at a level corresponding to that of the clean wing. Also shown

on the Figure are the pressure drags calculated by the function:
ACp = nyCy sin (a+<sj) (3)

which is derived from simple momentum relationships associated with a deflect-
ing jet. The deflection angle, Sj, (see Force Data Analysis for static

and N evaluations) as used herein, represent either the static value or an
angle approximating the wing upper-surface angle at the trailing-edge (::170);
both values are represented in the Figure. For both nozzles, the integrated
pressure drags indicate that the jets are turning through approximately the
full trailing-edge angle of the wing and are thus capable of generating a high
pressure drag penalty. Figure 16, prepared for the "D-duct" and circular
nozzles, shows a progressive reduction in pressure drag relative to that
potentially possible under fully attached conditions as the jet thickness

increases.
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Integrated pressure drags as obtained from the present model are com-
pared in Figure 17 to those obtained in a similar fashion from a rectangular
(exit) nozzle configuration, Reference (2). The comparison is made in terms
of the ratio of increase in drag of the nacelle with blowing to that of the
nacelle at flow-through conditions. As noted, the trends and magnitude of the
drag variations are similar for the two tests. Since the foregoing pressure
integrations have been based on only that segment of wing area immediately aft
of the nozzle exit, the possibility exists for full or partial recovery of the
scrubbed area pressure drag via increased leading-edge suction on adjacent
wing sections. Additionally, the suction lost over that span of wing covered
by the nacelle forebody should also be accounted for by this mechanism. While
modest reductions in adjacent leading-edge pressure were noted as nozzle
pressure ratio was advanced, these regions generally culminated in increas-
ingly strong shocks at the forward wing/nacelle-forebody junctures. It is
believed, therefore, that due to the freestream Mach conditions, coupled with
displacement effects of the nacelle forebody, a sufficient increase in leading-
edge suction such as to overcome these accrued pressure drag components would
be highly unlikely. It is believed reasonable also, that the loss in suction
over that portion of the leading-edge covered by the nacelle could be so re-
covered. As will be indicated in a later section, this rationale appears to

be warranted by the breakdown of the force data.

Corresponding integrated lift increments are presented in Figures 18
and 19 as a function of nozzle pressure ratio. The data show that, when
considering only the prescribed scrubbed area downstream of the nozzle exit,
lift is reduced, upon nozzle installation, below that carried by the clean
wing. This is particularly true of the high boattail angle configuration
(NME, Figure 18) which, as mentioned previously, incurs a high-pressure region
near the nozzle exit thus suppressing the section 1ift. As the pressure ratio
is increased, the integrated 1ift increment recovers toward the clean wing

values.

Also shown on Figures 18 and 19 are values of the 1ift increment

derived from the expression:

= 4
ACL nCy sin (a + Sj) (1)
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whiéh is the 1lift component corresponding to the aforementioned momentum-
derived drag expression, (equation 3). As indicated in Figure 18, the
calculated values agree more closely with the integrated 1lift increments when
the wing trailing-edge angle of 17o is used in the calculations rather than

the lower, statically-determined values of 8j'

As will be shown later in discussions of force data, total 1lift in-
crements due to blowing are substantially higher than those indicated 1in
Figure 18 and 19. This would indicate that a substantial amount of jet-
induced 1lift is carried by adjacent sections. As indicated in the spanwise
survey of Figure 12, the maximum trailing-edge injection angles occur just be-
yond the boundary defined by the projected nozzle width. The 1lift on these
sections should be increased accordingly. This effect, coupled with jet-
entrainment of the boundary-layer from adjacent sections, is believed respon-

sible for the additional 1lift of the system evidenced in the force data.

As preliminary to force-test analysis, it was concluded from the
pressure test results that an unrefined USB-configuration can potentially
sustain a high pressure drag penalty dependent upon the shape or two-
dimensionality of the jet and operating pressure ratio. High boattail angles,
employed to enhance jet attachment, can increase the aft-wing pressure
loading, and thereby 1lift and pressure drag, as the thinned jet becomes more
strongly attached to the wing. At least within the scrubbed area, the net
lift can also be suppressed by high impingement or boattail angles due to high
pressure near the nozzle exit. Other conclusions drawn were that static
testing could not be relied upon as an indication of effective wind-on jet
deflection angles and that at cruise conditions, the influence of the jet on
adjacent wing pressures was confined to a span of several nozzle half-widths

of the jet centerline.

4.1.3.2 Force-test results: Results of the force tests are considered
in terms of incremental drag and 1lift due to installation of the blowing
nacelle on the clean wing. With particular reference to the nacelle drag
penalties at cruise, such penalties are always derived herein as the balance-
measured drag (or accelerating) force less the thrust produced by the isolated

nozzle. The total drag penalty then consists of all losses inclusive of in-
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stallation as well as cruise interference effects. Major results and typical

trends from the force tests are summarized below.

o Total cruise drag penalty - The increment in drag coefficient due to
the installation of several medius-sized (c2/AN = 24), "D-duct" nacelles (N3
and N3 ) on the straight wing is shown in Figure 20 as a function of nozzle

E

gross thrust and 1lift coefficients. The Mach number represents a typical

straigh-wing cruise point of M = 0.68. The trend of the drag data with
thrust coefficient at C;, = 0.4 shows a minimum drag point at CT = 0.05, or a
nozzle pressure ratio of 1.8 - 1.9. At greater values of CT' the drag of

these installations gradually increases with a slight drop-off indicated at
the maximum test CT - value (Hj/qw = 3.0). It is believed that these trends
are primarily a reflection of the changing jet-flow characteristics as the
pressure ratio 1s advanced. Between Hj/gm - values of 1.4 and 1.8 (i.e.
approaching sonic conditions at Hj/gmz 1.89), the interactive effects of the
jet are primarily viscous in nature with a favorable boundary-layer control
effect exerted on adjacent wing sections (entrainment) and within the wing
scrubbed area. With further advances in pressure ratio, a pressure drag,
induced by the jet deflecting over the aft-wing surface, increases in
accordance with the conclusions drawn in the pressure test discussions. At,
or near, the maximum test pressure ratio (2.6 < Hj/QOSSB.O), the "hard-choke"
condition at the nozzle exit, along with the associated shock structure within
the jet, sets up unstable flow conditions such that the jet tends to separate
from the aft-wing surface, Under these conditions, the jet deflection angle,
and the attendant pressure drag, would be suppressed or reduced. A similar
trend was noted earlier in regard to the evaluation of the integrated pressure
data. With nozzle N3 , an increase in 1lift coefficient has little effect on

the drag trend with C the magnitude of drag coefficient does show a progres-

;
‘sive increase with C: as reflecting a greater drag-due-to-lift penalty. The
effect of 1lift coefficient on the drag performance of the companion nozzle
(N3E, Figure 20) shows a rather abrupt increase in drag at CL ~ 0.5, This con-
figuration was designed with a relatively high boattail angle (B8 = 25°) which
would promote flow separation on the nozzle just ahead of the exit in the
higher « -range. At a typical cruise 1lift coefficient of 0.4, the boattail

flow is marginally attached on this configuration with a slightly higher drag
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Figure 20 . Effect of 1ift coefficient on nacelle drag, M_ = 0.68
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level and about the same trend with C as its lower boattail angle counter-

T'
part, nozzle N3 .
B

Similar drag data are shown in Figure 21 for several circular nozzle
configurations mounted on the straight wing. The geometric difference in
these two nozzles is essentially one of nacelle length and boattail angle with
N2E being the shorter, high boattail angle configuration. 1In contrast to the
"D-duct" arrangement (Figure 20), both circular nozzles portray a more linear

variation of Cp with C in the low blowing range rather than an optimum blow-
N

ing rate as noted earli:;. It would be expected that any beneficial boundary-
layer control exerted by the circular jet would be essentially via flow en-
trainment inasmuch as the degree of contact between jet and wing is limited
(initially) to the point of tangency at the nozzle exit. Therefore, the in-
fluence of the jet on the viscous characteristics of adjacent wing sections
and aft-wing surface would be similarly limited. Beyond Hj/g” = 1.89, (choke),
the jet shock formations delay a rapid build-up of pressure drag until the max-
imum blowing rate 1is reached. On some configurations, testing at pressure
ratios in excess of Hj/p > 3.0 indicated an almost cyclie-drag trend above
choke pressure ratio (Hj/g”==1.89); this effect would be consistent with pro-
gressive changes in the inclination and positions of the jet-shocks as the

nozzle exit Mach number is increased.

Increasing the nozzle exit aspect ratio to 4.0 and 6.0 (Figure 22) pro-
vides drag data with somewhat the same trends with thrust coefficient as were
noted for the "D-duct" designs. With the thin, wide jet, a strong viscous in-
teraction would be expected at the lower blowing rate. However, a greater ten-
dency for jet-attachment would tend to offset this beneficial effect due to a
corresponding increase in pressure drag. These combined effects would tend to
delay the appearance of an "optimum" blowing condition (i.e. minimum drag
point) to the higher 1lift-range where viscous effects on the basic wing are

more pronounced. Thus, aspect ratio 4 nozzle (Nu) shows a pronounced "drag

bucket" at CT = .05 and CL = 0.5 rather than CL = 0.4 as for the "D-duct"
arrangement . The aspect ratio 6 nozzle (N5) shows a minimum drag point at CT
~0.10 and C; = 0.5. A more important observation in the case of the high-

aspect ratio nozzles of Figure 22 is that the magnitude of the nacelle drag
penalties at all 1ift levels is significantly higher than for the circular or
37
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"D-duct" designs. As will be discussed, this drag increase with nozzle width

is associated with a much higher drag-due-to-1ift penalty.

Nacelle drag data representing swept-wing installations at a drag-rise
Mach number of 0.73 are provided in Figures 23 and 24. The nacelle size is
half that of the straight wing designs (02/AN = U8 as opposed to 02/AN = 24)
but similarly, range in exit aspectt ratio from circular (N11) to aspect ratio
6 (N13). While, in general, the drag trends with CT resemble those noted for
straight wing installations, drag excursions for a specified nozzle and lift
coefficient are smaller. The latter effect is principally due to the much
reduced 1level of thrust produced by the small nozzles when operating at
pressure ratios between 1.4 and 3.0. It is also noted that, relative to the
medium-sized, straight wing nozzles, the magnitude of the drag increments with
the swept wing installations are not reduced in proportion to the nozzle size.
This, in part, is due to the sensitivity of the swept wing design at the
higher Mach number. Additionally, difficulties in providing swept
wing/nacelle fillets of "equivalent effectiveness" to those of the straight

wing installations could be involved in this comparison.

o Effect of Thrust (Hj/gg on Total Lift - Typical levels of cruise total
measured lift developed at various nozzle pressure ratios and angles-of-attack
are shown in Figure 25. The installation represented is a medium-sized (02/AN
= 24) "D-duct" configuration (N3E); clean wing 1lift values are also shown for
comparison. In contrast with the integrated pressure results, (Section
4.1.3.1), which considered only the 1ift generated within the jet-scrub area,
these data show that the clean wing lift is essentially recovered at the flow-
through pressure ratio (Hj/gnfz 1.4) rather than at I-IJ./pOO ~ 2.2 (Figure 18).
This difference supports the view that substantial 1ift is promoted on the
wing sections adjacent to the jet via flow entrainment and highly 1localized
trailing-edge jet angles such as illustrated in Figure 12. Figures 26 through
28 show similar 1lift data for straight wing installations spanning the nozzle
aspect ratio range from circular to AR = 6.0. As would be expected, incre-
ments of lift-due-to-blowing with the circular nozzle are small due to reduced
Jet vectoring angles and the limited spanwise influence of the jet.
Correspondingly, lift-due-to-blowing improves rapidly as the width or aspect

ratio of the nozzle increases (Figure 27 and 28). The lift increments due to
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blowing are seen to be reasonably constant with angle-of-attack as the latter
is increased. In general, however, a slightly higher 1lift increment is
obtained in the upper «-range as the blowing tends to counteract increased

viscous losses (or uncambering effects) on the unblown wing.

Lift performance of several swept wing nozzle installations are shown
in Figures 29 through 32. The trends in 1lift with pressure ratio are similar
but somewhat reduced in 1level from +those of the straight wing. This
difference reflects the relative sizes of the nozzles with the small (02/AN =
48) nacelles on the swept wing producing only half of the thrust, for a given

pressure ratio, as for the straight wing installations.

o Effect of Thrust (Hj/gn) on Pitching Moment - Pitching moments about
the wing quarter chord are shown in Figures 33 through 35 for several
representative nozzles as a function of angle-of-attack and pressure ratio.
With the thrust vector above the wing, pitching-moment becomes increasingly
negative as the pressure ratio, or thrust, 1is increased. Relative to the
clean wing moments, also shown on the figure, local interference with the
basic wing flow-field plus the drag of the nacelle installation itself creates
a positive increment initially; this is recovered at maximum blowing. or
interest also, is the trend in moment with pressure ratio for the wide, AR = 6
nozzle (Figure 35). At the higher blowing rate, the direction of the slope
change of the data supports the view that the Jjet tends to separate from the

aft-wing surface under supercritical blowing conditions.

o Effect of Mach number on Nacelle Drag - The effect of Mach number on
the nacelle drag increments are portrayed in Figure 36 through 38 for
representative straight wing installations and in Figures 39 and 40 for swept
wing configurations. These data are provided at constant levels of thrust
coefficient and for a typical cruise 1lift coefficient of C; = 0.4. For the

most part, the straight wing nacelle drag increments show substantial

increases in 1level between Mo = .60 and the selected drag-rise condition of
0.68. This 1is particularly characteristic of the circular or very wide
nozzles (AR = U4 or 6), whereas the "D-duct" configurations (Figure 37) show

gennerally smaller Mach-related changes. These differences could well reflect

the effectiveness achieved by adapting a given fillet design to a wide variety
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of nozzle planform shapes. The circular, boattailed nozzles and the wider,
flaring nozzle shapes were not as amenable to this filleting process as were

the more straight-sided "D-duct" designs.

The effect of Mach number on the swept wing nacelle drag coefficients
(Figures 39 and 40), where more extensive filleting was employed, show mod-
erate drag creep up to the critical Mach number of 0.73. An exception to this
is the data from the circular nozzle (N11) for which M = 0.73 is well beyond
the effective drag-rise Mach number of the wing-nacelle combination. As noted
in the configuration matrix off Figure 3, swept-wing nozzles varied chordwise
exit position simultaneously with nozzle aspect ratio. The exit position of
the circular nozzle (N11) is at x/c¢ = 0.10, as noted on Figure 39, and rep-
resents the most forward position tested. A study of surface pressures showed
that, under supercritical flow conditions, combined nozzle and jet displace-
ment effects positioned a shock just ahead of the nozzle exit; in effect, the
shock is "locked" in this forward region. With the subject nozzle (N11), the
shock remains essentially at the wing leading—-edge and grows in strength with
angle-of-attack and pressure ratio. Increased shock losses and the resulting
adverse effects on local boundary-layer and leading-edge suction produces the
exceptionally high drag noted for this configuration. These effects tend to
highlight the difficulty of appropriately filleting the symmetrical nacelles

with exits positioned well-forward on the wing.

o Effect of Mach number on Lift and Moment Due-to-Blowing - The
variation of 1lift-due-to-blowing with Mach number and thrust coefficient is
shown in Figures 41 through 47 for selected straight wing nacelles. Since the
1ift increments varied little with angle of attack, the data are provided for
o= 3° only. In some instances, the moment-due-to-blowing is also included as
typical of the complete range of configurations tested. Lift and moment incre-

ments portrayed have been derived from the expressions:

A = -
CLy (CLMJH. [CLM]H_ (5a)
=L =L = FLO-THRU
M Hi "Hi FLo-THRU (5b)
R, Po
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In general, these data show the effect of Mach number on lift- and moment-due-
to-blowing is relatively small and that the largest 1ift increments usually
occur at the higher Mach numbers. Additionally, trends of these increments
with CT change little with Mach number with the more three-dimensional shapes,
in particular, leveling off in the higher blowing range. As noted in Section
4,1.1, some of the nozzle designs incorporated a straight-section at the
nozzle exit to minimize the impingement angle between jet and wing. It was
expected that this featﬁre would influence jet impingement more with the wide,
thin jets than with the circular or "D-duct" nozzles. Within the subject
figures, nozzles denoted with the "E" subscript do not contain the straight
section having been designed with boattail angles geometrically increasing
with the nozzle aspect ratio; nozzles without the subscript employed the short
straight section. A comparison of the data between Figures 43 (N3B) and 44
(N3E). for example, indicate that the straight-section designs do generally
show a lower lift-due-to-blowing than the more conventionally designed counter-
parts. This would imply that jet impingement and thereby, jet-spreading and

jet-attachment were suppressed by this design change.

o Build-Up of Cruise Drag Components - In an effort to identify the
sources of the nacelle drag components accruing to the total measured penalty,
a build-up procedure was undertaken. For this procedure, it was assumed that
most of the total nacelle drag increment 1is composed of at least four major

components. These are:

o nacelle skin friction drag
o Jjet-scrubbing drag
o drag-due-to-lift

o Jjet-induced pressure drag

There are obvious additional losses which would be incurred at some points in
the test matrix; flow separation on nacelles with extremely high boattail
angles would be an example., Additionally, adverse shock-boundary-layer
interactions and other Mach-related penalties would be expected from the test
conditions. It was anticipated, however, that where unidentified drag
penalties or favorable flow interactions are large, this fact would be high-

lighted by the disparity between built-up drag increments and those obtained
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from the tests. Results from supporting tests (i.e. pressure, rake surveys,
flow~-visualization) could also be employed to further identify or isolate such
effects. The assumptions made in quantifying the above four components are

discussed in the following paragraphs.

o Nacelle Skin Friction Drag - The skin friction drag of each nacelle
was estimated using conventional prediction techniques. These increments were
appropriately corrected for the drag of the mating surfaces between nacelle
and wing. A tabulation of the corrected drag increments for each of the
tested nacelle configurations is provided in Figure 48, These increments
include the drag of the nacelle forebody, nozzle and air supply ducting where

appropriate.

o Jet-Scrubbing Drag - The assumption made in quantifying cruise
scrubbing losses was that the statically-derived thrust losses due to nacelle
installation on the wing remained invariant in the wind-on condition. The
static thrust losses were obtained by a comparison of a vectorial summation of
balance-measured forces on the wing-nacelle combination to the thrust produced

by the isolated nacelle. This process defines the thrust efficiency ratio or:

- Installed Thrust . Hj
T = Tsolated Nacelle Thrust (for a specified Blo (6)

oo

The static, jet-deflection angle (SjS) is also obtained in this process. A
tabulation of both M and (Bj)s is given in Figure 49 for each of the tested
nacelles. Under the foregoing assumption, the cruise drag penalty due to jet

scrubbing would then be:

Ap = 87 (1 -nyg) (Ta)

where
Acp = (cp) . - (cy)
T T Hj T Hj
P

=] ©

= FLOW THROUGH (Tb)
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It is noted in the tabulated data that the jet scrubbing losses vary in value
from 0 to U4 percent of the thrust with the wider nacelles showing the higher
losses as expected. Except for the very high boattail angle configuration
(NuE, B = 360) the static, Jjet-deflection angles are all well below the
trailing-edge angle of the wing upper-surface (=~ 160); the circular nozzles
(N2, N, ), in particular, show essentially no jet-deflection at static

conditions with correspondinglnT—values approaching 1.0.

o Drag-Due-to-Lift - The terminology "drag-due-to-1lift" is used herein
in lieu of "induced-drag" inasmuch as this component combines any «- (or CL-)
dependent drag term with the potential flow induced drag. Thus, viscous
effects, changes in shock position or strength along with gssociated boundary-
layer interactions which vary with « are included in the drag-due-to-lift

component. To quantify this term, plots of 02 vs. CD were constructed
Lror Pror

for each nacelle at fixed pressure ratio and Mach number. The slopes of these

polars defined an equivalent wing efficiency factor, "e", which could be

compared directly to that of the basic, clean wing. Typical resuits obtained

from this analysis are provided in Figures 50 through 54 for both straight and

swept wing nacelle installations. The ordinate in these plots, Ae/ew, is

derived from:

(e)H__]
é§.=.__.l22_ -1 (8)
ew ew

The effective, clean wing efficiency factors, e are given in Figure 55 for
the two clean wing/body combinations. Drag-due-to-1lift at a specified 1lift

and pressure ratio would then be:

2
Aem. = Clyor 1
Dj ﬂ(AR)w zE)Hj ew (9)

P
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As noted in Figures 50 through 54, and as typical of all force-measurements
made, the effective nacelle-installed efficiency factors are less than those
of the wing/body alone. The largest losses in equivalent "e" occur generally
in the lower CT—range, such as the flow-through condition, where a mutual
interference between the symmetrical nacelle and wing-flow-fields would be
expected. As nozzle blowing increases, local boundary-layer control via jet-
scrubbing and entrainment provides a 1limited clean-up of 1local flow
disturbances such that Ae/ew tends toward the clean-wing valge (Ae/eH = 0);
this effect is most pronounced for the wide, high aspect ratio nozzles which
influence a greater span of the wing (Figure 52). 1In no instance, however,
was full recovery to the clean wing level in evidence for the models employed
in the test program. The generally unfavorable trend of Ae/ew as indicated
with Mach number would be anticipated due to the increased sensitivity of the

combined wing/nacelle flow-fields to lift-related compressibility effects.

o Jet-Induced Pressure Drag -~ Analysis of the surface-pressure test
results indicated that the deflection of the jet over the aft-wing surface
could give rise to a pressure drag component which acts, at least, over the
jet-scrubbed area. . Additionally, the analysis showed that this component

could be approximated by the momentum expression

ACDj =nACT [1 - cos (a-+6j)] (10)

if the trailing-edge injection, or jet-angle, Sj, is known. In an earlier
discussion of the measured nacelle drag increments (Figures 20 through 24), it
was further postulated that the almost cyeclic trend of ACD vs. CT was a
consequence of variations in the jet-angle with nozzle pressure-ratio. Under
this rationale, the parameter Sj could then be a constantly-changing variable.
In an effort to prediect such variations, use was made of the correlations
between the foregoing momentum expression and the dragwise integrations of
scrubbed area pressures at wind-on conditions. This roughly defined a range
of jet—angles as characterizing a given nozzle exit shape for various pressure-
ratios and Mach numbers. The upper limit of these angles was the 16° trailing-

edge angle of the wing upper-surface. Use of these nominal angles, along with
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appropriate values ofti and ACT, provided a first-order quantification of the

jet-induced pressure drag.ACD .
J

o Summation of Drag Components - The four major drag components,
calculated by the foregoing methods, were summed for comparison to the
measured nacelle drag increments. Figures 56 through 63 show the individual,
calculated components, along with the total, for fixed cruise conditions of
-CL = 0.4 and drag-rise Mach number (M, = 0,68 and 0.73). Also shown on these
figures are the nominal values of 8j used in the approximation of ACD__ The
"choke" pressure ratio of Hj/gn= 1.89 generally defined conditions where rapid
changes in Sj occur; the assumed Sj-values above and below "choke" onset are

shown.

For a majority of the configurations, the built-up drag increments
were in reasonable agreement in magnitude and trend with the wind-tunnel-
measured drag increments as indicated in Figures 56 through 63. Most of the
differences in drag (amounting to about ACDN + .0010-.0015) could readily be
accounted by assuming slightly different values of 8j in the build-up process.
The swept-wing nozzles generally did not provide as good a correlation as did
the straight-wing installations. All of the swept-wing nozzles (Figures 60
through 63) contained the short straight section just ahead of the nozzle exit
as mentioned in association with Figure 5. It is believed that this feature,
effective with the small, swept-wing jets, suppressed jet-attachment and thus

promoted excursions in effective jet angle.

Several cases are shown where significant differences between measured
and built-up drag components are in evidence. Figure 60, providing data for

the small, circular nozzle N shows an unindentified drag component of about

(ACp ) ~ 0.0010 across thlelowing range. This has been labeled as a mis-
cellaneous drag component and is believed to be Mach number-related interfer-
ence reflecting the need for a more refined wing/nacelle fillet; this need was
mentioned earlier in discussions of this configuration. Figure 64, portraying
data for a high-boattail angle "D-duct" installation (N3E,B ] 250). shows a
higher measured drag increment than could be accounted for in the build-up
process in the lower blowing range. Surface pressure data and flow-visualiza-

tion photographs suggested local flow separation along the nozzle boattail

80



USB CRUISE PROGRAM

O TEST c2/Ay = 24 STRAIGHT WING
160 —
120
8
8° 4——’—"’V
80 ,,,4/’//
ACDN x 10 4‘_:(?’ ACDJ
— S o
ACDi
4o
I, i N - 8oy
ACoye
0
0 .02 .04 .06 .08 .10
Cr
Figure 56, Incremental nacelle drag and component build-up,

noz Ngg, circular, M, = 0.68, CLy = 0.40.

18




Z8

160

120

80

ACpy x 10%

ko

USB CRUISE PROGRAM

STRAIGHT WING O  TEsT c2/AN = 24
J
150 Se——=10° -|13°
//):
A [ D,
— — = ACDi
- - - —""_""——'—:/ACDn
Aloyr
.02 .0l .06 .08 .10 12 Ak

Figure 57.

Cr

noz N3g, AR = 2.5, Mw=0.68, CLy = 0.4o0.

Incremental nacelle drag and component build-up,



€8

USB CRUISE PROGRAM

c2/Ay = 24 O TEST STRAIGHT WING
160
, ! | |
i i !
| | { ;
| o
| - 8j=1
120 ///////’
ACpy x 10% /O_\ L
/O//w/ o, |0 |
80 /////r’
O\ = //
e B e I ACp;
_——/_——"
40 —_
—_—T AC
ACpyp
0
.02 .04 .06 .08 .10 .12 b .16
Ct
Figure 58, Incremental nacelle drag and component build-up,

noz Ny, AR = 4, Mg = 0.68, CLy = 0.40.



¥8

USB CRUISE PROGRAM

STRAIGHT WING

160 ......T_..___.__-__- _..3..-_... ,,?.. Ce e e——

120

80

ACDN x 104

Lo |

Figure 59, Incremental nacelle drag and component build-up
noz N5, AR =6 , M,=0.68, CLy = 0.40




USB CRUISE PROGRAM

SWEPT WING @ TEST c2/hy
W0 === T T T T T T

120 ¢

. ACp,, x 10"

i A S N i ,
o e s e e | |
0 | ACpye f
| 0 01 02 .03 : .04 05 .06 .07
T
& Figure 60, Incremental nacelle drag and component build-up,

noz Njj, circular, Ms = 0.73, Cpy = 0.40.



98

USB CRUISE PROGRAM

SWEPT WING ® TEST

|
| . !

160

i

. '

! !
: i
i

f

!
|
o , ! !
120 _nﬁ__L—u__;_npm.m_,“"L“f_*_"m?__”“NM

QO 5 S U GO S

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

80 {—+——
ACpyx 104 Lo d cliin

40 |

Figure 61 Incremental nacelle drag and component build-up,
. 2z
noz Ng°, AR = 2.5, Mo = 0.73, CLy = 0.40.



USB CRUISE PROGRAM

®© TEST

SWEPT WING

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

oo .
IR st
|

160
120

.02

.01

0.40.

b, Mo = 0.73, Cpy

Incremental nacelle drag and component build-up,

noz Njs, AR

62.

Figure

87



88

USB CRUISE PROGRAM

O TEST c2/Ay = 48 SWEPT WING

160

120

ACp), x 10%
. 6-] = ]70

80 ———
| //—"O/ACDJ
o

O — -
ACDi
4o

——— /.—_— — [

I acp,

ACp

o . NF
0 .01 .02 .03 .04 .05 .06
Cr

Figure 63, Incremental nacelle drag and component build-up,
noz Ny3, AR = 6, My = 0.73, Cpy = 0.40.



USB CRUISE PROGRAM

c2/Ay = 24

TEST

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

1

PR ..‘T.._...._. -_....__.: .
| !

................ !
[, A .
m Lo :
JUSUS SN S S [SEN
= : _ u
S :
[N S SR i
= : : SIS B
s s : :
< et SR :
£ b : !
Bl - S
..... . _ M
o o o o
NS & o
= =
=
o
X
=
a
(3]
2

.08

.06

.04

.02

Incremental nacelle drag and component build-up

Figure 64,

0.68, Cpy=0.40.

=2.5, M

noz N3E’ AR

89



centerline just ahead of the exit. As the blowing increases, this separation
diminishes as the pumping action of the jet provides a suppression effect.
The effects of mofe extensive boattail flow separation is represented in
Figure 65 wherein data for an extreme boattail angle of B = 36° is shown
(nozzle Ny ). That drag component believed to reflect primarily boattail sep-
aration is denoted as ACD on this figure, While the effect of CT on the
separation is shown to be favorable, the blowing rate reaches CT ~ 0,12 (Hj/pw
~3.0) before effective suppression occurs. Figures 66 provides an oil-flow

photograph for this nozzle at a nozzle pressure-ratio of about 2.0.

0 Build-Up of Total Cruise Lift - The total cruise lift coefficient can
be componentized for source identtification as was the nacelle drag. The

total lift would be composed of:

o wing/body lift, CL
W/B

o Lift increment due to the nacelle installation at
flow-through pressure ratio, ACL
N

o power-incuded 1if‘t.ACL
T

The last increment AG_'L can be further sub-divided into a vectored-thrust 1lift

increment, ACI“V/T' and that due to increased circulation 1lift on the wing,

ACL' The total 1lift can therefore be represented by:
I

CLror = Cuyyg * 8CL + ACLy p + ac, (1)
Of the foregoing components, the direct thrust term,Ac-L_ ,» can be quantified
as V/T
= H . (12)
5Ly /7 nACy [sin (a + §5)1
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The identity of the other components requires experimental/analytical
correlation to establish appropriate configurational relationships. Typical
examples of magnitudes of these 1lift components can be seen in Figure 67 for a
representative cruise condition. The wing/body 1ift, at the specified cruise-
a, is shown on the left of the figure. Also shown is the 1lift change due to
the installed nacelle at flow-through (Hj/gn ~ 1.4) pressure ratio; these were
normally small negative values for most of the tested nozzle installations.
Also shown on the plots are the calculated direct-thrust 1lift increments,
ACL_ » Where Sj has been assumed as 15 degrees. The remainder of thi&éift-due—
to-thrust has been assigned to the circulation 1lift increment, LF' As
would be expected, ACLr increases rapidly with the width of the nozzle and for

the circular nozzle, represents a very small component of the total lift.

method, discussed more fully in Section 4.2.3, has been evaluated for USB
application. This method, based on limited span jet-flap theory, provides
reliable predictions of lift-due-to-thrust, the major 1lift component of
interest. In such calculations, the jet-angles required for reasonable
correlation are found to be within several degrees of the wing trailing-edge
angle or approximate the 8j ~ 15 degrees used in Figure 67. As a predictive
technique, the part-span jet-flap analogy would be recommended as a simple but

effective approach for USB synthesis.

4,1.3.3 Geometric "Effects": A primary objective of the USB Data Base
Program has been the study of wing/nacelle geometric variables as related to
cruise aerodynamics. The extensive experimental hardware matrix along with
the foregoing attempt to identify "effected" aerodynamic quantities represent
the means toward fulfilling this objective. In the paragraphs which follow,
the major effects of various nacelle-wing geometric design variables are

summarized.
o Effects of Nozzle Aspect Ratio - Because of the importance of nozzle

exit aspect ratio as a meaningful variable for both high- and low-speed

design, the aerodynamic affects of aspect ratio are presented in some detail.

23



STRAIGHT WING

USB CRUISE PROGRAM

CLEAN
WING

i . L
T IS B e TR I X I B 3 (R BN RN
S o ;...\l_:.T_. AN mAr R Hi T ! H.?. THE JiEsnEaes
DG x o s E S TR TR LT B T
¥ R & n I — P : a —X ]
g [l (o] | : kb - 131077
T T i Fo PRI Syl e i —~ ARERL T
s P, ol y o ud\B e . b o S I T
B -~ ~ 3 S RS nes il NN DININ iy P el
- = > mﬂﬁ = OV HUER e 3 o o
B3 4 = = Tt ~~—TIF T © - nToy .
- : Fl= o o I=G ok v inds bl | e =i b N s ™
- - — M P ~ 5] 5 i I 1 .Jllljr o H = .= aa
rC -k s i ﬁl. = a © Relimngs o SEal |gmwny pun JE e ot
C S ITT t T~ 1 -4 4 ~ f 2 .Lu.. fis 10 w i-
E S I o ' EREENaRal & e T =< ~1
AURAN I .
= O BN SRcy HEeeadpeRee fenes Een tapimadiasnuEbacl o Er Sowag gnmisbanuy
N = mi H - o R ] e T
W = i B ] il H=5- i BEml 7 il ' LM_IJL.UTAj%
N = = H=F ] 1 = EBREEREED N i 1 e R ke mlo
Frli=se gnne iR =i =i
H —1" - X by [ g
== : ] s fn —— i - ] T o
: ] S i = N7 TNl W] 1T = Z i TIT
ﬁ E = 1= G qEmEE I B i
H mi 4 Ll
;| - i N T * Tt T T i
mmmn o o mp_ — ! AmpmEES B + manak
1 el ] 1Z ~1 N ; :,Li_ A1 i
T - T N T iy
T T T N 1 b 4 1
i : aSeaaseiteaien HE Beateaast
R i R T S ot
| i : " 11 i !
SR e =t i fasisEs e |
1“ 1 T () 1 e ; 191 A I \C_ 17 ~
T R e SERa" aat P35t B A
(T ] i 4
: B npd el Eman . =i hwnea ] iy SN
} 1 ARR e ] TR -+ el Sy i
T T T ] [
: 1T o s .| g T ’
I T 1T KBRS i ,uJufn.mrT
3 Norka wabpe N -
_ BiEaaraszies e (e e e et
: ! — e e ; i
jam R s b mrnn) RS ol Bume |Bul ts DEBEE SR s FE S AR ]
e T e e s g
I T f : T RN VRN TN ]
Al 4 1T LTI .JJ,I:»I
i U e B R e
: ; rpscyl b
SESESS OJ EmssEREeARSE R e <
\ b | AURE | CEEn Ra b ak ks nrah —
et b T ] T | o B ]
o ; ! mual . ; BB RN
Ramnid T T T ARER
T i4 T s [ : i 1]
R i = —\ _
T R : Dy : NEERERRN
1 1T IR T
\ i I | t mi
1 ] ! ; I
L] T L} :
1 T !
- =
: i NSNS T e
T T g¥ﬁ\» H L\ -
t T ot : i -
f o1 T I
+ 1T " 1“
N o MR 1 f
aeaias 1 kS 1 mREE! ! Ty
1L 3 =+ + -1
TTT°™ ) T mp=EEPN ERRE § T
A | I " 1 17 -
- Z| ! s R ird iy unhanid § 1
H - o i i ] jeasd & g
o Emas - HHo 4 111 :
< Hulﬁ [ 53] T N7 <] TI0TT .w ] g o
aees pRsyEne RIS 5 B ERSESEE .
B0 g A g m. ENMSRRRRME MR eENEE R IRIEAREEEEEERR _..LuL RE PR —
o o o
_.J [ = A [T — lu” | R ml
o
o = © o o W o o o et o
| _ -
) o

o
Components of total lift coefficient, M = 0.68, a = 3

Figure 67,

94



— Total Drag — Figure 68 shows the effect of nozzle aspect ratio on
the total nacelle drag increment over a range of thrust coefficients. The
drag is given in ratio form normalized to the drag of the circular nozzle.
While the general trend of drag increment is an increase with nozzle width,
the design gross thrust would also be a consideration in selecting a candidate
nacelle shape in the lower aspect ratio range. For the purposes of meeting
Task III ojectives in the Data Base Program, the "D-duct" (AR = 2.53)
configuration was chosen for further study although, from cruise
considerations, the circular nacelle shows a slightly lower drag. In making
this selection, the need for providing a variable nozzle geometry in the low-
speed, high-1lift regime, as well as the potential for additional cruise
refinements, were basic considerations in the nacelle selection.

- Drag-Due-to-Lift - A primary reason for the lower aspect ratio
nozzles showing better cruise performance than the high aspect ratio
installations is demonstrated in Figure 69. Drag-due-to-1lift, for CLTOT =
0.4, is plotted as a function of nozzle exit aspect ratio for the two boattail
angle series of medium-sized nozzles. For the short, high boattail-angle
configurations, there is a definite "bucket" in the lift-dependent drag at an
aspect ratio approaching that of the "D-duct"™ installation at all blowing
rates. The aspect ratio 4 nozzle (N, ), with an unrealistically high boattail
angle of 360, is penalized heavily b% lift-dependent drag. A similar trend,
but without a pronounced drag minimum, is shown for the low-boattail-angle
nozzle series. As noted previously, the effectiveness of short, straight
section ahead of the nozzle exit in reducing the jet impingement of the wide

(AR = 6) nozzle probably accounts for the trend noted with pressure-ratio.

Similar lift-dependent drag data are shown in Figure 70 for the
swept wing nozzles. It 1is noted that drag excursions, as influenced by both
pressure ratio or nozzle aspect ratio, are comparatively small (i.e. relative
to the straight wing data). The greatest difference is apparent in the high
aspect ratio range where lift-dependent drag does not increase as rapidly as
that shown for the straight wing cases. The major reason for this difference
is that the swept-wing nacelles were designed with varying chordwise positions
of the nozzle exit; this design change can influence jet-attachment. The

circular nozzle (AR = 1.25) has an exit position at x/¢ = 0.10, as noted on
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the figure. This is well ahead of the airfoil crest at x/c¢ >~ 0.40. Thus, an
effective closure, or impingement angle between jet and airfoil crest results;
this would generally promote jet-attachment and jet-spreading. At the upper
end of the a;pect ratio spectrum,jet-attachment is suppressed, due to
placement of the nozzle exit aft of the airfoil crest. Therefore, it is
believed that the trends shown in Figure 70 is the result of several
counteracting effects. Jet-attachment is inhibited by the thick circular jet
on the one hand, and is promoted by the airfoil exit position on the other.
Under this rationale, it would be expected that both scrubbing drag and jet-
deflection angles would show corresponding trends with a nozzle aspect ratio.

Such agreement is demonstrated in the paragraphs which follow.

~ Scrubbing Drag - Under the assumption that the statically-derived
thrust efficiency ratio, 7.,is maintained at wind-on conditions, the variation
of the scrubbing drag penalty due to nozzle aspect ratio would be as shown in
Figures 71 and 72. Figure 71 prepared for the several straight wing series of
nozzles, shows a constantly increasing drag penalty with nozzle aspect ratio
for all nozzle pressure ratios. Comparing the two graphs at AR = 2.5 ("D-duct"
design), the high-boattail angle series of nozzles show a substantially higher
scrubbing drag penalty than do the low-f series, These trends would be ex-
pected, and have been demonstrated in low-speed, high-lift applications of the
USB concept. Secrubbing drag penalties for the small, swept-wing nozzles are
shown in Figure 72. Trends very similar to those noted for the straight-wing
nozzles are evident although the nozzle exit position was varied simultaneous-
ly with nozzle aspect ratio for the swept-wing installations; exit positions

are shown on the figure.

- Trailing-Edge Jet-Angle - As a measure of the jet-induced pressure
drag penalties as affected by nozzle aspect ratio, the foregoing drag build-up
results have been utilized. Under the assumption that the major difference
between the built-up drag increments and those measured primarily reflect
inaccuracies in the assumed Sj—values, such differences can be used to
recalculate Sj. Typical results for straight wing nozzles are shown in Figure
73. As noted for all pressure ratios excgpt HJ/QD = 3.0, a consistent trend
is developed as nozle aspect ratio is increased. The wing upper-surface,

trailing-edge angle of 16 degrees is rapidly approached by aspect ratio U4, and
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higher, nozzle shapes. At the highest nozzle pressure ratio of HJ./poo = 3.0,
the jet-angle does not appear to be a strong function of nozzle aspect ratio.
A similar set of data, constructed for the swept-wing nozzles, is shown in
Figure TU4. The obvious difference in trends with those of the straight wing
are believed to stem from the aforementioned variation in nozzle exit position
employed with the swept-wing installations. The trade-off between jet-
thickness and exit chordwise position is such as to produce smaller variations

in effective jet angle across the nozzle aspect ratio range.

- Lift - The effects of nozzle aspect ratio on lift-due-to-blowing
are shown in the top-half of Figure 75. Two sets of data, representing
"short" and "long" nacelle forebodies on medium-sized, straight wing nozzles,
are plotted at cruise-a and the two extremes of nozzle pressure ratio (Hj/gnz
1.4 and 3.0). The

lift increments are derived from:

AC| = (CL ] - [CL] 1
L TOT Hj/pw W/B ( 3)

The trends in 1lift increment with nozzle aspect ratio reflect the anticipated
increase in 1lift as the nozzle becomes more two-dimensional, and influences a
greater span of wing. The short forebody configurations, designed with
comparatively high boattail angles, provide a higher 1lift due to impingement
induced spreading and jet-atttachment. It is also of interest to note that at
the flow-through pressure ratio (Hj/p(>° ~ 1.4) the shape of the nozzle has
little influence on the 1lift increment (or decrement) due to nacelle

installation.

o Effect of Nacelle Forebody Length - As implied by the data of Figure
75, the length of the faired-over forebody appears to have had some effect on
the 1lift performance of the tested configurations. Forebody length was varied
in the test program primarily in the interest of maintaining low nozzle boat-
tail angles. Lift increments associated with both ™"long" and "short" faired
forebody installations are compared in the previously presented Figure 75.
The low-boattail-angle configurations (i.e. "long" forebody) show a consistent

loss in 1ift when compared to the "short" forebody configurations in this
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figure; this effect is apparent at both the flow-through as well as the
maximum nozzle pressure ratio. Only minor differences are noted in the 1lift
increment generated by blowing. This difference in 1lift performance
apparently stems from a greater uncambering effect produced by installation of
the "long" forebody on the top-surface of the wing leading-edge. As noted in
the bottom plot of Figure 75, the shift in the angle-of-zero-lift due to long
forebody installation is consistently more positive than that associated with
the "short" forebody designs. In correspondence with the aforementioned lift
increments, this difference in ap, is maintained even at the high blowing
rate. It would appear, therefore, that while the differences in 1lift per-
formance is relatively small, the manner in which blowing air is supplied to
the nozzle (i.e. fan simulators vs faired forebody) can have some impact on

overall performance.

o Effect of Nacelle Streamlining - A small "D-duct" nozzle configuration
(N6) was analytically designed and tested on the straight wing in an attempt
to quantify the merits of streamlining. The major difference between the
streamline and symmetrical nacelles was a lowWering and shaping of the forebody
for alignment with the incoming streamlines. While streamlining the plan-view
was also performed, the geometric differences from that of the symmetrical
nacelles was very slight due to the unswept (straight) wing planform. A
direct drag comparison of the streamlined nacelle versus the symmetrical
nacelle is not available in the ¢test data inasmuch as the straight wing
nozzles were generally a larger size (C2/AN = 24 vs. C2/AN = U8 (N6)); the
smaller nacelle sizes were normally tested on the swept-wing configuration.
However, in an attempt to provide such a comparison, Figure 76 shows the drag
of the streamlined configuration compared to that of a symmetrical nacelle of
the same size, but with the latter tested on the swept-wing. On this basis,
the effects of sweep or relative adequacy of the wing-nacelle fillets may play
a role in the comparison. As indicated in the figure, beneficial drag effects
of streamlining are noted in the lower Mach-range and at the flow-through
pressure ratio of Hj/pw = 1.4, This difference is due primarily to the lower
drag-due-to-1ift penalty of the streamlined configuration which, of course,
was a major design objective. At the higher pressure ratio and at cruise Mach
numbers, the streamlined nacelle, which was designed with an almost non-

existent boattail angle, shows only small drag benefits due generally to a
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slightly lower pressure drag increment. The 1lift increment due to the stream-
lined nacelle inStallation on the straight wing is included in the data of
Figure 75. Since the streamlined nacelle is specifically designed to carry
very little forebody loading, the 1lift penalty upon installation on the basic
wing is the highest for any of the nacelles tested. The fact that this 1lift
difference is due to a local uncambering effect on the wing is illustrated in
the lower half of Figure 75. In this plot, the streamlined (N6) nacelle data
points show the largest positive change in angle-for-zero-lift of all nozzles
tested. Since it is believed that the benefits of nacelle streamlining would
become more pronounced as wing sweep increases, the present comparisons, based
on straight wing results, should not be generalized. However, considering the
present results for a single configuration, the rationale utilized for design

of an effective streamlined nacelle merits some re-examination.

o Effect of Nacelle Boattail Angle - The angle between the nacelle upper-
surface centerline at the exit and the wing chord plane, as used herein, is
the boattail angle, g. Across the range of exit shapes tested, this angle
varied from about 6° to a maximum of about 360. In general, the lower angles
represented circular nozzle designs with the higher angles required by the
wider, high aspect ratio nacelles. For a given nozzle aspect ratio, this
angle was also varied by changing the nacelle forebody length. In an attempt
to define a limiting angle from a cruise standpoint, the data of Figure 77 has
been prepared. Test results are shown in a drag ratio-form with the denomin-
ator representing a circular nozzle with 8 = 6°. Below g = 25° the trends are
not completely uniform due, it is believed, to variations in the effectiveness

of the wing/nacelle filleting provided. Above 250. however, the sharp in-

o
crease in drag suggests that about 25 represents a maximum design value off

if severe boattail separation effects are to be avoided. It is also noted
that as CT increases, the drag ratio diminishes in value as the jet tends to
suppress some of the boattail separation through a pumping effect.

o Effects of Forebody Fairing - The drag increment associated with an
open or flow-through, type of forebody is compared in Figure 78 to that
associated with a faired-over forebody with the latter operating at a flow-
through nozzle pressure ratio. The nozzle in both cases is a circular con-

figuration of intermediate size (C2/AN = 24). This study was made to de-
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termine if any significant drag differences were incurred when utilizing the
two types of testing methods. Note also that in this éomparison, the internal
friction drag of the flow-through nacelle has been subtracted out. The drag
difference noted in Figure 78 is only minor at speeds in the suberitical Mach
range. Beyond the drag-rise of the straight-wing/nacelle combination (M
0.68), the faired-forebody yields a substantially higher drag penalty possibly
as a result of a difference in area-ruling effect on the wing-body combina-
tion. It is concluded from this portion of the study that, at least for the
lower nozzle pressure ratios and at speeds up to the drag-rise Mach number, no
ma jor drag difference results when using the faired-forebody as a simple means

of synthesizing powered nacelles,

o Effect of Multiple Nacelles - Figure 79 compares the nacelle drag in-
crement of a U4-engine swept-wing configuration to that of a 2-engine design,
both with small "D-duct" nozzles (NB) at several nozzle pressure ratios. As
presented, the friction drag (ACD ) of the nacelles has been removed from the
drag increment. Also shown is a drag level derived by taking one-half of the
Y.engine increment for comparison to the 2-engine version. At both of the
representative pressure ratios, the data show that the drag does not scale pro-
portionally with the number of engines with the 2-engine configuration showing
a higher relative interference drag than does the 4d-engine case. In the drag-
due-to-1ift analysis it was found that, while this penalty is larger for the i-
engine version, it is not doubly so. Additionally, the drag build-up showed
that, in general, the U-engine configuration reflects slightly lower turning
angles than the 2-engine counterpart thus producing slightly 1less pressure
drag. Further evidence of this difference is shown in Figure 80 where the
lift-due-to-blowing is presented for the two cases at M°° = 0.73. Except at
the highest pressure ratio, the total 1lift of the ld-engine configuration is
less than that of the 2-engine with the lift trend of the former showing inter-
mittent attachment of the jet in the lower blowing range. Note also in these
data, that the d-engine case is producing twice as much thrust as its 2-engine
counterpart. Although the jets are widely spaced, it is believed that the two
Jjets, operating in proximity to each other with both exits at a constant x/c =
0.20, produce a mutual interference which tends to suppress jet attachment.
0il flow photographs are not conclusive in this regard, although they general-

ly show a slightly larger scrubbing footprint behind the single nacelle then
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do the photographs of the twin-nacelle configuration. A conclusion basic to
this study is that the interference drag does not necessarily scale in propor-
tion to the number of USB-type engines and that any effective means of sup-
pressing Jjet attachment will generally be beneficial to cruise performance

drag.

o Effect of Nozzle Installation Height - In an effort to quantify drag
trends as the nacelle is moved vertically from the wing surface, the circular
nacelle was tested as both an integrated (USB) type model and a pylon-mounted
(OTW) configuration. Results are shown in Figure 81 across the test speed
range; both pylon and nacelle drags are represented in the data. The short-
pylon configuration shows a lower drag coefficient than either the integrated
(USB) or the long-pylon OTW configuration although the drag difference, in any
case, is not large. Since these tests were conducted on the straight wing,
camber variations designed into the pylons for minimum load, were slight. 0il-
flow studies of the OTW designs indicated that the pylon intersection near the
wing inboard leading-edge generated a vortex-type of flow which would obvious-
ly be detrimental to the drag of these configurations. While attempts to mod-
ify this flow pattern were made through the use of wax fairings it appeared
that re-design of the pylon in both camber and, particularly, chordwise
length, would be required to affect a major improvement in the flow. At the
supercritical Mach number of 0.72, both pylon configurations show a favorable
trend in drag reflecting a more moderate drag-rise for the nacelle-on case
than for the basic wing-body. The drag differences shown at the lower speeds
are due primarily to differences in drag-due-to-1lift since scrubbing or jet
pressure drag are essentially zero at the flow-through pressure ratio. At
more realistic nozzle pressure ratios, these two drag components would need to
be offset by a jet-induced improvement to the drag-due-to-lift component if
the integrated nacelle is to remain the drag-equivalent of the OTW-design.
These factors, together with the analytical and experimental results of
References 3 and 4 indicate some merit in additional studies for optimizing

the OTW design as a possible cruise configuration of interest.

4,2 Math Model Development

4.2.1 Representation of wing, nacelle and power unit. - The USB

wing/nacelle/propulsive interactions are complex not only in their viscous
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aspects, but also regarding the potential flows involved. Theoretical studies
have, therefore, been aimed at improving and understanding of the potential
flows with minimal explicit representation -of viscous effects. The 1latter
thus appear as residual differences between the computed and experimental

results.

The theoretical model employs vortex lattice techniques. The eventual
panel 1layout used, typified by figure 82, represents the culmination of a
series of method studies including sectional and finite-wing correlations, and

several stages of nacelle paneling development.

In setting up the power-effects model, several established techniques had
to be rejected. The 'hard-surface jet' approach is frequently used both ex-
perimentally and theoretically, but it is clearly inappropriate here because
it fails to represent the jet properly in the scrubbed region aft of the
nacelle exit. Discrete vortex rings centered on the jet axis have been used
for Externally-Blown Systems (EBF) and other studies. Though these can repre-
sent the flow quite well when the jet exhausts into a relatively free environ-
ment, the ring singularities are incompatible with the lattice system in the
present theoretical model. Accordingly, algorthims have been developed in
which these rings are replaced by equivalent ring-vorticity sheets. These are
wrapped around the jet axis in the form of an expanding tube and are graded in
strength so as to approximate free-air spreading and entrainment effects while
conserving axial momentum. Calculations for a quasi-axisymmetric model

produced the streamline patterns shown in Figure 83.

Since no attempt is made to solve the free-jet surface problem in the
present model, the choice of jet geometry is obviously very important. Early
in the program, critical decisions were made concerning jet centerline direc-
tion and impingement effects. The jet mean line was inclined downward at half
the boattail angle causing the Jjet tube to intersect the wing surface and ex-
pose it to jet supervelocities. The cross-sectional shape was flattened pro-
gressively towards the wing trailing edge (see Figure 84) in accordance with
flow visualization and other observations of the impingement and spreading

processes.
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4.2.2 Surface pressure., - Figure 85 shows the calculated pressure dis-

tribution on the wing and on the nacelle spine for several pressure ratios.
Pressures on the nacelle itself are relatively insensitive to nozzle pressure
ratio. After stagnating on the upper and lower 1lip centerlines, the flow
accelerates over the nacelle forebody towards the barrel section. Due to
angle-of-attack and wing-induced upwash, there is net 1lift in these regions.
On approaching the wing leading edge, the lower surface flow accelerates to
some degree, while the upper surface flow accelerates more rapidly over the

boattail, giving an exit Cp of approximately -0.8 at the crest of the nozzle.

Even under flow-through conditions (HJ./pco = 1.25), there is an upper sur-
face suction peak toward the wing trailing edge. This is a characteristic of
the wing section and may be attributed to aft camber. Figure 85 shows that
the subsequent addition of power amplifies this peak significantly. It will
be seen later that one consequence of this aft camber, in application to USB

configurations, is a substantial drag penalty due to jet turning.

Just aft of the nozzle exit the jet is directed towards the wing upper
surface and positive impingement pressures occur which increase with Hj/gw.
Though these pressures offset jet-turning 1lift effects substantially, the
corresponding thrust effect is small because the wing surface is nearly hori-

zontal in the impingement region.

At flow-through conditions, experience with wing-alone cases suggests
that the 1lower surface pressure predictions in Figure 85 are probably not
reasonable. Additionally, the variation with pressure ratio is believed to be

spurious. These are most probably coarse-lattice effects.

Figure 86 shows comparisons between the above predictions and pressures
measured on the wing surface aft of thevnacelle exit, expressed as increments
above the clean-wing condition. There 1is generally good agreement between
predicted and measured results and the partial impingement and turning effects
are well reproduced by the theory, despite the fact that there is no theoreti-
cal counterpart to shock cell effects which are evident at the highest pres-

sure ratio.
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Other comparisons included chordwise rows on each side of the nacelle and
on the spine of the boattail., The former showed that the spreading angle of
the theoretical model was a bit too large. In order to correlate in the boat-
tail region, it was necessary to distinguish between internal and external
pressures. This was accomplished by calculating velocity, and thence
pressure, on the nacelle centerline and regarding this as a one-dimensional
internal pressure. Corrected in this way, predicted external pressures corre-

lated quite well with measurements.

4,2.3. Lift. - Lift increments arose as small differences between posi-

tive lift in the boattail and jet-turning regions, and download due to impinge-
ment just aft of the nacelle exit together with its lateral carry-over. Be-
cause the latter effect was over-predicted by the vortex lattice model, 1lift
increments failed to increase with power setting (Hj/gn) in the manner shown
by balance measurements. However, angle-of-attack effects were properly re-

produced by the vortex lattice theory.

Application of simplified jet flap theory (see CR-159136) reproduced the
effect of power on 1lift correctly, but the corresponding drag predictions were
largely unsuccessful., Figure 87 shows that total 1lift predictions, based upon
jet flap theory modified for finite-span and compressibility effects, agreed
quite well with measured 1lift even for conditions well beyond critical jet
pressure ratio. Equally good correlations were obtained for other nozzles

ranging from circular to aspect ratio six rectangular shapes.

4,2.4 Drag prediction methods. - In consonance with the experimental

program, drag estimation was emphasized strongly. As might be anticipated for
such a complex flow as the present one, some quite formidible difficulties had
to be overcome. Among these were (a) the correction from the true flow-
through nacelle theory to that of the experimental, closed-nose configuration,
(b) the fact that net drag invariably occurred as the difference between large
thrust and drag forces,and (c) the failure of conventional vortex 1lattice

methods to predict drag reliably in powered regions.

The initial approach to the closed-nose problem was to locate a source

just inside the intake so sized and positioned as to pass a closing stream
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surface tangentially through the first ring of collocation points. Forces on
this surface were obtained explicitly. Both this approach and a subsequent
momentum integration across the intake were unsuccessful. It was found that
these failures were caused by "leakage" out of the nacelle in the first two
bays. The final approach relied upon the fact that a long forebody - as
generated by an axial row of sources, for example - has zero pressure drag in
potential flow. Drag contributions forward of the barrel section were

therefore discarded.

Figures 88 and 89 illustrate the second problem: differences between
large numbers. With the nacelle at approximately zero 1lift, as shown by the
broken line, (Figure 88), the net drag on it was very small, However, it was
evident that this, almost-zero result occurred as the net of thrust and drag
forces in excess of a hundred counts, on Jjust the nacelle. Figure 89 shows a
similar situation concerning the spanwise distribution of drag. Trailing
vortices from the nacelle boattail produce downwash - and hence wing drag -
between them and upwash (and thrust) to each side. Again, the desired result
is the difference between large numbers. In flow-through cases, careful atten-
tion to detail in using standard vortex lattice procedures produced the de-
sired results. Powered cases proved more difficult and are discussed in the

following paragraph.

It was found that a straight forward extension of the previous, conven-
tional vortex lattice methods to drag prediction simply did not work in
powered cases. This was not unexpected, since it had already been determined
in pressure distribution studies that it was necessary to replace the standard
"oVIl'" approach by a "spread T'" method in order to produce acceptable results.
One reason for this was that the lattice surface aft of the nacelle exit was
fully immersed in the jet efflux and was therefore subjected to unrepresenta-
tive velocities over the bound vortices. Various approaches were tried using
surface velocities typical of the sheet edge, which corresponds to the real
flow condition, but without success. The previous "spread I'" Cp's were, there-
fore, used to determine power-dependent drag increments. Because of the numer-
ical problem mentined above, it was necessary to plot ACp due to power against

y/c¢ and integrate graphically, taking special care tc be consistent when draw-
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ing the curves. One advantage of this approach was that drag-producing

regions could be readily identified (see Figure 90).

4,2.,5 Drag correlation. - Figure 91, which is typical of drag correla-

tions across the entire range of test pressure ratios, shows that the antici-
pated residue between experimental drag increments (relative to clean wing)
and theoretical predictions was essentially independent of angle-of-attack.
However, Figure 92 shows that the residue has definite trends with pressure

ratio.

At approximately flow-through pressure ratio, the residual drag increment
lies close to independent estimates of nacelle skin friction, which were based
on change of wetted area. As pressure ratio increases towards sonic jet con-
ditions, the drag residue increases at a constant rate, which is consistent
with jet scrubbing skin friction estimates. Beyond the sonic point, the resid-
ual drag decreases. Inspection of the pressure plots shows reduced aft
suction at the higher pressure ratios when shocks in the jet reduce its

ability to turn.

The drag correlation, as exemplified by Figure 92, shows not only the
expected qualitative agreement, but also far better quantitative results than
might reasonably have been expected from the present theoretical model. It
seems that the essential features of the flow may have been captured despite

both the simplicity of the model and the coarseness of the paneling used.

5.0 COMPATIBILITY STUDIES - TASK III

To further investigate the compatibility of the USB concept with advanced
transport aircraft requirements, a detailed design feasibility study was per-
formed in concert with on-going acoustical investigations of USB installations
(Noise Characteristics of Upper Surface Blown Configurations, NAS1-13870).
This effort, under the present program, is denoted as Task III to the overall

data-base study. Basic objectives of the combined Task III study were:
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o Selection of a suitable mission and definition of a nominal baseline

configuration

o Evaluation of the effect of perturbations on the baseline aircraft for

final design refinements

o Perform design feasibility studies of characteristic systems and

subsystems on the final configuration

One additional requirement in the present program was an evaluation of the
final configuration high-lift system to demonstrate experimental compliance
with study-projected airport performance. Throughout the study, basic goals
of (1) cruise drag competitive with that of conventional configurations, (2)
satisfactory short-field characteristiecs, and (3) a 90 EPNdB noise footprint

area of 2.59 km2 (1 sq. mil) were considerations.

5.1 Design and Feasibility Studies

Based on earlier NASA short-haul studies, a basic mission around which a
candidate baseline could be formulated was selected. The performance

requirements were:

o 148 passengers
o stage lengths of 527 (500) and 2780 (1500) km {(n.m.)
o field lengths of 610 (2000) and 1219 (4000) m (ft.)

Candidate engines for this preliminary study phase were the Allison PD-287-11
(design fan pressure ratio = 1.35) and the General Electric CFM56 (design fan
pressure ratio = 1,47). The selected range of cruise Mach numbers of
interest varied from 0,70 - 0.75. From suitable combinations of fan pressure
and cruise Mach number, four candidate aircraft with varying cruise speeds
were identified for parametric sizing, costing and noise evaluations. Charac-
teristic data for these designs are provided in Figure 93. From these unre-
fined candidate designs, aircraft 4 (1.47 fan pressure ratio) was deleted be-
cause of the relatively high noise level (see Figure 94). The remaining three

candidate aircraft (aircraft 1-3, Figure 93), with fan pressure ratios of
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AIRCRAFT NO,

NO. OF PASSENGERS
STAGE LENGTH, KM (N.M.)
FIELD LENGTH. M (FT)
CRUJSE MACH NO.

CRUISE ALTITUDE, M (FT)

PROPULSION SYSTEM
NOZZLE SHAPE
NACELLE TYPE
NO. OF ENGINES
FAN PRESSURE RATIO
RATED THRUST. N (LB)
NACELLE DIAMETER, M {FT)
AIRCRAFT
RAMP WEIGHT. KG (LB)
WING AREA., MZ (FT2)

1 2 3 4
¥
148 —
£27 (500)
610 (2000)
0.70 0.75 0.80 0.75
9144 (30000}
D (SEMICIRCULAR)
BLENDED
4
1.35 1.47
79993 (17984) 8320C (18705) 90753 (204013) 101307 (2277.)
2.05 (6.72) 2.09 {6.85) 2.18 (7.15) 2.14 (7.02)

66266 (146116}
186.1 (20023)

66067 (145678)
169.8 (1828)

68765 (151626)
159.0 (1711)

72563 (160001}
199.9 (2152)

WING LOADING., KG/MZ (LB/FT2) 354 (72.5) 387 (79.2) 430 (88.0) 359 (73.6)
THRUSY-TO-WEIGHT RATIO 0.460 0.480 0.503 0.536
ASPECT RATIO 10.0
SWEEP ANGLE, 0.25¢, DEGREES 20
TAPER RATIO 0.3
THICKNESS RATIO, AVG. (R R e —— 0.123 0.141
CRUISE DATA
Fn/MAX CRUISE Fy 1.000 0.600
cL 0.325 0.310 0.304 0.291
Cp 0.0273 0.0256 0.0248 0.0204
Lp 11.9 1201 12.3 14.2
NACELLE Cp. TOTAL 0.0104 0.0096 0.0096 0.0050
N
TAKEOFF _AND LANDING DATA
CLIMBOUT ANGLE 1.2 4.8 15.5 18.3
CLIMBOUT SPEED. KM/HR (KT) 1B4.7 (99.6) 184.7 (99.6) 185.4 (100.0) 187.6 (101.2)
APPROACH ANGLE. DEGREES 5.9 5.9 5.9 6.1
APPROACH SPEED. KM/HR (KT) 160.7 (86.7) 160.2 (86.4) 159.4 (86.0) 153.9 {83.0)
RATE OF SINK. M/S (FT/MIN) 4.57 (900}
APPROACH Fy/TAKEOFF Fy 0.38 0.42 0.47 0.45
COSTS (1972 §)
ENGINES $3.59M $3.64M $3.75M $2.83M
COMPLETE AIRCRAFT $10.58M $10.82M $11.34M $10.36M
DOC. 2 x 1972 FUEL PRICE (23{/GAL). {/SEAT-S.M, 2.33 2.26 2.27 2.27
DOC, 4 % 1972 FUEL PRIiCE (46¢/GAL). ¢/SEAT-S.M. 2.94 2.36 2.89 2.99
NOISE
TAKEOFF FOOTPRINT. 90 EPNdB. KMZ (5.M.2) 2.83 (1.09) 3.03 (1.17) 3.47 (1.34) 9.90 (3.82)
TAKEOFF FLYOVER AT 6.49 KM (3.5 N.M). EPN4B 83.4 83.4 83.7 88.6
TAKEOFF. MAXIMUM AT 152.4 M (500 FT), SIDELINE, EPNdB 99.1 99.1 100.3 106.13
LANDING FOOTPRINT, 90 EPHAB, KM? (5.M.2) 0.11 {0.04) 0.18 (0.07) 0.36 (0.14) 1.14 (0.84)
LANDING FLYOVER AT 1.B6 KM (1 N,M,). EPNdB 86.8 88.7 91.1 95.0
TOTAL FOOTPRINT, 90 EPNAB, KMZ (S.M,2) 2.94% (1.13) 3.21 (1.24) 3.83 (1.48) 11.04 (4.26)
Figure 93. USB Study aircraft.
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1.35, appeared to be capable of meeting the 90 EPNdB noise goal as indicated
in Figure 94. Further consideration of such variables as cruise speed, block
time and direct-operating cost, led to aircraft 2 (Figure 93) as a baseline
selection suitable for further design refinement via parameter perturbation

studies.

5.1.1 Perturbation studies. - The objective of the parameter perturba-

tion study was to create a second level of aircraft refinement before making a
final USB configuration selection. In this study, sensitivity data were used
to assess the effects of slight excursions in wing sweep, wing aspect ratio,
nacelle or engine size, etc. on weight and direct-operating-cost (DOC) while
holding the basic mission constant. The high-speed wind-tunnel data and the
experimental acoustical data from NAS1-13870 were employed as the basis for
translating geometric variations into aerodynamic and noise effects. The
cruise performance parameters varied were nozzle boattail angle, nozzle aspect
ratio, relative size and discharge position. Parameters varied as affecting
noise included nozzle aspect ratio, wing impingement angle, flap extension,
deflection and radius of curvature, fan duct noise treatment and total noise
source strength. Also for the noise studies, the effects of a long-chord
flap, combined with variations in nozzle aspect ratio and fan-duct noise
treatment, were studied. In this phase of the work, only takeoff footprint

area and takeoff measurement point flyover noise were considered.

5.1.2 Final design. -~ The final aircraft design, shown in Figure 95, has

about the same dimensional characteristics as the baseline aircraft 2 of
Figure 93. It is a high-wing, four-engine aircraft designed for a passenger
capacity of 148, field length of 610 m (2000 ft), stage length of 927 km (500
n.m.) and cruise Mach number of 0.75. The ramp weight is 66,067 kg (145,678
2 (1828 fta) for a wing loading of 387 (79.2
psf). The engines are Allison PD-287-11's scaled to a takeoff-rated thrust of
83,200 N (18,705 1b), giving an installed thrust-to-weight ratio of 0.48.

Other features are shown in Figure 93 and 95.

1b) and the wing area is 170 m

The propulsion and high-lift installations are shown in Figures 95 and
96. The USB-nozzle used with the selected aircraft is "D-shaped", located at

35 percent chord and employs a boattail angle of 16 degrees. These geometric
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characteristics represent favorable cruise drag alternatives along with some
compromise (on nozzle exit shape) to ensure powered-lift capabilities com-
mensurate with the desired field performance. The trailing-edge flap has a
sliding-motion with the segments moving rearward on tracks extending the basic
wing chord by 36 percent on landing and by about 25 percent on takeoff; the
chord-extending flaps provide a substantial noise benefit from the increased

flow length from nozzle to flap trailing edge.

The nacelle installation is a standard, short duct arrangement as indi-
cated in Figure 96. The rear upper external contour of the nacelle is formed
by the outer surface of a target-reverser door. Extension or retraction of
the door is accomplished hydraulically with movable hinge points describing
the arcs illustrated in the figure. In the reversing mode, the total jet
(primary and secondary) are deflected upward and forward providing a reverse
plus downward force on the aircraft. There is also an articulated "eyebrow-
shaped" section on the aft-lip of the reverser such that, upon extension, the
Jjet discharge is forced downward toward the wing surface to promote jet attach-
ment and thus increased jet deflection in the high-1lift configuration. Provi-
sions have also been made in the forward and aft fan duct to incorporate noise

suppression treatment if such is found to be desirable.

The noise characteristics of the final design were calculated based on

the following:

Aircraft size, weight, and performance as in the baseline

40% chord flap extension at both takeoff and landing

o
o
o Flap deflections and landing thrust setting as in the baseline
o No internal flap blowing

o

No fan duct noise treatment
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The calculated values are:

Takeoff Footprint Area, 90 EPNdB - 1.76 km® (0.68 s.m.2)

Takeoff Flyover at 6.49 Km (3.5 n.m.) - 79.5 EPNdB

Takeoff, Maximum at 152.4 M (500 ft) Sideline - 98.4 EPNdB

Landing Footprint Area, 90 EPNdB - 0.12 km® (0.05 s.m.2)

Landing Flyover at 1.86 Km (1 n.m.) - B86.8 EPNdB

Total Footprint Area, 90 EPNdB - 1.88 km2 (0.73 s.m.2)
2

It can be seen that the calculated total footprint area of 1.88 km
s.m.2) betters the 2.59 km2

would be further reduced if the overlap of the takeoff area and landing area

(0.73
(1 s.m.2) goal by a considerable margin. The area

were subtracted.

The flight path and footprint are shown in Figure 97. The takeoff spectra
of the various noise sources considered in the noise prediction program and of
the complete aircraft are presented for the flyover location in Figure 98.
Even with no fan duct treatment, high-1ift system noise is the strongest
source, although fan noise exceeds it at the higher frequencies. The PNL

directivity pattern at takeoff is shown in Figure 99.

5.2 Supplementary Low-Speed Tests

In the preliminary parametric studies of Task III, estimated high-lift per-
formance was utilized in the initial sizing process. Further geometric refine-
ments to the high-1ift system were made during the perturbation studies to re-
flect more favorable noise, performance and weight guidelines. To validate
the capability of the final high-lift system for consistency with a 610 m
(2000 ft) design field length, a low-speed test program was undertaken. A
description of these tests and the experimental results obtained are summar-

ized in the paragraphs which follow.

5.2.1 Model description. - The test vehicle employed in the high-1lift

performance study was a short-haul type of aircraft configuration around which
numerous high-lift investigations, powered and unpowered, had been previously

performed. Figure 100 shows the 216 cm (7-foot) span model mounted in the
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Lockheed-Georgia V/STOL wind tunnel., Powered-1lift is derived from two ejector-
powered nacelles with "D-duct" (semi-circular) nozzles exhausting over Coanda
plates attached to the upper surfaces of triple-slotted flaps. A full-span,
high-camber Krueger-type flap provides the leading-edge stall protection.

Pertinent model dimensions are given in Table I.

5.2.1.1 Leading-Edge Device: The leading-edge device consisted of a high
camber, full-span, Krueger-type flap closely fitted at the flap-pylon junc-
ture. The flap reference line was deflected downward 50 degrees from the wing
chordline and the gap between the flap trailing-edge and wing was sealed.

This leading-edge configuration was maintained throughout the tests.

5.2.1.2 Trailing-Edge Flaps: The trailing-edge flap system consisted of
56 percent span, triple-slotted flaps as illustrated in Figure 101. The flap
gaps, also given on the figure, were held constant during the course of the
investigation. A smooth, Coanda plate covered the upper surface of the flaps
immediately behind the nacelle and across a flap span of Anp= 0.16. Three flap
deflections were investigated. These were 250, ll2.5O and 520 defined in terms
of the flap chord-to-wing chord angle; in terms of the upper-surface angle at

the trailing edge, these became 340, 56.5° and 660, respectively.

5.2.1.3 Nacelles: 1Installation of the nacelles on the wing is illustrated
in Figure 102 with details of the nozzle design shown in Figure 103. The
- nacelles were powered by pneumatically driven ejector engine simulators and
each had 50.895 cm2 (7.889 in.2) nozzle exit area. The nozzle shape employed
was a "D-duct" (AR = 2.5) with a discharge position at 35% chord. A roof
angle of 30o was utilized to ensure jet attachment at the maximum flap angle
setting. It was designed to accurately represent the deflector mechanism

employed on the baseline design.

5.2.1.4 Instrumentation: The model was mounted on the six-component
pyramidal balance system in the 16' x 23' test section of the Lockheed Low
Speed Wind Tunnel. Airflow to the nacelles was measured by the wind tunnel
air supply orifice system. Inside the nacelles, nozzle pressures were
measured by twelve total pressure probes manifolded together and routed to a

single pressure transducer inside the model fuselage. Thrust 1level as a
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TABLE I. - MODEL DIMENSIONAL DATA

Wing Dimension
Area, square meters (square feet) . 0.6033
Span, centimeters (inches) 216.052
MAC length, centimeters (inches) 28.928
Sweep of c/4, degrees 14.918
Taper ratio 0.509
Aspect ratio 7.731
Incidence, degrees 3.0
Twist, degrees 0
Anhedral, degrees 0
Thickness ratio, % local wing chord

Root 13.7

Tip

Leading Edge Flaps (Full Span)

Chord length, % local wing chord 17
Deflection angle, degrees 50

Trailing Edge Flaps

Flap span, centimeters (inches) 121.70
Flap chord extension along engine
centerline, centimeters (inches) 10.41

Flap chord extension along engine
centerline, % local wing chord

Coanda plate, % semispan 16.3
Fuselage
Length, centimeters (inches) 206.726
Maximum frontal area, square

meters (square feet) 0.0527
Maximum diameter, centimeter (inches) 25.908
Nacelles
Length, centimeters (inches) 43.43
Diameter, centimeters (inches) 10.92
Exit width, centimeters (inches) 11.384
Nozzle aspect ratio 2.5
Exit area, square centimeters (square inches) 50.90
Spanwise nacelle location, % wing semi-span 28.8
Chordwise nozzle exit location, % local chord 35

( 6.494)
(85.026)
(11.387)

(48.0)
( 4.1

(81.388)

( 0.567)
(10.200)

(17.10)
( 4.30)
( 4.482)

(7.889)
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Figure 101, Trailing edge flap system design details, low speed model
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function of nozzle pressure ratio was obtained by removing the flaps and

operating the nozzles statically.

5.2.2 Test results. -

5.2.2.1 Static Performance: The ejector-powered nacelles were mounted on
the wing, with flaps removed, and tested statically. This test provided the
thrust calibration data (C ) shown in Figure 104 where the thrust coefficient
is based on a freestrem dynamlc pressure of 718.2 N/m (15 psf). With the
flaps installed at selected angles, and the Coanda plate in place, static
tests were also conducted to determine thrust turning efficiency and the
effective turning angle, Sj. These results are given in Figure 105 in polar

form and as a function of nozzle pressure ratio in Figure 106.

5.2.2.2 Wind-On Performance: Wind-on high-lift performance for several
representative flap angles are shown in Figures 107 through 110. The wind
tunnel dynamic pressure was held at T18.2 N/m2 (15 psf) during these tests
providing a Reynolds number of 675,000 based on mean wing chord. The drag
data, Figures 108 and 110, have not been corrected for ram drag of the inlet
air flow; such a correction would amount to ACD ~ 0,10 - 0.2. An oil flow
photograph highlighting the nacelle exhaust/flap region is provided in Figure
111 illustrating a typical case of the flow-visualization studies made during

the testing.

5.2.3 Discussion. - The supplementary high-1ift test results will be

discussed first from the standpoint of data comparisons with other systems and
facilities, and secondly, as the means of validating the estimated performance
of the USB final design.

5.2.3.1 Experimental Data Comparisons: The model used in the subject
tests represented a basic experimental vehicle utilized for studying a variety
of powered-lift concepts. Figure 112 compares the two-engine U3SB test results
with data obtained on a four-engine externally-blown flap configuration. The
test hardware (i.e., ejector units, trailing-edge flaps, high-camber, leading-
edge device) are essentially the same in both instances, except that the EBF

data were obtained on a wing with slightly higher sweep (25 degrees) than the

147



148

USB CRUISE PROGRAM

2.0y
0
1.6} /ﬁ
yos
o
1.2}
yoq
c 7
/ D-DUCT ON
.8t pos : WING, NO FLAP
ol g
/
.4 & Nom
}3'/ C, 15 BASED ON 2 NACELLES
_ 2 2
Y, AND'S,, =0.6033 m” (8.494 ft")
C L L i A -
1.0 T 7.2 1.3 1.4 1.5
Hj/p"

Figure 104, Low speed model thrust coefficient, q_=718.2 N/m2

(15 1b/ft?)



SYM H./p
J o
® 1.104
m 1.2n
A 1315
A .42
®  1.496

8

o

52.0
52.0°
52.0
52.0°
52.0°

SYM

QeOXJIpbro

H J/ Py 8f
1.104 42.5°
1.160 42.5°
1.211  42.5°
1.263  42.5°
1.367 42.5°
1.420 42.5°
1. 42.5°
1. 25.0°
1. 25.0°
15°

1.0

Figure 105, Low speed model static .turning characteristics

149



USB CRUISE PROGRAM

M, =0 8
1.001
.96+
nf
.92k
.88].0
60 5
g — " —152.0°
v e o
£ /A £\ A A 42.5
A
o 40k e X X 25.0°
e} —
[
b} F
< d = Tan-] (—A- )
20} FN
0 I 1 1 1 - ]
1.0 1.1 1.2 1.3 1.4 1.5
H./pun
J

Figure 106, USB low speed model propulsion performance

150



i

Figure 107,

USB CRUISE PROGRAM
SYM RUN CONFIGURATION C“ HJ,/p

o) 15 3 0 1.0
X 16 3 0.825 1.215
O 17 3 1.180 1.326
A 18 3 1.684 1,498

6.0

5.0

4.0

3.0

2.0 /

1.0

0 |

-10 0 10 20 30

d - DEGREES

Variation of low speed model 1ift coefficient with
angle of attack, q_,=718.2 N/m? (15 1b/ft?), 8¢ =25°,
Coanda plate

151



152

USB CRUISE PROGRAM

SYM RUN  CONFIGURATION H./Pm
15 3
16 3 0.825 15
17 3 1.180 26
18 3 1.684 98
6.0
5.0 rﬂ \b\&
/ B
L
3.0 /;(
2.0 f! f
1.0
0 _
1.6 «=1.2 -0.8 0.4 0 0.4 0.8

Figure 108,

drag coefficient, q,,
Coanda plate

Variation of low speed model 1lift coefficient with
718.2 N/m® (15 1b/ft?), §¢ = 259

3



SYM

DX O

6.0

RUN CONFIGURATION Cu

20
21
22
23

0

0.810
1.164
1.660

(SO, S, )]

H./p,

1.209
1.322
1.489

i

5.0F—

4.0p——

3.0——

1.0b

0

-10

0

10 20
o - DEGREES

30

Figure 109. Variation of low speed model lift coefficient with angle of attack,

Qe = 718.2 N/m’ (15 Ib/f%), 8, = 52°, Coanda plate

153



SYM RUN CONFIGURATION C“ HJ/PQ

® 20 5 0 1.0

X 21 5 0.810 1.209
) 22 5 1.164 1.322
A 23 5 1.660 1.489

A

e
00 // 7 L e
SN

1.0

$

0.8 -0.4 0 0.4 0.8 1.2

p

Figure 110. Variation of low speed model lift coefficient with drag coefficient,

q, = 718.2 N/m* (15 1b/£t?), 8§ = 52°, Coanda plate, tail-off

154



B

GGl

Figure 111

USB CRUISE PROGRAM

0i1 flow photo of nacelle-wing flow pattern,
6¢ = 42.5°, Cy = 0.82, o = 10°.




USB CRUISE PROGRAM

USB 2-ENG 5 = 66°

EBF 3-ENG 6, = 67° (ONE ENG OUT)
EBF 4-ENG &, = 67°

L H |

0 10 20 30
o - DEGREES

Figure 112, USB/EBF performance comparison, tail-off configuration,
C =1.66
1

156



USB wing (15 degrees). At the lower angles of attack, the four-engine EBF
system with the greater span of blown flap produces a higher 1ift coefficient.
The sensitivity of the EBF system to number of engines is illustrated by the
three-engine (engine-out) performance which approaches that of the two-engine
USB case. In terms of maximum lift, the USB-system provides about the same
CLMAX as the four-engine EBF for the thrust coefficient represented (Cﬂ, =
1.66). As will be noted in a later paragraph, going to a four-engine USB
installation requires a very careful tailoring of the nacelle/wing leading-
edge juncture in order to realize the improved performance associated with the
better spanwise distribution of the four-engine blowing. The data of Figure
112 do illustrate, however, that the potential of the USB system for powered-
lift generation is competitive with that of a similar EBF arrangement. It
should also be noted that the USB test article represented an unrefined
configuration, in contrast to the EBF model, and, as such, the USB performance

should be responsive to additional system refinements.

A comparison of the subject USB high-lift performance data with similar
data obtained on a two-engine USB arrangement is shown in Figure 113. The
comparative results are taken from reference 5 representing large-scale tests
of a USB-system using JT15D-1 turbofan engines. For a typical landing flap
case, the present USB test results are shown to compare favorably with the
large-scale results, although the referenced results represented a wider
nozzle, relative to wing span, than does the present case. Comparisons with
the more optimized test results from the referenced investigations are shown
in Figure 114, Both maximum lift and 1lift at «a = 0 degrees for the present
data are shown to be less than that found in the large-scale results by ACL
0.5. This is believed to be indicative of the performance improvements which
could be readily obtained from the tested system if similar refinements were

made.

5.3 Powered-Lift Analytical Synthesis

For use as a correlation prediction tool, the Lockheed—Georgia powered-lift
computer program was employed as an intermediate step between the low-speed
test and the full-scale Task III aircraft. This program has been successfully

utilized for the design and analysis of a wide variety of powered-lift
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Figure 113. USB performance comparison, two-engine configurations
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Figure 114  Effect of thrust coefficient on USB performance
comparison, two-engine configuration
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systems. Figures 115 and 116 show typical examples of this usage and include
the reference USB test results. Good correlation is shown for both lift and
drag with the experimental results for the various systems. Use of this pro-
gram to predict the present experimental configuration performance is repre-
sented in Figure 117. The lift shows excellent agreement with the test data;
the test drag as shown, when corrected for the ram drag of the ejector units

(ACD=!0.1O) also correlates well with the program.

Employing the same computer program for predicting the high-lift per-
formance of the Task III aircraft provides the comparison shown in Figure 118,
In formulating the analytical results, several refinements were observed.
First, the theoretical data were trimmed according to the calculated pitching
moments (ACM = -0.23). Secondly, a lift penalty was imposed as representative
of four-engine interference effects found in the Reference 6 investigation.
While the referenced documents indicated that local unsweeping of the leading-
edge between nacelles and nacelle/fuselage could recover most of this penalty,
it was Jjudged that this approach may not be compatible with good cruise per-
formance without highly complex leading-edge deployment devices. Accordingly,
this penalty was accepted in view of the preliminary nature of the Task III
design. Finally, a lift penalty was imposed (ACL >~ 0.3) to represent a quick-
acting, slot-opening device for engine-out conditions. This penalty reflected
test results with the Coanda plate removed and with the slot openings behind
the nacelles covered on the bottom surface of the flaps (see Figure 101). The
data of Figure 118 shows that the initial Task III high-1ift performance used
in the parametric sizing programs is in basic agreement with the analytical
results after the foregoing refinements were made. The indications are that
in the lower blowing range (CM = 0.6), slightly better performance could have
been projected in the parametric program, altbough the differences, in terms

of aircraft size or mission performance, would be negligible.

6.0 RECOMMENDATIONS FOR ADDITIONAL DEVELOPMENT - TASK IV

Task IV of the USB Data Base Program had the objective of identifying pre-

viously unforeseen problem areas, potentially attractive cruise concepts or
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Figure 115, Correlation of theoretical and experimental longitudinal aerodynamic
characteristics for a NASA Ames tested high-wing EBF STOL configuration
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any area where additional technical effort might be beneficial to the USB-
development program. Appropriate recommendations, reflecting the experience
gained in performing extensive low~ and high-speed USB wind-tunnel testing,
math model development and compatibility studies, have been made accordingly.

Eight potential areas where additional investigations would be fruitful are:

(1) High Speed Power Testing of Pylon Mounted (OTW) Nacelles
o Compare USB, OTW, and conventional nacelle performance
o Make maximum use of existing hardware
(2) Low Speed Investigations of Powered OTW Nacelles
o0 Investigate effectiveness of eyebrow, Pegasus, and other deflectors
o0 Determine high-1ift characteristics of OTW nacelles with deflected jets
o0 Compare performance between OTW and USB - designs
(3) 1Integrated Configuration Design Study
o Produce optimum nacelle/wing/body design using latest available data
and methods
o Test model of‘optimum configuration
(4) USB-OTW Aircraft Design System Study
o Perform trade-off and sensitivity studies to optimize aircraft
o Integrate configuration for best compromise on performance and noise
(5) Jet Plume Boundary Optimization
o0 Provide optimum expansion shape for jet Jjust aft of discharge
o Minimize break in spanloading due to nacelle installation
(6) OTW Variable - Geometry Nozzle Study
0 Provide for design study of OTW jet - deflection devices
o Compare performance and cost of alternative systems
(7) Powered Vortex Lattice Program Correlation
o0 Predict jet effects on pressure distributions
o Correlate preliminary data from USB cruise performance
(8) Jet Efflux Modeling for USB and OTW Configurations
0 Predict interactive effects between jet plume and freestream

0 Combine PVL and "Vorticity Box" programs

Exemplifying recommended studies appropriate to items (3) or (5) above,
modification to wing section design would appear to merit further attention.

Sketches (b) and (c) of figure 119 provide possible alternative designs which
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could suppress the pressure drag experienced on the present test wings (sketch
(a)). Details and Jjustification, along with a preliminary program plan for

each of the recommended areas of study have been provided.

7.0 PROGRAM CONCLUSIONS

The USB Data Base Program contained three major tasks for which specific
technical conclusions were formulated in the course of the studies. The
subject tasks were the high-speed experimental studies, and supporting ana-
lytical effort, under Task II, the design compatibility studies of Task III
and the follow-on development work as recommended under Task IV. Major conclu-

sions appropriate to Tasks II and III of the program are summarized below.

7.1 Cruise Performance Data Base -~ Task II

As a result of a detailed experimental/analytical program for the study
of the upper-surface blowing concept at cruise, a number of significant con-
clusions may be identified. Such conclusions, however, must reflect the
"data-base" nature of the experimental work in which relatively unrefined
models and a broadly-spaced test matrix were necessary features. Within these
constraints, it is believed that the aerodynamic and geometric trends
developed have general applicability; this has been the major objective of
Task II. With particular regard for the 1levels of cruise drag portrayed,
ultimate levels of USB cruise performance, obtained through more highly re-

fined design process, are not necessarily represented by the present data.

7.1.1 Experimental program -

(1) In the unrefined state, the total drag penalty of typical
USB-nacelle configurations, under transonic-cruise, powered conditions, were

exceptionally high by current standards.

167



(2) The major drag producing phenomena in the general case, appears to be

o) a jet scrubbing effect on the aft-wing surface _

o} the conventional aerodynamic friction drag of the nacelle/nozzle and
associated external hardware

o) a pressure-drag component representing deflection of the jet over
the aft-wing surface

o} a drag-due-to-1ift component inclusive of all lift-related transonic
phenomena under powered-model conditions

o] a potential drag penalty reflecting excessive nozzle boattail angles

which promote local flow separation.

(3) The major drag components are generally identifiable by force and
surface-pressure measurements of powered models tested under both static and

wind-on conditions.

(4) For a given nozzle size, scrubbing losses increase with nozzle exit
aspect ratio due to the greater span of wing scrubbed and an increased

tendency for jet attachment with the thinner jet.

(5) Pressure drag, tending to increase with nozzle width, aft-wing
camber, angle-of-attack, and nozzle pressure-ratio can possibly be moderated

by the jet shock formations at high nozzle pressure ratios.

(6) Highly three-dimensional Jjets, such as a circular shape, can also
show significant amounts of pressure drag at cruise conditions even under

partial Jjet-attachment conditions.

(7) For moderate nozzle aspect ratios, (AR = 2.5-8) effective jet
deflection by the aft wing appears to be within several degrees of the wing

upper-surface at the trailing edge.

(8) Total 1ift performance at constant angle-of-attack is improved by
increasing nozzle exit aspect ratio - typical values at a nozzle pressure
ratio of 3.0 are ACL = .03 for a circular nozzle and about ACL = 0.10 for an

aspect ratio 6.0 nozzle.
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(9) A semi-circular ("D-Duct") nozzle (AR = 2.5) represents a reasonable
compromise exit nozzle shape between good cruise and potentially-~favorable
high-1ift performance. ~
(10) Nozzle boattail angles in excess of about 25 degrees may cause

significant drag penalties due to local flow separation.

(11) On a multi-jet configuration with nacelles spaced 1.6D apart, both
lift and drag increments due to blowing were diminished by an apparent mutual

interference between the adjacent jets.

(12) At a flow-through pressure ratio, and at suberitical Mach numbers a
faired-over forebody nacelle showed essentially the same drag penalty as that

of a flow-through type of forebody.

(13) Cruise drag penalties associated with a pylon-mounted (OTW) nacelle
positioned one-half nozzle diameter above the wing surface, compared favorably

with a surface-integrated USB-type arrangement under similar test conditions.

(14) A small streamlined USB nacelle, integrated with a straight
wing-body combination, showed favorable drag due-to-1lift performance when
compared to that of a symmetrical design; the effect of streamlining on the
total cruise drag penalty showed only a modest benefit due, it is believed, to

the straight-wing installation.

7.1.2 Theoretical Program - The USB wing/nacelle/propulsive interactions

are complex not only in their viscous aspects, but also with regard to the
potential flows involved. Theoretical studies have, therefore, been aimed at
undestanding the potential flows with minimal representation of viscous
effects. The overall philosophy has been to implement the simplest realistic
method for simulating the nacelle environment and to embed in this a

simplified model of the spreading jet plume.

T.1.2.1 Vortex Lattice Studies - A major effort has been directed
towards a vortex lattice representation of the wing/nacelle combination, with

sufficient detail to permit comparisons with surface pressure measurements. A
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power effects package was developed, for use with the vortex lattice, which
comprises vorticity panels which model the jet surface and simulate both its
trajectory and its changing cross section. Compressibility effects for the
complete model were simulated via geometric transformation according to

Goethert's rule.

The vortex 1lattice study, which was restricted to the N3E 'D-duct!'

nacelle at M = 0.60, leads to the following conclusions:

(1) Where experimental surface pressure measurements were available
(i.e., in the scrubbed region, in the aft part of the boattail and on sections
just inboard and just outboard of the nacelle), there was generally good
correlation between vortex lattice predictions and measured surface pressure
coefficients. The correlation was particularly good in the impingement and
turning regions. Some differences were noted for supercritical pressure

ratios (the theory was for M <1) and in small regions inboard and outboard

JET
of the nacelle location where the theoretical jet spreading angle was too

large towards the trailing edge.

(2) Lift increments in the scrubbed region are small because the upload
due to jet turning is almost entirely offset by download in the impingement
region. There is an adverse effect on drag because of wing surface curvature
which causes the aft-facing suction area in the turning region to be several
times greater than the aft facing area in the impingement region and this

produces a significant net pressure drag.

(3) A major feature of the flow is a vortex pair which springs from the
lifting region on the nacelle boattail. This causes opposing thrust and drag
forces in the outer and central regions which are large compared with the net

resultant drag increment.

(4) Correlation between the theoretical drag predictions and experiment
shows differences which are largely independent of «, but which vary with
pressure ratio. At flow-through, this difference agrees well with independent
estimates of nacelle skin friction. Thereafter, the difference increases with

nozzle pressure ratio at a rate cnsistent with estimated jet scrubbing drag
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effects., At supercritical pressure ratios this trend reverses, possibly due
to reduced aft-suction and reduced secrubbing when shocks in the jet reduce its

ability to turn.

T.1.2.2 Applications of Jet Flap Theory - Two-dimensional jet-flap
theory of Spence, as modified for three-dimensional effects and compressibil-
ity, has been applied to the tested USB - configurations. The conclusions

appropriates to this limited study were as follows:

(1) Both simplified jet flap theory and the 1lifting 1line theory give
good predictions of 1ift 1increments for nozzle configurations ranging from
circular to aspect-ratio four. To achieve this correlations, it was necessary
to employ jet deflection angles, which approached the wing upper surface
trailing edge angle, in conjunction with measured values of wing sectional

lift curve slope.

(2) The simplified jet flap theory also predicted pitching moment incre-~
ments well for the cases tried, namely the "D-duct" and aspect-ratio four

nozzles.

(3) Neither method predicted drag increments which correlated consistent-~

ly with experiment.

7.2 Compatibility Studies - Task ITI

The Task III effort was undertaken as a combined effort with the related
USB acoustical work of Reference 7. This task consisted of an aero/acoustic
assessment of a selected USB configuration in terms of low-speed (high-1lift)
performance, acoustic footprints, the feasibility of the integrated design and
the structural compatibility of the propulsion system and airframe. As a part
of this task, supplementary low-speed tests were conducted to validate the
estimated airport performance of the selected configuration. Conclusions

pertinent to the findings in this phase of the USB program are given below.
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design

7.2.1 Design Feasibility Studies - As a result of experimentally-based

studies of a representative USB-configuration, the following

conclusions were made:
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A practical aircraft system can be formulated for the typical
short-haul mission selected [i.e., cruise Mach 0.75, 148 passengers,
527 (500) and 2780 (1500) km (N/m) stage lengthsl]. Further
refinements to the integrated nacelle-design should be the major
objective for improving the competitive position of the USB system

on longer missions. -

For a specified thrust loading, two-engine configurations were found
to be superior to four-engine versions from a cruise performance
standpoint. However, considerations of the engine-out go-around

problem on landing led to selection of a four-engine design.

The optimum fan pressure ratio found in the USB-cruise design study
was high when compared to that for conventional propulsion

installations due to the higher nacelle drags used.

Powered-1lift performance of the USB system is competitive with that
of alternate concepts and can be successfully integrated with
conventional high-1lift devices. Quick-opening slots in a Coanda
surface mounted on either the top or bottom of conventional slotted
flaps is an effective means of achieving engine-out lift/roll

control.

From a standpoint of noise suppression, wide, high-aspect ratio
nozzles and high-extension flaps were effective geometric arrange-
ments, A "D-duct" nozzle was a reasonable compromise between cruise
drag, noise and high-1lift performance as a final nacelle design
selection.

To meet a noise goal of 90 EPNdB for 2.59 km2 (1 sq. mi.), a design

fan pressure ratio of 1.35 or less is needed to minimize jet noise.



(o} The USB installation readily lends itself to an excellent thrust
reverser design capable of reversing both primary and secondary
airstreams with good lift-spoiling and anti-reingestion
characteristics. A separately-operating "eyebrow-type" section,
integrated with the reverser design, offers a practical means of

assuring jet-attachment to the wing and flap in the high-1ift mode.

7.2.2 Supplementary tests - Low-speed tests were conducted as a

representative USB high-lift configurations featuring:

o Two USB-type nacelles installed on an aspect ratio 7.7 wing and

fuselage
o} 40-percent span triple-slotted, trailing-edge flaps
o 16—-percent span Coanda surfaces aft of the ejector-powered nacelles
o Full-span leading-edge Krueger-type flaps
Analysis of the test results yielded the following conclusions:

(1) As tested with the same model hardware, the USB system provided

competitive performance with a similar EBF system.

(2) The subject USB test data compared favorably with test results on a

large-scale model of a two-engine USB arrangement.

(3) A loss in 1lift up to stall of ACL = 0,10 to 0.15 per nacelle was
found with the Coanda plate removed and flap slots blocked on the undersurface

of the trailing-edge device.

(4) Analytical synthesis of the high-lift configuration showed excellent

agreement between calculated and tested results.

(5) Analytical high-lift performance predictions for the Task III,

four-engine airplane indicated that parametric estimates of the full-scale
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design were reasonably consistent with test results, with the 1latter

conservatively corrected for potential performance penalties.

(6) Additional work is needed to optimally configure the wing leading
edge/nacelle junctures for both cruise and high-1lift performance when con-

sidering four-engine aircraft.
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