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ABSTRACT

A computer program, VSAERO, has been applied to a number of
V/STOL configurations with a view to advancing predicticn tech-
niques for the low-speed aerodynamic characteristics. The pro-
gram couples a low-order panel method with surface 3treamline
calculation and integral boundary layer procedures. The panel
method~-which uses piecewisc constant source and doublet panels--
includes an iterative procedure for wake shape and models
boundary layer displacement effect using the source transpiration

technique. Certain improvements to a basic "vortex tube" jet
model were installed in the code prior to evaluation. .

Very promising results were obhtained for surface pressures
near a jet iscuing at 900 from a flat plate. A solid core model
was used in the initial part of the jet with 2 simple entrainment

model. Preliminary representation of the downstream separation
zone significantly improved the correlation.

The program accurately predicted the pressure distribution
inside the inlet on the Grumman 698-411 design at a range of
flight conditions. Furthermore, coupled viscous/potential flow
calculations gave very close correlation with experimentally de-
termined operational boundaries dictated by the onset of sepa-
ration inside the inlet. Experimentally observed degradation of
these operational boundaries between nacelle-clone tests and

tests on the full configuration were also indicated by the calcu-
lation. o

Application of the program to the General Dbynamics STOL
fighter design were equally encouraging. Very close agreement
was observed between experiment and calculation for the effects
of power on pressure distribution, 1lift and lift curve slope. 1In
an absolute sense the basic lift curve slope predicted by the
program was lower than experiment, primarily because the leading-
edge vortices, which occur at the higher angles of attack were
not modelled at this stage. The wake-relaxation capability in
the VSAERO code was especially important in obtaining geood corre-

lation with experimental wing pressure distributions in the
presence of the canard wake.

Overall, these initial applications of the VSAFIO program to
the prediction of aerodynamic characteristics of V/STOL config-
urations has been most successful and promise further potential
improvements in the future. Furthermore, it has been demon-
strated that these V/STOL calculations are both practical and
economical in computing time.

¢ R fatks

TR i Jia PO ISRER
3 P e e S T e : e
SajiT . o 5 5 : WL R




Section
ABSTRACT.

TABLE G CONTENTS

L 4 L . . L ] L - L ] L ] L] L] L] L * L] L]

LIST OF FIGURES « o o o o o o o o o s o =

1.0

INTRODUCTION ¢ 2« o « o ¢ o o = o &

2.0 BACKGROUHD ¢ ¢ « ¢ o o ¢ o o o o o &«

Inviscid Potential Flow Methods
Enpirical Prediction Techniques .

Patched Potential Flow’szcous Flow

Viscous Flow Hethods .

Hethods

Experimental Work and 7light Test Results .

2.5.1 Jets in a Subsonic Crosswind . . . .

2.5.2 V/STOL Configurations .

Characteristics 9£ a Jet in a Subsonic Crosswind

2.6.1 General Description .
2.6.2 2Zonal Flow Definition
2.6.3 Jet-Induced Effects . .

e ®

PROGRAM DEVELOPHENT

General ¢« o« o ¢« o 0 ¢« o o o o
Two-Dimensional Pilot Code . .
Two-Dimensional Results . . «

VSAERO METHOD EVALUATION

Simple Test Casc:
Simple Test Case:

Flat Plate .

Body of Revolution . o e

403A Sumary *« o e L] s e o ¢ o [ ] e * o ® L] L) .

3.0
3.1
3.2
3.3
4.0
4.1
4.2
5.0

5.1 VSAERO Analysis of Grumman Design

PROGRAM VALIDATION

5.1.1 Configuration. . . « « .
5.1.2 ReBULEB ¢ ¢ ¢ o o ¢ o &
5.1.3 Summary « o o o s s o

ii

698-411

L] L 2 ] e &

iv

O oaaunUVlosw [

26
27
27

30
33
43

44

54
60




TABLE OF CONTENTS (Concluded)
Section , Rage

5.2 TP14-100 Streamline and Boundary Layer Analysis

5.2.1 General L4 * L d L] L] * L4 - * * L L] - L] - . - 70
5.2'2 Results L L . L] L] - * L] L] L L] L * * * L] - 73
5.2.3 Summa:y L] * L3 [ ® L] L 3 L] L d L] ® - L 4 L L] . L 83

5.3 The Application of a Simple Jet Mcdel in VSAERO
to Analyze a Powered STOL Fichter

5.3.1 Configuration . « « ¢ o ¢ o o ¢ o« o« ¢ o« o 86
5.3.2 Wind Tunnel TeStS .+ « o o o s ¢« s o « » « 89
5.3.3 Aerodynamic Model .« ¢« « o o o o o o ¢ o o 91
5.3.4 Derivation of Jet Velocity « « « « ¢ « o - 94
5.3.5 VSAERO Results

5.3.5.1 Powver-Off Calculations . . . . . 96
2 -nowe: Effects ] [ ] L3 [ ] [ 2 [ ] *® - [ ] L ] 103
3 Wake Relaxation Effect8 « « «» « o 114

50306 Summaty e o * & o = © e o L] ] . . L] L] » . 118

6.0 JET TRAJECTORY CALCULATIONS « « « ¢ o o ¢ o o o o o« » 119

6-1 Gene[al e ®© 6 ® e e e e e & e & © 2 & 0 o o o o o 119
' 6'2 Results [ L] . L . L4 . (3 L] . - . - [ 4 - [ 4 . * . - . 119
] 6.3 Su.’!‘.ﬂla[y e ® ® e e ® e e e @ ® & 0 @ o ¢ s & o o o 131
;- 7 . 0 CONCLUS IONS e e 6 ® ® e e ® o e ° & S & & o o o 2 o o 135

8.0 REFERE}'}CES ® * . L . L L] L L4 L] . - - . L] L] L] L J - - L) L] 137

s L TP

T lire 3.4
PRI Y ek

iii

ey
PR

i i

beid
Klsats

aoemam N '

- :

T T T e B 0 G = 2 AT 1 oy, 2 sty
- - \ AR . e . T TR RELAMI R 30 W
g e N e T o S e T S T B T SR T T e




LA & Grra e cat N

sk o

ol bopkoiin et t

TE
e

g} Ay
14

N

[+ A S LY - S 7+

LIST OF PIGURES

Title : Page No.

Wooler Sink/Doublet Distribution « « ¢« &« « o &

Shollenberger Jet Boundary--Vortex Panel Arrange-

ment - L J L] ® [ 4 L L L 4 [ ] ® L4 L] L] L 2 L L] L 4 [ 2 . - -

Jet Coordinate Axis Definition « ¢« ¢« ¢ o ¢ » &«
Kuhlman et al. Experimental Set-up (Flat Plate)
Aoyagi et al. Experimental Set-up (Flat Plate)

hoyagi et al. Bxperimental Set-up (Body of
Revolution) .« ¢ o o o o « o o ¢ o o ¢ o o o o

STOL Pighter Hodel in HASA/Ames 40- x 80-Foot
Wind Tunnel, Upper View . « ¢ ¢ « o o o o o &

STOL Fighter Model in NASA/Ames 40~ z 80-Foot
Wind Tunnel, Lower View . « o« o ¢ o ¢ o ¢ o o

Grumman Design 698-411 Full-Scale, Tilt-Hacelle

) V/STOL HOdEl . L] . L] o o o L] - L] L] L] [ 2 . ] L]

10

11l(a)

(b)
12

13

14

15

Grumman Design 698~-411 Full-Scale, Tilt-Nacelle
V/ STOL Hodel L] L3 L] L] L] *® L] L] L] L] L4 . Ll L] L] L] L]

Large-Scale VATOL PFighter Model . . ¢ ¢ o . &

Flat Plate Constant Pressure Contours with Jet
Exiting at 900 L 4 [ d [ 2 [ ] L J L] L] [ ] . L] '] L ] [ ] L 2 - L ]

Comparison between Theory and Experiment for a
Two~Dimensional Elliptical Airfoil with Slotted

Jet 3 . L] . - L] [ . e e . . . L] . L] L] . o L] L]

Flat Plate with Round Jet and Potential Core
Hodel VJET = 8,0

Flat Plate Confiquration with Entrainment and
Separated Wake Models, Vjygp = 8.0 .

. . . L] ° .

iv

- -

L iy g y
A a a s L T P
R SRRy S pin e LT ~
S, i D ) B

R B W SN TR OT AR oo et L

8
10
12
13

14

15

16

18

19
20
21

24

28

31

32

Rt s S S AT O RN

S gy,

)
v

ARy
e A Nalpiey



¥

LIST OF FIGURES (Continuedf : .
Page No.

EFigure Title
16 Flat Plate Pressure Comparison: y/D = 0.7,
VJET=800’6j=90°"...."'°." 34
17 - Plat Plate with Round Jet; Separated Wake Model 35

18 ‘Body of Revolution with Round Jet and Potential
Core Hodel; VJET = 8,0

L L ] L] [ 4 L] L - . L] - 36

19 Body of Revolution with Entrainment Model;

Velocity Vector Contours « « o o o o « o o o o 37
20 Body of Revolution with Potential Core and

Entrainment Hod2l; ¥Y/D = 0.0 o« o « o o o &« 38
21 Body of Revolution with Potential Core and

Entrainment Model; y/D = 0.25 « o« ¢ o o & 39
22 Body of Revolution with Potential Core and

Entrainment Model; ¥/D = 0.48 ¢ ¢ « ¢ o o o 40

23 Body of Revolution with Potential Core and -
Entrainment Hodel; Y/D = 0.68 e o o o o o e » 41

24 Body of Revolution with Potential Core and
Entrainment Hodel; ¥/D = 0.84 . ¢ ¢ ¢ « o o 42

Grumman Design 698-411 Tilt-Nacelle, V/STOL
Hodel; Engine-off Configrraticn . « « o « o » 45

25(a)

(b) Grumman Design 698-411 Tilt~Narelle, V/STOL
: Model; Engine-off Configuration . « « « « + & 46

698-411 Tilt-Nacelle, V/STOL

{c) Grumman Design _
Ingtalled at Cruise Attitude . 47

Model; Nacelle

698-411 Tilt-Nacelle, V/STOL

(d) Grumman Design .
Installed at Cruise Attitude . 48

Hodel; Nacelle

‘- (e) Grumman Design 698~41]1 Tilt-lacelle, V/STQOL
Hodel; Nacelle at soop Clﬂ 12000 . L] L[] [ - . [ 3 49

(f) Grumman Design §98-411 Tilt-Nacelle, V/STOL :
Hodel; Nacelle at 500, a=12.00 . . o . o« o & 50

(g) Grumman Degign 698-411 Tilt-Nacelle, V/STOL

lModel with Improved Jet Trajectory . . . . « =« 51
v
ST T . o . hﬁ{"‘\” - - - ] - . T
t““/ ¢ T . N - e i LS Sy ki 1]

. [T
4 " y Xk AT LAl TR o
TRty A ST TR, LS NS B NI RIS R Y RN




1]

T & e E D
SN ol

R,

e
i

3

-

bR RAIEE SRR o7

Th TR
i sl !

AR

IR TE

T T

v e V!

AL

Fig. No.

(1)
26

(a)
{b)
(c)
27 (a)
(b)
28(a)
(b)
2%(a)

(b)

30(a)

(b)

LIST OF PIGURES (Continued)

2itle Page No.
25(h) Grumman Design 698-411 Tilt-Nacelle, V/STOL

Model with Improved Jet Trajectory . « « « « o

Grumman Design 698~411 Tilt-Nacelle, V/STOL
Hodel with Improved Jet Trajectory « « « ¢ o o

TF34-100 Nacelle Pregsure Ratio; Hacelle Inlet
Bottom Centerline

Vo= 104 kts., WK = 281 1bg/88C .+ o ¢ ¢ » o =
V,, ol 99 kts. s WR = 262 le/sec e o © o o o @
Vm = 79 ktsa 4 WK = 236 le/BeC - [ ) L L] . L] [ 3

Grumman Design 698-411 Tilt-Nacelle, V/STOL
Model; Nacelle-off Configuration, Wing Spanwise
Pressure Cut at y = 70.0; a= 0.0 . « ¢ ¢ o &

Grumman Design 698-411 Tilt-Nacelle, V/STOL
Mode% 6y = 5.00, a= 0.0; Pressure Cut at
y = 6.0; Racelle-on Configuration ¢ o e o »

Grumman Design 698-411 Tilt-Wacelle, V/STOL
Model; Nacelle-off Confiquration; Horizcntal
Tail Spanwise Pressure Cut at ¥y = 35.0 . + « &

Grumman Design 698-411 Tilt~Nacelle, V/STOL
Hodel; Sy = 5.00, a= 0.0, Horizontal :
Tail épanwise Presgsure Cut at ¥y = 35.0 . « . o

Grumman Design 698-411 Tilt-Nacelle, V/STOL
Model; Nacelle~off Configuration; Staticn Cut
x=200a0........-.........
Grumman Design 698-411 Tilt-lNacelle, V/STOL
Model; 6y = 5.00, o= 0.0; Station Cut x = 200

Grumman Design 698-411 Tilt-Nacelle, V/5TOL
Model; Nacelle-off Configquration; Station Cut

X = .0 ® ® O ¢ O 8 & 6 © o 2 2 6 5 2 ° e =

Grumman Degsign 698~411 Tilt-Nacelle, V/STOL
Modeﬁéoég = 5,00, o= 0.0; Station Cut
:: = - - . ® [ ] * L] * . L] . L d L]

vi

- - S ———— e o

" ~ =
RS AT v e 3 ot A P A e A et T T P TR

52

53

55

56

57

58

59

6l

62

63

64

65

66




LIST OF FIGURES (Continued)

Fig._No. Title Page No.

31

32
33

34
35

36

37

38

39

40

41

42

(a) Grumman Design 699-41)1 Tilt-Nacelle, V/STCL
Hodel; Sy = 5.00, a= 0.9; Fuselage
Centerline Lower—-Surface Pressures o « « o ¢ o 67

(b) Grumman Design 698-411 Tilt-Nacelle, V/STOL
Model; 6y = 50.00, a= 16.5; Fuselage

Centerline Lower-Surface Pressures « « o o o o 68
herodynamic Characteristics of the Grumman
Tilt-Nacelle Configuration; 6N==5 s Windmill G9

TF-34 Tilt-Nacelle/Streazmline and Boundary
Layer Analysigs: TF-34 GeometIry o« ¢ o o o o o 71

Grumman 698-411 Tilt~Macelle V/STOL Hodel . . 72

Experimental Inlet Separation Boundaries with
VSAERO Analysis (V_ = 100 kts.) < ¢ ¢ o« ¢ ¢ &« 74

TF34 Tilt-Nacelle/Streanline and Boundary Layer
Analysis; Internal Flow in Hacelle-Alone; Skin
Friction Drag Coefficient, Cf Versus § « o« « 75
D
TF-34 Tilt-Nacelle/Streamline and Boundary Layer
Analysis; Internal Flow in Hacelle-Alone and
Nacelle-Installed; Internal Separation Zone
Calculated by VSAERO « ¢ o o o o ¢ o o o o » o 76

Experimental Inlet Separation Bounéaries in Fara-
metric Form with VSAERQ Analysis e e o o o o 77

TF34 Tilt-Nacelle/Streamline and Boundary Layer
Analysis; Viscous/Potential Flcw Iteraticnj; Sepa-

rated Inlet Flow; Skin Friction Drag Coefficient,
CfDVerSUBS................. 79

TF34 Tilt-Nacelle/Streamline and Boundary Layer
Analysis; Viscous/Potential Flow Iteration;
Separated Inlet Flow; Regultant Velocity alony

Inlet Centerline, Lower LiD ¢ ¢ o o o o ¢ o o 80

TF34 Tilt-Nacelle/Streamline and Boundary Layer
Analysis; Top View; External Streamlines, Sample
Caleulation <« o o o o o ¢ o ¢ o o o o o + o 81

TF34 Tilt~-Nacelle/Streamline and Boundary Layer

Analysis; Top View; External Streamlines; Effect
of ilass Flow on External Separation Zone . . . 82

Cvii

g R i am b g e —
A , : pagre- g TR - .

-
N o s MAZ S TS MR 2

St ey
T e iy




43

44
45
46
47
43
49
50
51

52

53

54

56

(a)
(b)

57

58
59

60
61

62

LIST OF FIGURES (Continued)

Title Page No.
TF-34 Tilt-lacelle/Streamline and Boundary Layer

Analygsis; Attached Inlet Flow

Skin Friction Coefficient, CfD versus S .+ .
Porm Factor, H VELSUE 8 « « o o o o o o o o =
Large-Scale Powered STOL Fighter HModel . . . &
Port Nozzle GECMELEY « o o o o o o o o o o o o
STOL Fighter Pressure Tap Locations -« « « ¢ &«
STOL Fighter Panel Distribution « « ¢« ¢ « o «
Oblique View of STOL Configuration with Wake .
Lift Versus Angle of Attack, Power Off . . . .
Lift Versus Pitching Homent, Power Off . . . .

Power-off/Power-on Comparisons, Wing Plaps
Neutral' a = 00 L] L] L ] L] * - - o L] - L] * * L] L]

Power—-off/Power-on Comparisons, Wing Flaps
Neutral,a=0° e o & o & & 6 ® & 6 e o & » @

Peower Effects, Wing Flaps Neutral, Spanwvise,

O = 40 ¢ ¢ o o o s o s s e s e e 2 s s e o s
Power Effects, Flaps Neutral, Spanwise, a = 0o
Power Effects, Wing Flaps Heutral, a= 80 . ;
Power Effects, Flaps Neutral, Outboard, o= 8¢
waer Effects, Flaps Neutral, Inboard, a = 80

Power Effects, Piaps Neutral, Spanwise, o= 80

Power Effects on Strake Pressures, Wing Flaps
Neutral, a= 8o , ,

Pewer Effects, Flaps Neutral, Outboard, o = 00
Power Effects, Flaps Neutral, Inboard, o = Qo
Power Effects, Flaps Neutral, Spanwise, a = 00

viii

84
85
87
88
90
92
93
97
98

99

‘90

101

102
104

105
106
107
108
109
110
111

A e
T S YT RN




Tt D B et
LV e

‘.:J i

S RET]

63
64

65

66

67
68

69
70

71
72

73
74

75

(a)
(b)
76

77
78

(a)
(b)

LIST OF FIGURES (Concluded)
Title

Power Effects on Lift Curve « ¢ o o o o &

Powered STCOL Fighter with Relaxed Canard Wake

NASA Ames STOL Fighter Model with Carnard-Wake

RelaxXxation « o ¢ ¢ o o o o o ¢ s « o o o o

NASA Ames STOL Pighter Hodel with Canard-Wake

Relaxation « « ¢ o« o« o o o o o ¢ o o o o o
Wake-Grid-Plane Scheme « « « o « ¢ o o » o
Type-4 Wake Test BodY o « ¢« o ¢ o o o o
Type-4 Wake Test BodY ¢ ¢ ¢ o o ¢ ¢ o o o
Type~4 Wake Test BOAY « ¢ ¢ ¢ o o« o « o »
Typa-4 Wake Test BOAY « o o o o ¢ o o o

Flat Plate Confiquration; V./V, = 8.0, 4.
Prescribed Jet Trajectory <1 o« ¢ o ¢ o « 3

Flat Plate; Relaxed Wake Analysis .+ « « .

Flat Plate Configuration; V./V, = 8.0, &y
VSAERO Relaxed Wake Calculaaion e o s o @

Velocity Characteristics in VSAERO Scan Pl
with Corresponding Experimental Results

Cor.tours of Constant Axial Velocity . . .

Cross Components of Velocity in Vector Form .

Flat Plate Configuration; Static Preszsure
CONEOULS o o ¢ o © o o o s o o o o o o o »

TP~-34 Nacelle; Specified Geometry . . . &

VSAERG Relaxed Wake Calculation with the 7

Nacelle at 46.5 ° and WK/ACAP

General Views . L] . e e . o L3 . L] . ° ® L)

= 0.92

Coaxial Jet wWake Cross Secticns . « « . .

ix

bigogs”

Rage No.
.. 113
115
. . 116
. . 117
.. 120
.. 121
.. 122
. . 123
.. 124
= 90;
. . 125
. . 127
= 90;
.. 128
ane
.. 129
129
.. 130
.. 132
F-34
.. 133
.. 134




%=

5

P Tl TR A

Lysmey vatonds

I

ViR A HAYY
e = = S emn e

N )
Y X

-

TRl E I o e P

- o T
T W Ve Tagdu UV S50 1

TR I by

1.0 INTRODUCTION

4 Predicting the low-specd aerodynamic characteristics of
vertical and short take-off and landing (V/STOL) aircraft re-
quires the analysis of complex configurations in the presence of
multi-energy regions embedded in the general ongset flow. The
problem is highly nonlinear due to the mutual interaction between
free wakes, jets and the airframe and also due to viscous effects
and edge vortices at the high angles of attack. Hany reviews of
both V/STOL prediction techniques and the jet-in-crossflow in-
teraction problems can be found in the literature (1) through
(6). Panel methods still offer the most successful basis for
predicting characteristics for the general configurations. These
use surface gingularity distributions based on the Green's Iden-
tity formulation (7). The singularity integrals are performed in

-a piecewise manner over a large number of panels (8). The

preseinit report investigates the application ¢f such a progran,
VSAERO (9), developed at Analytical HMethods, Inc., Redmond,
Washington, to V/STOL cases with a view to advancing these aero-
dynamic prediction techniques.

The VSAERO program includes a general potential flow panel
method with a wake-relaxation iterative scheme and simple
"vortex-tube® jet modelling capability; this is coupled with a
surface~streamline tracing routine and with integral boundary
layer methods. In the viscous/potential flow iteration cycle,

boundary laver displacement effects are modelled using the source
transpiration technique.

The versatility of panel methods in their ability to rep-
resent complex geometries f£ills a basic requirement for modelling
general V/STOL confiqurations. 1In the past, however, there have
been drawbacks in such applications. First, earlier panel
metheds based primarily on source panels with external Neumann
boundary condition (e.g., (8)) suffered severely from "leakage"”
in flows inside inlet ducts and narrow channels. Secondly, the
more recent generation of high~order panel methcis (e.g., (10))
has lost some of the earlier versatility for general application
and ease of data preparation; moreover, conputation costs for
these methods have risen to such an extent that the necessary
iterative approach for solving the nonlinear problems of V/STOL
configurations is no longer practical. On the other hand, the
VSAERO program is essentially a second generation low-order panel
method which maintains and even exceeds the versatility and ease
of data preparation of earlier low-order panel methods. Also,
the low running cost has been maintained making it practical for
application to iterative solutions. Furthermore, the program has

essentially overcome the deficiencies associated with earlier
low=-order panel methods (9).

In the present report the results of a backgreund literature
survey are described in Section 2. Section 3 -wives a brief
description of changes made in the VSAERO model during the course
of the work; it includes a description of a two-dimensional pilot




cude version of VSAERO used for checking the rodel changes.ptior
to installation in the full program. 1In Section 4 the VSAERO

program is evaluated in application to basic jets in crossflow

situations. In Section 5, the program is applied to two full
V/STOL configurations, the Grumman Design 698-414 tilt-pnacelle,
V/STOL aircraft and the General Dynamics powered STOIL fighter
model. Flnally, in Section 6, the effectiveness of the VSLERO
jet model is validated subsequent to a wake relaxation for three
V/STOL related configurations

R P N -

e



2.0 BACKGROUND

A literature survey was undertaken to identify and review
past and ongoing related work in the areas of theoretical and
empirical prediction techniques and experimental and flight-test
results on V/STOL configurations. The review was conducted with
a threefold objective: first, existing theoretical and empirical
prediction methods were examined with a view to incorporating
existing "good"™ techniques into the VSAERO code. Secondly, ex-
ferimental and flight test data were examined for gsuitable corre-

ation cases and, €£inally, information on jet flow characteris-

tics was examined with a view to developing a more ?hysically
accurate yet practical mathematical model of the turbulent jet in
crossflow. Specifically, the existing simple vortex-tube jet
model in VSAERO required improvement for the treatment of in-
clined jets and for close jet/surface interactions.

Many reviews of both V/STOL prediction technigues and the
jet crossflow interaction problem can be found in the literature.
The work prior to 1970 has been summarized by laxzgason (1) and
reviews by Wooler et al. (2), H.F. Platzer (3) and (4), D.R.
Chapman (5), and D.H. Hickey (6) treat the status of more recent
V/STOL prediction techniques. This section gives a brief but
concise overview of the condition of V/STOL prediction techniques
and how they relate to the present effort. Review of the
existing prediction techniques is divided into four main classi-
fications.

Inviscid Potential Flow Metheds

Empirical Prediction Techniques

Patched Potential Flow Viscous Flow lMethods
Viscous Flow lethods

» % % #

. 2.1 Inviscid Potential Flow Methods

Flow conditions dominated by large areas of attached flow
are treated with much success by these prediction techniques
which are commonly called “panel meth>ds®. Several variations of
this wmethod currently exist in industry which utilize singularity
distributions such as doublets, sources and vortices in the form
of -panels to model the desired configuration. An integral equa-
tion of the second kind can be fermulated using Green's Identi-
ties (7) to solve for the singularity distribution on the body.

Typical examples of such methods applicable to subsonic
flows are the Hess code (8), program VSAERO -(9), and Pan Air
(10), which are all three-dimensional panel methods. These
methods are applicable to subsonic flows while recernt success in
the transonic regime is realized in the work by Boppe (I). This
code will calculate the flow about wing-body-pylcn--nacelle con-
figurations with reasonabally good correlation with cxperiment.
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There exist many theoretical treatments dealing with the
subject of jet-induced pressures and loads which fall under the
category of inviscid potential flow methods. Early work by
Spence (12) treated the jet-flap case taking into account the
momentum of the jet to determine the jet radius of curvature.
shollenberger (13) and (14), has formulated a flow singularity
model for wing/jet interaction analysis. 'This technique uses an
iterative scheme to determine the proper jet vorticity and the
jet boundary location based on the tangential £flow boundary
condition along the jet. ,

The analysis of P.T. Wooler (i5) et al. utilizes the con-
tinuv.y and momentum eguations to provide the jet path. The
consi-ata of integration for the jet equations of motion are
determined by reference to experimentally determined jet trajec-
" tories. The characteristic kidney shape is approximated by an
ellipse and the jet entrainment is anproximated by distributing
sinks along the ellipse major axis. The blockage effect of the
jet is represented by a distribution of doublets a2long the jet
axis. The sink strengths are made proportional to the massg of

air entrained and the doublet strengths are determined from the
jet geometry.

Combining Wouler's jet momentum interpretation with
Shollenberger's georetric model and providing for an iterative
solution to the jet trajectory and boundary distortion is one of
the proposed improvementsg in the VSAZRO jet model.

2.2 FEmpirxical predichion Technigues

A conplete treatment of these methods is not practical
within a limited space due to their inherent limited range cof
application. Related empirical studies dealing with the jet-
crossflow interaction problem and a few V/STOL configurations
chosen for analysis are presented in Section 2.5 of this report.

The inportance of ¢mpirical prediction mnethods to V/STOL
aircraft design and development cannct be overlooked. In the
analysis of specific V/STOL configurationa, wind tunnel testing
is necessary to predict or verify the overall performance capa-
bilities of the design as wel; as to visualize local regions of
viscous, turbulent and separisted f£low present in most V/5TOL
applications. )

An empirical model of the jet centerline (i6) has been em-
ployed in the present work to gset up the initial mathematical
model of the jet to reduce the number of iterations needed for
convergence. Also, a vorticity decay model (17;, (18) igs ap-
plicable to represent the diffusion of the jet.
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2.3 I:mhmi_ ial Flow Vigcous Flow Hethods

Work in this area has primarilyv cencentrated on the coupling
of a boundary layer analysie with a potential flow method to
determine overall aircraft drag or the performance of flap
systens (4).

Boundary layer methods can be generally separated into two
categories: finite-difference methods and integral methods. The
integral method is primarily for the analysis of two-dimensional
flows due to the need for a velocity profile model. 1In two-

dimensional flows the velocity profile is described by a family
of curves whereas in thrce~dimensional flows the velocity profile

on the body doeg not conform to a general model. The advantage
of using the integral methed in boundary layer analysis is the
relatively low conputing costs when compared to the other
methods. The finite-difference method solves the boundary layer

equations directly through discretization without assuming a
velocity profile (19).

An integral method is currently being used in Program VSAERO
in a2 fully coupled viscid/inviscid iterative procedure. This is
.applicable to both the external and inlet-duct :eglons of the
V/STOL configurations.

2.4 Viscous Floy Hethods

Solutions under this category are based on various forms of
the Navier-Stokes equations which thus far have no applications
to practical aircraft configurations. The major effort in conmpu-
tational viscous flow solutions is being concentrated on two-
dimensional flow problems such as blunt-body flows, leading-edge
flows and shock-vave/boundary layer interactions (20j, (21), with
very limited success in the area of three-dimensional flow prob-
lems (18). “his apparent restriction is a result of the inabii-
ity at this time to accurately predict such regions as those
exhibiting large flow gradients, turbulence, unsteadiness, three
dimensionality and separated flow zones.

Restrictions placed on the grid size for the computational
domain are directly related to the available computer menmory
capacity. With recent developments in the field of computer
technology (22), the analysis of practical three~dimensional
wing-body configurations with the f£ull Reynolds averaged Ravier-
Stokes equations could be possible in the near future (5), but at
the present time the large computer run times are a very real
impediment.

The possibility exists that future work could call for the
coupling of VSAERO with a Navier-Stokes technique for zonal flow

analysis in critical regions characteristic of V/STOL confiqura-
tions.

More detailed information concerning viscous flow methods

can be found in recent reviews by Graves (22) and Chapman (5),
and in an earlier report by Platzer and Margason (18).
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2.5 Experimental Work end Fliché Test Results

The objective of Section 2.5 is to present pertinent sources
of information that may be used for data correlation purposes in
the present work. A number of excellent reviews currently exist
which summarize presently available work on the subject of V/STOL
aircraft, and, more gpecifically, in the area of jets in a sub-
sonic crossflow (23). The work by D.H. Hickey (6) on the subiect
of V/STOL configurations and the work by Margason (1) and (4),
Wooler (2) and Platzer (3) and (4) on the subject o0f jets in a
crossflow are all excellent reviews.

The V/STOL configqurations outlined in this section include
the very simple £lat plate and body of revolution test cases
analyzed using the proposed potential flow pilot code, as well as
the full V/STOL confiqurations examined u51ng the potential flow
code, VSAERO, with improved jet model.

2.5.1 Jets in a Subsonic Crosswind

(15) "Pressure Distribution on a Rectanqular Wing with a Jet
Exhausting Normally into an Air Stream", Wooler, P.T.,
Burghart, G.H. and Gallagher, J.T.

A theoretical model of the flow is presented which utilizes
continuity and momentum as an initial step to determine the jet
path in a crosswind. The velocity £ield induced by the jet is
simulated by replacing the jet with a zink-doublet distributicn
in such a manner as to model both the blockage effacts (doublet)
and the entrainment effects (sink) of the jet. the expected
kidney-shaped jet cross section is approximated by an ellipse
downstream of the orifice with the sink distribution located
along the major axis as shown in Fiqure 1l.

" "Due to the effective treatment of important physical con-
siderations the correlation with experiment is good for a 109
thick straight wing with AR=3,

(14) "Three-Dinmensional Wing/Jet Interaction Analysis Including
Jet Distortion Influences®", Shollenberger, C.a.

A theoretical model of the flow is presented which employs
the vortex-lattice formulation to describe both the wing and jet
boundaries. The wing is divided into chordwise divisions and
spanwise strips such that the entire l1ifting surface is composed
of quadrilateral panels which may be nonplanar. The jet boundary
is modelled in a similar fashion with the jet cross vorticity
component located along the mid-panel line as opposed to the
quarter panel line in the lifting-surface case, as shown in
Figure 2. Anp iterative procedure is employed to determine the
shape and location of the jet bocundary through successive appli-
cation of the tangential flow boundary condition at the jet panel
corners.
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Reasonably good corzeiation with previous methods is ob-
served, but more importantly, the mcdel can be used as a general
method which lends itself to further modification.

(17) *Vorticity Assovciatoed with a Jet in a Cross Flow"™, Fearn,
R., and Weston, R.P.

An experimental investigation is presented which examines
the characterigtics of the pair of contrarotating vortices as-
sociated with a round, turbulent jet directed normally through a
flat plate into a subsonic cross flow. The analysis represents
the first gquantitative deascription of the pair of contrarotating
vortices and includes their location, strength and diffuseness
for jet-to~-cross~flow velocity ratios of 3 R £10. Two vortex
models are introduced to give a gquantitative description of the
vortices. The simpler model employs the measured upwash velocity
alon? the local vertical axis in the plane perpendicular to the
jet (see Fiqure 3) tc determine the strength and location of two
infinite vortex filaments. The more complex model assumes a
Gaussian distribution of vorticity which defines the strength,
location and diffuseness of the vortex pair given all the
measured upwash velocities in that cross section.

A least squares curve f£it of the jet centerline and vortex
curve locations is presented along with very useful observations

into the physical aspects of the dominant features of a jet in a
cross flow.

(16) "The Path of a Jet Directed at Large Angles to a Subsonic
Free Stream", Margasonrn, R.J.

~ An experimental investigacion is presented which examines
the path of the jet centerline, defined as the locus of points of
maxinum jet velocity. The best empirical £it to the data is
determined and is presented as a function of velocity ratio and
jet deflection angle (see Figure 2). The jet deflection angles
ranged in 300 increments from 300 to 1800 from the free strean
and ecffective velocity ratios in the range of 1.2 < R £ 10.

(18) "Experimental Investigation of Effect of Jet Decay Rate on
Jet-Induced Pressures on & Flat Plate®, Kuhlman, J.M.,
Ousterhout, D.S. and Warcup, R.W.
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An experimental investigation into the effects of jet decay
rate on the induced flat plate pressures is presented for the
case of an unheated, subsonic circular jet exiting normally £from
a flat plate in a subsonic cross flow as shown in Figure 4. The
jet decay rate was varied throuah uze of cylindrical centerbodies
submerged at various depths below the jeot exit plane for jet-to-
crogssflow velocity ratios of 2.2 { k £ 10.

A volune of tabulated data from the experimental investiga-

tion is compiled in a separate report presentced by the sane
authors.

(24) "Induced Pressure Distribution cof a Jet in a Croszs Flow",
Fearn, R.L. and Weston, R.P.

An experimental investigation is presented which examines
the pressure distribution on a flat plate with a four-inch
diameter, subsonic jet exiting normal to the plate. Detailed
pressure measurements are presented in tabular and graphical form
with an ecxtensive summary of cenclusions which examines the
effects of varying the velocity ratio from 2 to 10 on the fliat
plate pressure d1Qtribution.

(25) "Experimental Investigation of Jet Inclined to a2 Subsonic
Cross Flow", Aoyagi, K. and Snyder, P.K.

An experimental investigation is presented which examines
the flow field cloge to a jet issuing from a flat plate and a
body of revolution at several nozzle injection angles as shown in
FPigures 5 and 6. Flat plate pressures werec obtained for a single
round jet inclined to the croass flow and the pressure distribu-
tion for the bady of revolution was obtained for the case of two
round jets gpaced to six nozzle diameters apart as well as a
single jet con<iguration.

Hean velocity measurenments were cobtained with laser velcci-

meter surveys near the jet orifice to more fully understand the
entrainment mechanisgn.

2,5.2 Y/STOL Confiagurations

(26} "Evaluation of Pressure and Thermal Data from a Wind Tunnel
Test of a Large-Scale, Powered STOL Fighter Model®™, Howell,
G.A., Crosthwait, E.L. ard Witte, M.C.

The wind tunnel test program of a large-scale STOL fighter
nmodel, shown in Figures 7 and 8, is presented. The investigation
was conducted by Ames Research Center in the NASA/Ames 40~ x 80—
foot wind tunnel. General Dynamics, Fort Worth Division, pro-
vided the lines for the model under contract with N’SA Ames.
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The model was approximately 3/4~gcale of an operational fighter
and was powered by two Gaeneral Blectriec J=-97 turbojet engines.
The effects of spanwige blowing and control-surface deflection
were examined with limited pressure asnd thermal instrumentation.

(27) “Full Scale Tests of Grummaen Design 698-411 Tilt Nacelle
V/STOL Model at the NASA Ames Research Centexr®, Grumman
Aerospace Corporatioci.

The wind tunnel and static stand test program of a full-
gcale powered model of & high-performance, subsonic tilt-nacelle
V/8TOL concept, shown in Figures 9 and 10, is presented. The
tests were conducted by NASA andé Grumman Aerospace Corporation at
the NASA Ames 40~ x 80-foot wind tunnel and the NASA Ames outdoor
Static Stand for a joint NASA/Naval Alyr 8Systems Comnand and
Grumman Aerospace Corporation program. The transition speed range
of the V/STOL concept was examined by utilizing a large~-scale
model with an 11.2 m wing span and two TF-34 turbofan engines.

(28) "Large-Scale Wind Tunnel Tests of a Sting-Supported VATOL
Fighter Model at High Angles of Attack", Stoll, F. and
Minter, E.A.

In the first use of the new sting model support developed
for the NASA Ames 40- x 80~foot wind tunnel, a 8.4-scale model of
& VATOL  fighter, shown in Figure 1! was tested to angleg of
attack exceeding 900. The model was based on a two-engine
fighter configuration developed by the Vought Cerporation under a
NASA/Navy jointly sponsored contract.

The wind tunnel pressure data is available in 2 previous
report which includes an overall analysis of the design (28).
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2.6 Characteristics of a Jet in a Subsonic Crosswind

Section 2.6 consists of a summarv of results compiled from
several experimental investigationz into the characteristics of a
round, subsonic jet exiting at large angles to a subsonic
crosswind. These characteristics are an important consideration
vhen developing a physically accurate theoretical model for the
jet-crosswind interaction problem. A complete treatment of tur-
bulent jets has been written by Abramovich (30) and should be
consulted for theoretical background.

2.6.1 Generxal Description

A considerable amount of information is available in the
literature which deals with the important physical aspects of a
jet in a cross flow (Refs. 31 through 40). The dominant charac-
teristics common to many analyses are the two modes of entrain-
ment which, as shown by Kamotani and Greber (36), (41l), act
independently to control the rate of entrainment. One mode is
similar to that of the free j«t, which appears due to the rela-
tive velocity difference between the jet and stream fluid. This
shear layer creates a turbulent mixing layer around the jet
periphery vhich effectively grows in the jet flow direction, thus
entraining mein stream fiuid. The second mode of entrainment is
a result of the pair of contrarotating vortices which are pro-
duced by the interaction betweenr the free stream and the jet
component normal to the free stream.

The vorticity generation will reach a maxinum within the
curvilinar region of the jet (23), (42) and diffuse at a rate
which is a function of the arc length along the vortex curve, but

- which is a weak function of the cffective velocity ratio (17).

The vortices gradually weaken each other by the diffusion of
vorticity across the plane of symmetry at a rate which is much
slover than the jet velocity decay rate. As shown by Fearn and
Weston (17), the pair of contrarotating vortices are easily
detectable 45 jet diameters while Pratte and Baines (43) reported
that the vortices were detected up to 1,090 jet diameters
downstream of the jet orifice. 1In comparison, the jet center-
line, defined by the locus of points of maximum jet velocity in
the symmetry plane, was detected only up to 15 jet diameters
downstream, beyond which no detectable difference between the jat
velocity and the freestream flow was neasured (17). It should be
noted that the jet-to-freestrean velociuy ratio vas varied f£rom 3
to 10 in this analysis.

2.6.2 Zonal Flow Nefinition

An effective and analytically convenient description of a
round jet issuing at angles near 900 is deecribed by J.F. Reffer
(23). The jet is separated into three regions of influence:
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l. Source Flow Zone
2. Curvilinear Zone
3. Far-Field Zone

The source flow zone is marked by a conical shaped core of
potential £luid near the jet orifice with the length, as shown by
R.L. Fearn (24), following & smecond~ocder variation with velocity
ratio. Within this region the £luid is considered to have a
nefligible degree of turbulence when compared to the fully de-
veloped turbulent flow of the other two zones. For velocity
ratios greater than about four, the potential core possesses a
sufficient amount of axial momentum to resist appreciable de-
flection by the cross flow. The fluid on the sides of the jet
tends to deflect due to the lateral sheazing action to form the
characteristic kidney-shaped crose section at the end of the
potential core zone.

The curvilinear zone is dominated by two modes of entrain-
ment, as described above, with the combined effect of dispersing
axial momentum over a steadily increasing area and thus deflec-
ting the jet downwind. At the beginning of the curvilinear zone,
the velocity profile taken in the streamvise direction (i.e.,
normal to the jet cross section), ic more or legs Gaussian (26).
The £low at this point is fully developed with a separated Clow
region downstream of the jet and the jet blockage effect felt
upstream of the jet in the form of a positive pressure region.

The far-field zone congists of flow deminated by the pair of
contrarotating vortices with the axial jet velocity reaching a
negligible magnitude. The rate c¢f entrainment and the amount of
jet spread falls off dramatically in this zone, as shown by
Pratte and Baines (43), (23).

2.6.3 Jet-Induced Rfiects

Several experimental investigations have treated the jet
induced pressures &nd loads on a flat plate or wing with applica-
tion to V/STOL aerodynamics. A generally consistent description
of the pressure distribution around the jet orifice has resulted
from these analyses and is shown for two investigations in Figure
12 (Ref. 18). The flow upstream of the jet orifice is decel-
erated and thus produces a positive pressure region. A hegative
pressure region exists to the side and rear ¢f the jet due to
entrainment and flow separation downstream of the jet orifice.
This negative pressure region acts to reduce the 1ift force on
the flat plate and the asymmetrical pressure distribution fore
and aft of the jet tends to produce a nose-up pitching moment.
The tendency is for both the pitching moment and the 1ift loss to
increase with increased free stream velocity (18). This result
is verified by Fearn and Weston (35), and is apparently due to
the growth in the negative pressure areca to the side and behind
the jet orifice and the decrease in both magnitude and area of
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the positive pressure region ahead of the jet. Also shown by
FPearn and Weston is the existence of "a large radial component of
the pressure gradient in the region close to and to the side of
the jet®". This, as previously mentioned, is a result of the pair

of vgrtices formed by the extreme mixing action on the sides of
the jet.

An interesting observation made by both Fearn and Weston
(35) (flat plate) and Hikolowsky and HcHahon (44) (wing jet) is a
"hook® in the surface pressure distribution in the wake region of

the jet. As shown by the wing-jet analysis using flow visualiza-
tions, the presence of a “"standing vortex" is verified for an

angle of attack of 90 and a velocity ratio of 2.

As noted by Mikolowsky and McHahon, for a jet exiting normal
to a wing lower surface in cross flow (44), the lower surface
positive pressure region upstream of the jet increases in size
for velocity ratios less than 3ix with no corresponding effect
measured in the nonlifting flat plate case. The large pressure
region results in a lift augmentation and thus an increased
positive pitching moment. For velocity ratios greater than six,
the flat plate results and the lifting-surface results correspond
closely. The jet induced effect on the wing upper surface was

.characterized by small induced suction pressures, the level of

which was found to be invariant with changes in velocity ratio,
2et location and angle of attack. Thus the major contributor to
he observed aerodynamic interference behavior is the change in
jet induced pressures on the surface exposed to the jet efflux.
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3.0 PROGRAM DEVELOPMENT
3.1 Genperal

The basic jet model in the VSRERO program consists of a
doublet sheet located on the jet “"boundary®. The doublet distri-
bution in the jet axial direction is linear--this represents
constant vorticity; i.c., it represents the shear in tangential
velocity between the inner jet velocity and the external local
flow velocity. At the outset, the linear and axial doublet

distribution was represented in the program as a stepwisgse con-
stant model using flat panels with uniform doublet distribution.

With this model the solution was often sensitive to jet panel
arrangement, egspecially when the jet was in close proximity to a

-80lid boundary. During the course of this work, therefore, the

model was changed so that each jet panel now has a linear doublet
distribution in the jet axial direction. The jet panels are
still described in a vertical wake-grid-plane structure which is
rather restrictive in applications to large cross-flow angles.

The location of the initial jet trajectory was an input in
the basic code. While this is reasonable for jets that are
essentially streamwise, it is rather tedious for cases with high
jet deflection angles. Also, in the latter case, a poor initial
jet location could lead to a lengthy iteration process to get a
converged solution, or it coculd even lead to a divergence,
During the course of this work, therefore, a procedure has been
installed in the code which generates the jet surface geometry
around a jet centerline geometry based on Margason's (16) empiri-
cal model. The procedure allows an expansion factor to be speci-
fied to represent the effects of jet growth as a function of
axial distance. This procedure was applied in the cases of the
jet issuing from a flat plate (Section 4.1) from a round body
(Section 4.2) and in the later runs of the Grumman 698 configura~
tion (Section 5.1).

Further model changes were made during the course of the
method evaluation and validation. ' In particular, the jet poten-
tial core region was represented by using a solid boundary model,
thus allowing the effects of initial entrainment on surface
pressures to be more accurately modelled (see Section 4.1).
Guidelines for the height of the so0lid core model were taken from
Fearns cozrelations with respect to jet velocity ratio. It also
allowed the effects of downstream separation behind the jet te be
represented. Other detail changes included a modification to the
way the jet doublet model allows the shed circulation to be
superimposed. These changes significantly improved the calcu-
lated results on the STOL fighter configuration, particularly in
the presence of the large offsct between the upper jet exit lip
and the lower jet boundary, leaving the flap trailing edge
(Section 5.3). For the most part, such modellinc¢ details were
first examined in a two-dimensional pilot code (described below)
before being installed in the VSAERO program.
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Finally, some detail changés were made to the wake relaxa-~

tion procedure which significantly improved the jet trajectory
calculation (Section 6.0); however, the vertical wake-grid-plane
structure of the basic method is now the major obstacle in

treating jets with large cross-flow angles. New work is planned

to install an alternative and more general wake/jet structure in
the program to remove this problem.

3.2 TIwe-Dimensional Pilot Code

The pilot code was generated using the two-dimensional
equivalent of the VSAERO program; solid surfaces are represented
by flat panels with uniform source and doublet singularity dis-
tributiocngs. Jet boundaries are modelled by a number of £flat
panels each having a linear doublet disgtribution (i.e., uniform

vorticity); the doublet gradient or vorticity value ( = Vourer ~

VIET) is specified by the user. The sounrce values on the solid
boundarics are determined by the external Heumann boundary condi-

tion. Non-zero normal velocities may be specified to represent
the effects of inlet inflow and jet outflow. The doublet values
on solid boundarics are determined by solving a set of simul-
taneous equations specifying zero perturbation potential at a
control pecint underneath each panel certer. .

The pilot code was utilized to determine the numerical
stability of the jet rodel as well as the accuracy of the calcu-
lation. Detailed model changes were first tested in this code
prior to being installed in the VSAERO program.

3.3 Two-Dimensional Results

Results from the two-dimensional :jet model pilot code are
presented for a 12 1/2% “hick elliptic cylinder with a slotted
Jet exiting from the lower-surface trailing edge as shown in
Figure 13. The airfoil is at zero degrees angle of attack with
the jet at an exit velocity of 1.5 times the freestream velocity
and at an injection angle of 31.40 from the horizontal. A com-
parison is shown with the work dohe by D.A. Spence using thin
airfoil theory including a vortex sheet representation of the jet
boundary. A thickness correction has been applied by Spence to
correlate with the experimental data. '

The correlation between theory and experiment for the two-
dimensional pilot code is as good as the Spence theory for the
lower surface and shows an improvement over the Spence results
for the upper~-surface p:essures, The discrepancy seen in the
lower~surface region neas the jet is possibly due to the entrain-
ment of mainstreanm fluid, which is not modelled in the present
treatment. Variation of the wake length proved to be a sub-
stantial factor in the overall solution stability. This is duc
to the fact that ir the two~dimensional . ase the wake in the
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streamwise direction has been truncated at some finite length,
whereas the spanwise component is at infinity. It has been shown
by experience with the separated flow problem to be purely a
consequence of the two-dimensionality of the model and will
disappear when considering the three-dimensional case. A single

wake filament is attached at either edge of the slot to model the
jet thickness.
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4.0 VSAERO METHOD EVALUATION
4.1 Simple Test Case: Flat Plate

Due to the complexzity of the jet-in~-crossflow problem,

'namely, the close coupling between the entrainment rate and

the separated flow region and how this coupling affects the local
pressure distribution, the simple £lat plate configuration was
employed in this phLase of the analysis (see Figure 14).

This configuration was utilized to determine the effects of
each modification made in the analysis with VSAERO. Initially,

the jet was allowed to exit normal to the surface with the
improved jet wake model available in VSAERO. The surface
pressures local to the jet orifice did not correlate well with
the experimental data due to the form of the wake boundary
condition enforced by VSAERO. For the jet-in-crossflow problem,
one of the dominant features is the property of the relatively
high energy jet to induce local flow tangency. The flow tangency
boundary condit:on implied in the VSAERO wake formulation is not
sufficient in the potential core region where tie angle between
the jet efflux and the onset flow is at or near 900,

A modification was made to the potential core region (Figure
15), to better enforce this flow tangency boundary condition as
well as to allow entrainment and separation tc be modelled in the
high-energy rotential core region of jet development. The advan-
tages of representing the potential core region by a so2lid "body”
panel arrangement have been substantiated by this analysis.

The pressure coefficient was plotted in Figure 16 f£for the
flat plate configuration at a radizi distance to nozzle diameter
ratio of 0.7 for a jet velocity ratio of 8.0 and an injection
angle of 900, fThe advantages of the solid body potential core

‘model are clearly shovn vhen comparing the experimental Cp dis-~

tribution with the VSAZRO results. Substantial improvement is
seen when an entrainment model is employed as compared to the
VSAERO results with no entrainment model. The results with
entrainment model indicate a problem with the magnitude of the
normal velocity specified on the front face of the potential
core. Specifically, the normal velocicy on the front face is too
low in magnitude resulting in a higher positive Cp than experi-
ment and a )ower entrainment rate. Alleviating the cause of this

discrepancy is viewed as a refinement to the preliminary entrain-
ment model,

The doublet strergth derived by Wooler (seec Eqn. (23), Ref.
15) was used to deterrniine the vortex pair normal velocity com-
ponent in the potenticl core region; i.e., the peripheral varia-
tion of normal velocity, and the source/sink distribution derived
by Dietz (see Eqgn. (i8), Ref. 31) was used to determine the
remaining normal velccity component due to the "free-jet" cn-

“trainment effect. The "free-jet" entrainment effect is the en-

trainment of mainstream fluid through turbulent shear resulting
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from the difference between the jet veiocity and the local main-

stream velocity. The source distribution accounts for normal
velocity variation along the jat length.

Excellent correlation with experiment is seen in Figure 16
vwhen a separated wake model is coupled with the entrainment mcdel
as previously described. The separated wake was attached
vertically along the solid potential core at an approximate angle
of 1300 from the onset flow direction (Figure 17F. The pressure
peak at B = 900 was teduced in this configquration when compared
to the care with no wake. This is due to the isolation of the
rear face of the potential core within the separated zone and
thus the loss of some of the rear entrainment effects. This
reduction in entrainment rate is related to the front face
anomaly, and is expected to improve after further analysis with
the coupling cof entrainment and separated wake models.

This configuration is examined further in Section 6.0 in
connection with jet trajectory calculations.

4.2 Simple Tegt Case: Body of Reyolution

The body of revolution (25) as shown in Figure 18 was
analyzed in a similar manner with the exception of the separated
wvake which was not included with this configuration. As an aid
in visualizing the flow characteristics in the neighborhood of
the jet, surface velocity vectors have been plotted on the body
of revolution in Figure 19. The velocity contours behave in a
consistent and accurate manner as verified by the pressure dis-
tribution and similar experimental velocity vector plots on the
flat plate confiquration (25) with the exception of the velocity
vectors located at the front of the jet orifice. This is again
related to the inaccuracy of the entrainment model on the frontal
region of the potential core =zone.

A series of pressure cuts were taken parallel to the flow
and presented in Figures 20 through 24 with the experimental
pressure trends plotted for comparison purposes. The problem
with the entrainment model in the frontal area of the potential
core is again very evident from the calculated stagnation Cp
distribution near the jet orifice. The discrepancy in the rear
region of the jet is due to the lack of a separated wake model in
this farticular configuration. At a y/D of .48 and greater, the
correlation with experiment is very good when taking into account
the model inadequacies as described above.
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4.3 Summary

Further analysis is required with the separated wake and
entrainment model combination to improve the correlation in the
upstream and downstream region near the jet orifice. The simple
configurations utilized in this analysic proved to be very useful
for determining the jet-in-cressflow characteristics in a simpli-
fied three-dimenszional environment.
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5.0 PROGRAM VALIDATION
5.1 YSAERO Analysis of Grumman Desiqn 698-411
5.1.1 gConfiguration

The Grumman design 698-411 full-scale, tilt-naceile V/STOL
model was analyzed using the three-dimensional potential flow
program VSAERC. .The model was tested at the NASA Ames Research
Center in the 40- x 80-foot wind tunnel and the NASA Ames outdoor
static stand in 1981 (27).

To help visualize the complexity of this configquration a
series of figures are presented which describe the progression of
the VSAERO panelling from the relatively ®"simple” clean con-
figuration to the very complex configuration with nacelles at
500, This series is presented in Figures 25(a) through (i) with
a summary of the configuration specifics presented in Table 1.

LABEL  GENERAL DESCRIPTION a(DEG) Sy (DEG) V, (KTS) Vp/V
-]

Case A Fuselage/Wing/Tail 0.0

Case B Fuselage/Wing/Tail/Nacelle 0.0 - 5.0 100.5 2.57
Case C Fuselage/Wing/Tail/Necelle 12.0 50.0 1v4.0 2.29

Case D Fuselage/Wing/Tail/Nacelle 16.5 50.0 100.0 2.30

Table 1. Grumman Design 698-411 Configuration Summary.

The confiqurations labelled Case A and Case B (which corre-
spond to Figures 25(a), (b), and 25(c), (d), respectively) vere
used mainly to determine the nacelle-on and nacelle-off charac-
teristics and also to examine the numerical stability of the
panelling arrangement. As shown by Figure 25(c), the all movable
horizontal tail could posgse a problem with regard to the root
junction when the horizontal tail angle Betting is modified to
f£it the particular flight condition under analysis. Specifically,
the panelling arrangement in the veirtical stabilizer/horizontal
tail junction would require modification for each tail angle
setting. Due to the internal Dirichlet boundary condition of
zero perturbation potaz=ntial "inside"™ the body as applied in
VSAERO (9), this "T" tail design allowed for a rather unique
panel arrangement. A simple test case was rcun using progran
VSRERO to determine the behavior and numerical stability of a
particular wing/body junction which has direct application to the
"T" tail junction present in this configuration. For easz2 in

.analysis, the vertical tail wasa panelled up regardless of

horizontal tail location. The cpen end of the horizontal tail
was then “butted® up against the vertical tail, as shown by
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the inset in Figure 25(c). This simplified arrangement allows
for the horizontal tail deflection angle to be chaiiged (de-
pending on the flight condition) with no modification of the °T¢
tail junction. The stability of this model was verified.

Cases C and b are relatedé in that the nacelle angle in both
instances is set at +500, hut for Case D a considerably more
realistic jet geometry has been added o the configquration. A
subroutine has been added to VSAERO which calculates the jet
trajectory and jet geometry based on the initial jet injection
angle and jet velocity. The trajectory coordinates are calcu-
lated based on on empirical jet centerline equation developed by
Margason (16). A linear factor may also be applied to the circu-
lar jet diameter at the user's option to expand the jet boundary
and thus geometrically simulate entrainment as shown in Figures
25(g) through (i). :

5.1.2 Resulis

Comparison with experiment was limited due to the absence
of fuselage or winc exper.mental pressure measurements except for
the fuselage bottom centetline with the medel in ground effect.
Since t‘he analysis of the 3rumman confiquraticn in ground effect
was not included in this study, VSAERO wag utilized to examine
the jet-induced effects of the TF34-100 Turbofan nacelle, which
was treated thoroughly in the experimental analysis.

For Case C, with the nacelle at an abgolute angle of attack
of 620, (gee Figures 25(e), (£)) excellent correlation with
experiment was found. The ratio of local static pressure to
ambient total pressure was plotted against a nondimensional dis-
tance parameter along the bottom centerline of the TF34 endine
inlet and is presented in Figure 26(a). Further corrclations
with experiment are presented in Fiqures 26(b) and {(c) for the
TF-34 engine inlet. ‘The TF-34 inlet characteristics under both
isolated and installed ccnditions are documented in the experi-
mental study (27) and are treated in Section 5.2 of this report.

The nacelle-on/nacelle-off characteriastics are presented in
Figures 27 through 31. A comparison of the wing pressure distri-
bution at a spanwise location of 70.0, which is approximately
located at the nacelle centerline, is shewn in Pigure 27(a) and
(b). This Cp distribution indicates a considerable loss in lift
for the engine installed configuration. A negative sectional
lift coefficient vas maintained (as calculated by VSAERO) fron
the wing root junction to a spanwise location just outboard of
the initial flap station for the engine-installed configuration.
Due to the forward location of the nacelle with r2spect to the
wing leading edge (see Figure 25{(d)), the wing receives a
downwash velocity, thus resulting in negative lift throughout the
wing inboard stations. This lift degradation piesent in the
close-coupled nacelle/wing regicn for the cruige configuration
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was not reported in the experimental study due to the absence of
wing pressure taps. It should be noted that an analysis of the
wing surface pressures and further analysis of the fuselage
surface pressures has been proposed for a future experimental
study at NASA Ames. -

A buttline cut through the symmetrical horizontal tail sur-
face verifies that the tail is set at zero degrees angle of
attack as shown by Figure 28(a) for the nacelle-off configura-
tion. The s8light downward loading evident on the tail leading
edge is possibly caused by wing-induced downwash. The nacelle-on
effects (see Figure 28(b)} indicate the presence of an upwash
field at the tai p:oducing tail lift. This upwash field is the
result of a change in sign of the inboard wing loading (see
Figures 27(a) and (b)) which is caused by the presence of the

. nacelle in the cruise condition (GN = 5.00).

The fuselage/nacelle interference effects are evident when
examining the fuoelage upper surxface pressure distribution as
presented in Fiqures 29 and 30. This indicates an increase in
velocity for the nacelle-lnstalled configuration. The jet-in-
duced effects on the fuselage underside are shown in Figures
31(a) and (b) for nacelle deflection angles of 5 and 50 degrees.
The suction peak evident in Figqure 31(b) for the nacelle deflec-
tion angle of 500 is induced by the close approach of the jet
wake which is passing within one jet diameter of the fuselage
centerline as shown by Figure 25(g). The suck-down effect is
expected to increase when entrainment of mainstream fluid is
included in the jet wake model.

A preliminary comparison between experimental and calculated
force and moment is shown in Figure 32 for the pecwer-off config-
uration. The calculated 1ift and drag values show the correct
trend but are on the low side. The pitching moment looks good at
low lift but has a large discrepancy at the higher 1ift value.
Even. so, the correlations are encouraging; there are areas of the

configuration surface that require more precise geometric defini-.

tion, e.g., forward fuselage and nac<¢lle support structure,
before more serious correlations are attempted. Also, modelling
of separated flow areas--predicted by the analysis (e.g., Section
5.2.2)~~needs to be pursued.

5.1.3 Summary

Very good correlation with experiment wag found for the
nacelle inlet conditions at an angle of attack of 620 to the
crossflow for the complete Grumman configuration analyzed with
VSAERO. A negative wing loading was calculated by VSAERO for the
cruise confiquration £rom the wing root to a spanwise station
just outboard of the fiarst flap station. This condition could
not be verified due to the absence of experimental wing pressure
data, but is JUStlfled by the forward location of the nacelle
with reopect to the wing leading edge.
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A qualitative picture of the jet-induced effects on the
Grumman fuselage were determined by the analysis with VSAERO, but
correlation with experiment is limited to lower fuselage center-
line pressures in ground effect which was not treated in this
study.

The computing time for the complete configuration was 190
seconds on the CRAY 1-S. The calculation involved 1760 surface
panels on one side of the plane of symmetry and included 24
streamline and boundary layer calculations (discussed in 5.2).

5.2 Wmammm_mmmwmm
5.2.1 Confiquration

Due to the high angle-of-attack environment present in the
Grumman tilt-nacelle V/STOL design, the inlet performance is a
critical parameter in determining the transition capabilities of
the aircraft. Utilizing the coupled streamline and boundary
layer procedure available in VSAERO (45)(46), a preliminary study
was undertaken to determine the inlet and external engine cowling
boundary layer characteristics for both nacelle-alone and na-

-celle-installed confiqurations (see Figures 33 and 34). Although

not required in the statement of work, it was determined that the
prediction of nacelle inlet performance characteristics with

VSAERO warranted a brief but concise examination. The complete
test conditions are summarized in Table 2.

Configuration Total MHacelle Specific Aig- inlet Fan
cription Angle of flow (Wg/ACAP’ Velocity
Pescrip Attack® (deg) K/ACAP Ratio
(Vg/V )
: @
Nacelle Alone 45.0 0.14 2.12
56.5 0.14 2.12
56.5 0.18 . 2.73
76.5 0.20 "3.03
Complete 76.5 : 0.20 3.03
Configuration

Table 2. Streamline and Boundary Layer Test Conditions.
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5.2.2 Results |

The operational boundaries of the TF34-100 nacelle as calcu-
lated by VSAERO correlate well with the results from wind tunnel
tests of the Grumman design 6G98-411 tilt-nacelle V/STOL model
conducted at NASA Ames (27). The operational boundary of the
TF34-100 nacelle, which is determined by the onset of separation
in the engine inlet, is described in this case by a plot of
nacelle absolute angle of attack as a function of engine specific
air flow. The VSAERO results for a frecestreanm velocity of 100
knots are presented in Figure 35 along with the appropriate test
data.

A possible explanation for the scatter in the experimental
data as shown by Figure 35 involves the nacelle/fuselage inter-
ference. As previously mentioned the parameter plotted on the
ordinate is the "absolute®™ nacelle angle of attack which consists
of the nacelle angle of attack relative to the fuselage reference
line (§y) and the configuration angle of attack (a). The data
scatter, therefore, may be produced by varying both éy and a with
SN being in a sense a measure of the degree of nacelle/fuselage
interference. To emphasize this point, the nacelle/fuselage
interference effects were "minimized"™ by setting a to zero and
§y to 76.5°.(This may not necessarily be a minimum but the fuse-
1§ge-induced upwash will be reduced relative to a case witha set
to, say, 12° and é§y set to 64.5°.) The inlet boundary layer
results indicate only a very slignt difference between the
nacelle alone and the nacelle installed configurations as indi-
cated by Figure 36, which is a plot of skin friction coefficient
(Cen? as a function of streamline length (S) for both cases. The
1n£et separation zone for both nacelle alone and nacelle instal-
led is presented in Figure 37. These plots indicate the rela-
tively small difference in the inlet flow environments between
the isolated and installed nacelle when the fuselage/nacelle
interference is minimized in the latter case. This apopears to be
a likely explanation for the data scatter experienced in the
experimental study and indicative of a "family" of inlet per-
formance separation boundaries with varying alpha.

In the potential flow calculations a range-of inlet flow
conditions is represented by one solution in which the inlet
velocity is normalized by the free-stream velocity. By dividing
the specific airflow by the free-stream velocity magnitude, the
experimental inlet separation boundaries for a range of forward
flight velocities were found to collapse onto one plot shown in
Figure 38. It may be inferred from this interesting characteris-
tic that the model need not be tested at a full range of free-
stream velocities to determine the overall inlet performance
envelope. A sampling of wing tunnel data to verify a full analy-
sis with VSAERO would free valuable wind tunnecl operation time

and thus allow for other important aspects of this configuration
to be examined.
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In general a viscous/potential flow iteration tends to
result in a boundary layer degraduation for the TF-34§4 nacelle
inlet as shown by a plot 0f Cfn as a function of S in Fiqure 39.
The application of VSAERO to external flows such as wings at high
angles of attack produv~=1 a general improvement in the boundary
layer parameters after a viscous/potential flow iteration with
convergence reached after an appropriate number of cycles (73~5).
The explanation £or the degradation in the inlet flow ccnditions
after the source transpiraticn/potential flow cycle is apparently
associated with inlet flow continuity. A plot of the resultant
velocity along the inlet conterline lower lip for both the in-
itial solution as well as the solution with one viscous/potential
flow iteration reveals a general slow-down of the inlet velocity
in the latter case (see Figure 40). With the fan face velocity
constant throughout the calculation (as specified by the user)
the introduction of fluid by the source transpiration technique
results in a reduction in the inlet flow velocity thus satisfying
continuity in the inlet. The boundary layer seces this inlet
velocity reduction as an equivalent reduction in mass flow (or a
shift to the left on the inlet separation boundary plot with
aggp constant) thus resulting in inlet boundary layer deteriora-
tion. This blockage effect may be alleviated by incrementing the
fan face velocity based on the amount of additional fluid intro-
duced during the viscous/potential flow cycle. Also requiring
further study and related to this analysis phenomenon is the
source transpiration modelling beyond separation. Currently the
source values are set to zero beyond separation but the feasi-
bility of a source model coupled with the boundary laver
parameters at separation should be examined.

The adverge effect of the close coupling between the nacelle
and fuselage is clearly shown by the behavior of streamlines on
the external engine cowling. In particular, flow asymmetry, a
direct consequence of the fugelage induced upwash, was observed

in experiment when comparing the inboard and outboard engine

cowling as well as being indicated by the VSAERO calculation for
the full configuration which is shown in Figure 41. The inboard
external streamlines are obscerved to separate carlier for the
nacelle-instaliled condition as compared to the nacelle-alone
environment. Since the streamlines on the inboard side of the
engine cowling are in the presence of a crude representation of
the dumbbell support structure for this analysis., further insight
into the adverse effects of the nacelle/fuselage interaction
would require a more accurate panel representation of this

nacelle support structure to ensure an accurate analytical en-
vironment. :

Jet-induced power effects as calculated by VSAERO are clear-
ly shown by observing the behavior of the external streamlines
with a change in engine mass £flow (see Figure 42). With a 50%
increase in mass flow the engine cowling separation zone de-
creases in size due to the increase in the capture arca stream
tube and a reduction in spillage.

AR Nt T T e ik . = -z,.%‘
. ¥ . ANALST AN S M . - .
¢ Priefitio i WIS SN - Cowger . )
' . e TN % 3 . 2 P W I e
2 o - P PP A A Y e Nt B N e o B
E?—"' i k:‘ XL S RN MR R Y iy o ath s T i T e SR e e v T ¥ R i LE L St i K 4 o :

RO Py AR VET SR SO




k
e
E Y

T

T R Ly

e SR
-

£ i

.‘t}ﬁ.‘

7 ARG
~%
<

R SR

.,
WLy
6L

A ae
NSO,
e E

- L e
EASRCRS - 4
T g WMy

Gk

e

ey

TR
i L
el

AR
i\:«.&:‘a&‘!—ﬁ ".J.)=“S

STREAMLINE LOCATION:
ENGINE INLET/CENTERLINE/LOWER LIP

8.010 :
NACELLE ALONE

4 & 56.5 DEG.
s WK/IACAP=0.14

0.0¢8

(w Bat § o)

0.006 —+—
: NITIAL SOLUTION

; ' : &QNE [P FLOW ITERATION

2.004 —- =
0.002 : ?““ .
£ ;.J \fmmsmow RN

30999"_T1_71‘T1“T‘vs 1T 13 S T3 11 1L L) TV 1. T
2 5 10 1S =]’ e5 38 35

S

Figure 39. TF-34 Tilt-Nacelle/Streamline and Boundary Layer Analysis; Viscous/
Potential Flow Iteration; Separated Inlet Flow; Skin Friction Drag

Coefficient, CfD Versus S.

ALFYAD ¥00d 4O
:

R
E! -'.u‘i’;

[Xiiad
NITINO

.
iy

-




e

5

08

vrim>-n C

Aunvnd ¥00d 40

) 357d INIDIO

8

AERODYNAMICS DATA
5—— 375
] i A INITIAL SOLUTION
] ] g} © 1t V/P FLOW ITERATION
41— 350 4
s ‘ -1 f’/" |
- 2 i <é§§%é""ﬂ———— .‘1_-—_"'-;-\-~
3. 325 '5’/__, , ‘ wl
2l 30— WJQE,’ Al
: ’ Ar’ﬂ/ NACELLE ALONE
1 7] 3 i ; nE
i & — Al se.6 ogG.
] ] Abh B A WK/ACAP=0,14
- - & | Al° PI .
- A ap _
0__- ese R LI LR L LR LI L L R I 11 f]

%) a5 S0 5 100 i2as 159 175
X

Figure 40. TP~-34 Tilt-Nacelle/Streamline and Boundary Layer Analysis;
Viscous/Potential Flow Iteration; Separated Inlet Flow; Re-.
sultant Velocity along Inlet Centerline--Lower Lip.

-
v
R N

: b : Gl i e e e e e
RTINS FIE-CENU Y S SR W PIEILE e b . o ARE M 2 A e

[ SO GRS £ S



RS

;?FF‘RN
ﬁr‘ 3

ORIGINAL PAGE g
OF POOR QuALITY

i’L‘H{F

TYPICAL STREARRLINES

PREDICTED SEPARATION SOUNDARY

6f

§ ! .
Ai.} R T e Tt p e - oz - For s 5 s oy,
. - L " YT M Dy A AP g Y RIS A Cact 400 TETYT
7\9551(,... g T AT A BT T N TR R Doy e VLl e e bl o iad Lk b3
m. O Ty e 2 T e Yoo

JETERT

o)

81

- g
P e
R

T

NACELLE ALONE

B T ) s

=ik ‘-

NACELLE INSTALLED

TF-34 Tilt

.
’

ysis

ry Layer Anal
Sample Calculation. .

’

~ e

-Nacelle/Streamline and Bounda

Top View; External Streamline

Figure 41.

LOUTAR lAs TR

TR

ey

b
.
H
i
!




\ \ . ~ . N
- - . ~<L
R ~ . . S R
. . J— — I BT T Y I AOFEY S PR R o e yod - ]

3 )
: TYPICAL STREAHLINES
g
‘;]
i
é, \‘.'i N
3, R \‘§§§kh
. s \\. ’
> \Q\Q
\ \,
- %Xg
o] "
[ ‘ \ \F 1”§;:* co -
BMANANT g
= w5
‘( =)
Q
c ¥
> G
=
Ia

BASELINE MASS FLOW  BASELINE MASS FLOW + 50%

Figure 42, TF-34 Tilt-Nacelle/Streamline and Boundary Layer Analysis; Top View;
External Streamlines; Effect of Mass Flow on External Separation Zone.




—_—
~—

———

NN e |

e ma e et v -

en vy

N

S — T N

=T

Eatarale

PR e e T T L e

R . . P . .
. ppwn: e e A e PR N ot o 29, e baue s v BLATAL:
N e

Typica) boundary layer calculatiohs for attached inlet flow
conditions are shown in Figurc-43(2) and (b) for C; and from
factor (H) as a function ¢f S. - D

5.2.3  Summazy

‘Promising results were obtained for the streamline/bohndary'

layer anaiysis of the TF34-100 tilt-nacelle at a full range of
flow conditions with the nacelle at high angles of attack. Tkis
study has shown the econony in utilizing VSAEPO for the analysis
of the full configuration performance characteristics and the
results are verified by existing experzimental data. 'The nacelle-

alone calculations involved 784 surface panels on one side of the.

plane of symmetry and included 24 streamline/boundary layer cal--
culations. These calculations were made on a PRIME 550 ninicom~ -

puter and toolk 8200 CP seconds, which is equivalent to about 8
seconds on the CRAY. _ _

83

-t LT

’

gzt -2 g o)



VERIETS

AT R Ry
iietumd Sl amimats
o

vo

STREAMLINE LOCATION:
ENGINE INLET/CENTERLINE/LOWER LIP

0.008

2.006

DDTO

0.004

0.002 -

0.000

Figure 43.

(a)

MACELLE ALONE
. 45 DEG.
WK/ACAP=0.14
i TRANSITION
| R L] L R DL (R L L L L vt 11
0 10 29 39 40 50 60

TF=-34 Tllt-Nacelle/Strea.mllne cmd Boundary Layer Analysis; Attached
Inlet r.-low

Skin Friction Coefficient, Cg Versus S.

e i e o e e e s St e - s v UGN Y [t AF S+

ALTYND ¥D0d 40

81

240

1
H

N

Lol SN |
e RN A )

-



. ——

[ 2%

STREAMLINE LOCATION:
ENGINE INLET/CENTERLINE/LOWER LIP

3.5- _
] MACELLE ALONE
- 45 DEG.

3.0 —f—r WK/AGAP=0.14

800d 3p
TYNIDIND

H 41 /
2.5 ' \/ :
i — " TRANSITION /\
[ve) 1 . 4/ <)
@ 2.9~ _ // — _ §
- ) ” .j‘

| S U . |

1.0 | [ I | I T T T T T T

H
(&S
>
(3]
Loy
[ 7%)
(o]
<
>
i
&
oY
<

_Figu.re 43. ConcludeA.
(b) Form Factor, H Versus S.

. e

F
i

Ty
el

ey

a3

[ nd d



5.3 The Application of a Simple Jet Model in VSAERC to
Acalyze a Powerad STOL Fiqhtex

'5.3.1 Configuration

Tl.e STOL (Short Takeoff and Landing) Fighter Model war
designed as a 3/4-size representation of a umigh-performance
supersonic fighter aircraft. A drawing of the mciel is shown in
Figure 44. Thc salient feature of this aircraft is the Vectored--
Engine-over-Wing (47) propulsion system. In this concept the
engine efflux impinges on the inboard plain flapy, leading to a
change in the thrust vector whenever the flap is deflected.

Thrust is provided by two General Electric J-97 turbojet
engines installed in dded nacelles over the wings. Eacl. engine
has a rated thrust of 14,011 N at a nozzle pressure ratio of 2.7
and an exhaust gas temperature of €50 C. Tae engine nozzles ar2
constructed to simulate the flight configuratisn during STOL
operation. These nozzles, which are illustrated in Fiqure 45,
are two-dimensionali, convergent-divergent, wedge nozzles with a
throat cross-sectional aspent ratio of eight. Thc¢ nozzle duct
has a throat area of 120 in.2, a fixed diffusion ratio of 1.09,
and an exit angle of 250 downward. The primary-nozzle exit plane
is located directly above the wing_ inboard-flap hinge line.
Spanwise~blowing nozzles were provided .n the gsides of the na-
celles, but their use will not be considered.

The fuselace is blended into broad fuselaye strakes which
extend well forward because o) their 710 leading-edge sweep. The
large nacelles outboard of the strakes hcusgse the vropulsion
system and act as mounts for the canard<, The canards have a
leading-edge cweep of 450 a. } could be attached in three posi-
tions: forward, int:ermediate and aft. Fiqure 44 s.ows the

. canards mountea in the forward position. The carards are

situated 1.2 £t. above the sing plane. The wings have an aspect
ratlio of 3.2 and also a moderate leading-cdge sweep of 40C, BRoth
wing and canard have thin airfeil s=zctions.
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5.3.2 HWind Tupnnel Tests

The STOL Fighter Model was tested in the Ames 40 x 80-foot
wind tunnel as reported in Ref. 26. Before proceeding with the
results of the analysis a review of the pertinent aspects of the
wind tunnel investigation is worthwhile., Summaries are also
available in Refs. 48 and 49. : :

The model was equipped with pressure taps to measure the
surface pressures on the port canard, wing, nozzle flap, beaver
tail and strake. The location of the taps is presented in Figure
46. Total pressure rakes on the nozzle and flap measured the
engine exhaust. Temperature readings were also taken on the
beaver tail and wing. The pressure readings indicated that
except at very low angles of attack (less than 3°) weak leading-
edge vortices existed over the canard and wing. A stronger
vortex existed over the strake leading edge. Each separation

produced a loss in leading-edge suction, but more negative pres-—.

sures just behind the leading edge on the upper surface.

Power-on tests were conducted at only two thrust settings,
3370 and 3860 lb (engine pressure ratios of 1.8 and 2.0). The
thrust coefficient was varied by changing the tunnel dynamic
pressure. The variation in tunnel velocity introduced some ef-
fects due to changes in Reynolds number. The effect of Reynolds
number was investigated in power-off runs made at the same

elocity ac the test at ct=1l.4. These power-off tests had the
Ynfets en Jié% eng&ne fzgewheeling.

The convergent-divergent nozzle at an engine pressure ratio
of 2.0 issued the £low in an overexpanded state at a discharge
Mach number of 1.35 with oblique shock waves then reducing the
flow to subsonic speeds. The static pressure profiles on the
flap indicated that thne transition to subsonic flow occurred
upstream of the first pressure tap.

For angles of attack below 160, increasing power induced a
small but consistent increase in canard 1ift. On the wing at low
angles of attack with the flaps undeflected, adding power in-
creased the upwash slightly. The outboard taps showed little
power effects in th=2 region of the aileron but stronge- induced
upwash with its consequences evident forward on the chord. The
spanwise taps indicated there was an almost uniform reduction in
pressure over the span due to power at high angles of attack.
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5.3.3  Aerodynamic Hodel

The geometry of the STOL Fighter Model was provided to
Analytical Methods by the NASA Ames Research Center in the form
of the coordinates of the panel corners. The panelling scheme
for the model, some 700 pana2ls, is shown in Figure 47. This
panelling was usecd with a few minor changes in VSAERO. The
geomecry specified the canard in the aft position, and all
control surfaces were undeflected.

The inlet and the nozzle face, that is, those panels which
have nonzero normal velocities, are flush with the inlet and
nozzle lips. The inlet, designed for supersonic operation, is’
panelled at an inclination of 600 to the free stream; and, as was
stated before, the nozzle directed the exhaust downward at an
angle of 250, while the exit panels are almost vertical. The
importance of this is that better results are usually obtained if
these panels are aligned perpendicular to the local flow. This
requires submerging the inlet and nozzle panels and adding short
ducts. For the present study the simpler geometry was retained,
but detailed studies of the flow in these regions should be -
deferred until these improvements are made. -

The wakes attached to the model are shown in Figure 48.
Normal lifting~tvpe wakes are attached to the trailing edge of
the canard, beaver tail and wing. 1In addition, a jet wake is
attached to the trailing edge of the inboard flap and the lip of
the nozzle. The jet wake in this case has a constant vorticity
distribution on each panel. The vorticity is the difference
between the external velocity and the jet velocity. This dif-
ference is specified as an input to VSAERO. A rigorous analysis
would also include wakes from the leading-edge separations on the
wing, canard and strake that were noted in the wind tunnel.
These have been omitted in order to concentrate on jet-induced
effects. :
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Figure 48,
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5.3.4 Derivation of Jet Velocity

The power-on tests ac we have seen vere run at a constant
engine pressure ratio of 2.0 corresponding to a thrust of 3860
lb. The pressure ratio at the nozzle exit will be 1.8 according
to the calibrated duct and nozzle losses (50). Assuming the
static pressure over the flap is near ambient, the exhaust, once
it has compressed from its overexpanded state, will have a Mach
number of about 0.9. At a total temperature of 1600 R the ex-
haust velocity will be some 1500 ft/sec, varying slightly with

the thrust coefficient, C¢e This is verified by the effective
exhaust velocity,

Ve = T/m »
where h is the exhaust mass flow, approximately 40 lb/sec/engine.

From the equation

T

Ce =
1/20Vipne2 Sref

the wind tunnel thrust of 3860 lb implies
1
Vinf = 133 ft/sec Q/Et'

So, the ratio of the exhaust velocity to freestream velocity is

Viet/Ving = 11 %/c .

This was the jet velocity used in VSAERO. The velocity external
to the jet wes estimated to be the velocity on the nacelle just

upstream of the jet, which turned out to be slightly higher than
freestream.

Certain improvements to this model are obvious. PFirst, the
jet velocity and vorticity should vary as the exhaust compresses
or turncs. Second, the compressible nature of the jet should be
represented in the calculations. Entrainment should also be

included. Nevertheless, much of the jet effects can be repro-
duced by this model, as will be seen.

The static calibration of the wedge nozzle measured the
exhaust jet thickness at the flap trailing edge. It was found to
have the same height, and therefore approximately the same cross-

sectional area as the nozzle. This is consistent with a high
subsonic Mach number in the exhaust.
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It should be poinﬁed_out that from the throat area and
diffuser ratio we can derive the area of the nozzle exit plane as

cos 2590

The nozzle panels specified in the geometry extend from buttline
30 to BL 66 and from waterline 30 to WL 42 which leads to a
cross—sectional area of 432 in.2 This is three times greater
than the derived area. Again, further analysis should be pre-
ceded by a review of the panel geometry.
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5.3.5 YSAERQ Results
5.3.5.1 pover-0ff Calculations

The first step in the analysis of the STOL fighter was a set
of power-off calculations at several angles of attack. When
compared to the experiment, Figqgure 49, the lift slope is about
15% less than experimcnt. More noticeable is that the predicted
angle of zero lift is about 1.80 higher than experiment. The
lift versus pltchlng moment curve, Figure 50, has a very good
correlation. This curve, which is 1ndependent of the angle of
zero lift, tends -to indicate that there is an inconsistency
between the angle of attack stated in the experimental results
and that used for the calculation.

Further arquments for an inconsistency are found in the
pressure data. For example, the canard pressure taps in both
experiment and calculation were found to be influenced little by
power effects (Fiqure 51). From this it can be inferred that the
inlet spillage and, hence, the upwash induced by the nacelle does
not affect the canard under this condition. Yet, at zero angle
of attack and zero incidence, the experimental pressures around
the symmetrical airfoil indicate the canard is generating sig-
nificant lift; whereas the calculations show almost no lift.
When a prediction is made for the canard at an angle of attack
which reflects the assumed error, the comparison, Figure 52, is
quite good. At angles of attack much larger than the error,
Figure 53, the comparison is good, but the calculation is still
consistently lower than experiment. Pressures on the wing also

.compare much better if the angle of attack used in the calcula-

tions is 1.80 higher (Figure 54j.
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5.3.5.2 Pawer Effects

Figures 55 through 62 compare the effect of increasing
engine thrust on the pressure distribution over the canard, wing
and strake. The difficulty in perceiving quantitative effects
from the experimental data makes such a comparison difficult, but
the qualitative effects predicted in the calculatlons is vir-
tually the same as experiment. _

Figure 55 shows the canard pressure distribution at various
pover settings. The trend for both experiment and theory is one
of small, but consistent increases in lift with increases in
power. At this higher angle of attack, the leading-edge separa-
tion in the wind tunnel reduces the suction on the upper surface
over the leading edge; whereas the ana1¥51s maintains a high
suction associated with actached flcw. e lower-surface pres-
sures compare well.

The calculated pressure trend on the wing outboard station
(Figure 56) agrees with the experimental data in indicating a
significant effect on the outboard leading edge, but little
effect on the aft portion of the airfoil. The greatest influence
of the jet is in the inboard wing chord, Figure 57. Power re-
duces the pressures over the entire chord.

The wing spanwise data (Figure 58) show that the jet influ-
ence extends far out on the wing at 80 angle of attack with more
effect inboard near the nacelle. The calculated pcwer effect is
very close to the measured effect.

The strake calculations predict that only the area near the
nozzle exit is influenced by power effects (Figure 59). This is

confirmed by the experimental data. The strong leading-edge
separation on the strake is very apparent.

At a lowver angle of attack the results are muzh the same.
Figure 51 shows the correlation between experiment and theory for
the canard pressures. The results for power-off were almost
identical to those at Ct=1.3 and have not been graphed. This
show% again that power effects had little *nfjuencL on the
canard.

Figures 60 and 61 show the wing chordwise pressures. The
lower-surface pressures on the inboard station do not compare
favorably with experiment, but the upper-surface pressures appear
very good. The spanwise prediction at zero angle of attack
(Figure 62) indicates that the power effect is overemphasized.
Still, the results show how the jet effect is strongest closest
to the nacelle and dies out towards the wing tip. The experimen-
tal data support this.
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A quantitative comparison is shown in Figure 63 where the
predicted and measured lift coefficients have been compared. For
much of the angle-of-attack range considered, the power-on pre-
dictions appear very good. The angle of attack of the experimen-
tal data has been increased to reflect the assumed error in the
angle of attack. Qualitatively, VSAERO predicts both the in-
crease in lift and increcased lift slope seen in the data.
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5.3.5.3 Wake Relaxation Effects

To further explore the extent to which VSAERO has assimi=~
lated the jet model, wake relaxations were made with power ap-
plied. Under low-speed flight conditions where the flow pertur-
bations from jets and high-lift devices will be large, wake
relaxations can be expected to be important in getting the cor-
rect solution. Relaxing the canard wake of the STOL Fighter
should be of particular importance bzsed on the results fron
similar configurations. Figure 64 shows the predicted wake geo-
metry at C¢ =1.3 at an angle of attack of 8.49. The jet presence
gave no prdoblems when predicting the shape of the canard wake.
Until a variable vorticity jet model is included, reclaxation of
the jet wake, while possible, is not worthwhile.

Figures 65 and 66 indicate the sensitivity of the wing
pressures to the canard wake geometry. The inboard pressures are
affected in much the same way as they are by power and to almost
the same dcgree. The spanwise data show that letting the canard-

tip vortex roll up can redistribute the lift further outboard.
This is closer to the experimental trend, Figure 58.

There were no apparent effects on the canard or strake from
relaxing the canard wake.
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5.3.6 Summary

The jet model used in VSAERO for the analysis of the STOL
Fighter has provided quite good overall predictions for power
effects. The model predicts more 1lift at the same angle of
attack and higher lift slcpe with power on as compared to power
off. As verified by experimental data, the jet effects at
moderate angles of attack are most pronounced close to the nozzle
while barely perceptible on the canard.

The jet model does not impair the solution on remote com-

ponents and is compatible with other VSAERO capabilities such as
wake relaxation. FPurther development is required for a correct
analysis of components very close to the jet.

The STOL Fighter configuration was run on the PRIME 550
minicomputer. A case with 700 panels and 350 wake panels on one
side of the plane of symmetry took 6,000 CP seconds, which is

egquivalent to about one minute on the CRAY. A case with one wake

relaxation took 10,000 CP seconds on the PRIME 550.
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6.0 JET TRAJECTORY CALCULATIONS
6.1 General

The VSAERO program has an iterative wake relaxation scheme
pased on force-free boundary conditions. Since the jet bound-
aries are described as specieal wakes inside the program, in
principle, the jet boundary can also be relaxed in the iterative
procedure in order to compute the jet trajectory. Such calcula-
tions at low jet deflection angles have been very promising.
However, at larger deflection angles numerical problems have been
encountered. One of the reasons for this is that the wake struc-
ture is described in a vertical wake-grid-plane scheme, Figure
67. While this has several advantages for regular wakes it is
too restrictive for jets with large deflection angles: numerical
problems arise because of the large inclination of the jet axis
relative to the wake grid plane.

Although an alternative more general scheme is required for
treatment of the jets at large crossflow angles, development of
such a scheme was beyond the scope of the present investigation.
Even so, numerical studies of the jet trajectory calculation did
indicate other areas of improvment. Some modifications were made
to the code in the off-body velocity calculation and in the wake
relaxation suoroutines. The main change involved the integration
process for proceeding from one wake grid plane to the next.
Numerical stability problems were traced to an extrapolation
procedure, which for regular wake relaxation calculations accel-
erated the convergence. The more rapid action in the jet vortex
pa’r calculation caused some divergence. The procedure was
therefore simplified to an Euler~-Gauss scheme. While this slowed
dewn the movement from iteration to iteration, the procedure is
much more stable.

6.2 Resuits

The 6:1 simple body configuration shown in Figures 68
through 71 was utilized to examine the modified relaxed jet wake
procedure available in VSAERO. The wake relaxation resulted in
the characteristic kidney-shaped cross section for a jet to
freestream velocity ratio of 2.0 and an angle of attack of 20 o,
The pressure coefficient as a function of x along a buttline cut
at the vertical plane of svmmetry as presented in Figure 71
indicates a well behaved solution.

A flat plate confiquration similar to the one described in
Section 4.1 was employed to examine the effectiveness of the
VSAERO streamwise linear vorticity jet wake model subsequent to a
wake relaxation (see Figure 72). The configuration is modelled
after the one used by Fearn and Weston (Ref. 24) in an extensive
experimental investigation which concentrated on the characteris-
tics of the pair of contrarotating vortices. The flat plateis
at zero degrees angle of attack with the jet issuing at 900 with
respect to the plate surface. A solid potential corc model of
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one jet diameter in height ig5 utilized to turn the £low through

90° in the initial stages of jet deveclopment. This height is
about one third as high as indicated by experiment for a jet
velocity ratio of 8. : :

The relaxed wake geometry is compared to the prescribed jet
trajectory in Figure 73 which includes the orientation of a
VSAERO velocity scan plane. The scan plane was utilized to
compare critical aspects of the vortex pair as calculated by
VSAERO to experimental measurements and thus assess the effect~
iveness of the VSAERO je%: model. As indicated by this figure,
the entire confiquraticn was rotated (as well ac the onset flow)
by 450 in order to conform to the present vertical wake-grid-
plane structure. '

This wake-grid-plane structure is a critical aspect of the
wake geometry definition in VSAERO. In the present example the
wake-grid-plane structure intersects the jet wake at angles other
than the optimum of 90°, thus resulting in a distorted wake panel
definition which in turn introduces numerical . tabilities
during the jet trajectory calculation. The jet tre <tory after
one VSAERO relaxed wake calculation has deviated from the speci-
fied geometry (as generated by Margason's empirical equation),
throuchout the initial stages of jet development with a recovery
at about 10 jet diameters downstream as indicated by Fiqure 73.
The geometry of the cross section as shown in Figure 74 for the
relaxed wake, indicates a general distortion of the jet although
the characteristic kidney shape is present indicating the
presence of the vortex pair. A more general scheme for the jet
trajectory calculation is now being developred for the VSAERO
program. This should alleviate the above dificiencies, thereby
giving a more accurate relaxed jet wake geometry for cases with
the wake at large angles to the crossflow,

Regardless of the deficiencies in the relaxed wake geometry,
the results from the velocity scan plane are promising and sup-
port the assertion that the current VSAERO jet model containg the
critical aspects present in the jet-in-crossflow problem; speci-
fically, the swirl produced by the pair of contrarotating vor-
tices and the strong axial velocity component of the basic jet
(see Section 2.6.1). Accepting the fact that the jet trajectory
has deviated from experimental results due to the wake-grid-plane
structure, for conmparison purposes the VSAERC scan plane results
were shifted vertically to coincide with the experimental results
ay presented in Fiqures 75 and 76. Contours of constant axial
velocity ratioed by the maximum centerline value at that station
(V/Vormpx) are presented in Figure 75(a) in a mirror image format
with respecw to the experimental results. In Ficure 75(b) the
cross compon~nts of velocity are presented in vector form indi-
cating the swirl activity produced by the pair of <«ontrarotating
vortices. The upper half of the VSAERO cross—-component vector
plot compares very well with experiment but the corcelation tends
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to deviate in the lower half of the plane due to the distortion
of the jet cross section shown in Figure 74. Contours of con-
stant static pressure coefficient are presented in Figqure 76.

The application of VSAERO to the TF34-100 nacelle at 46.5°
angle of attack and at a specific airflow setting of 0.092
(Figure 77) resulted in a realistic jet relaxation calculation as
shown in Figures 78(a) and 78(b). The relaxed jet wake calcula-
tion appears to have performed very well for this rather complex
coaxial jet configuration. The intersection of the coaxial jets
as. shown by Figure 78(b) does not appear to have adversely af-
fected the numerical stability of the wake relaxation procedure.
This wake intersection, which is apparently a consequence of the
relative magnitude of the jet velocities with the inner primary
jet having a larger jet velocity magnitude than the outer
secondary jet, requires further study to examine the feasibility
of merging the primary and secondary jets at the point of inter-
section.

6.3 Summary

The application of VSAERO to a series of V/STOL related
configurations which exhibit the jet-in-crossflow phenomenon has
resutted in the following conclusions. The vertical wake-grid-
plane scheme is too restrictive for jets at or near 900 with
respect to the crossflow. This wake geometry definition results
in a more shallow penetration of the jet into the freestream than
indicated by empirical results. A more general wake geometry
éofinition is under current study. The critical aspects of the
jet-in-crossflow problem, namely the pair of contrarotating vor-
tices and the strong axial component of velocity for the basic
jet are effectively simulated by the VSAERO jet wake model.
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VSAERO Relaxad Wake Calculation with the TF-34 Nacelle at

Figure 78.
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7.0 CONCLUSIONS

Modifications to the vortex-tube jet model in the VSAERO

code have resulted in improved correlation with experimental
surface pressures in the presence of a round jet leaving the
surface into a cross flow. These modifications included a simple
treatment of the initial "solid" core and empirical entrainment.
Further, significant improvements in the correlation were ob-
tained using a simple free vortex sheet representation of the
separation behind the jet. :

The jet model now in the VSAERO program provided good
overall prediction of power effects on the STOL Fighter config-
uration. Lift increments, lift curve s5lope increments and pres-
sure distribution changes due to power agreed very closely with
experimental data up to 8 angle of attack covered in the calcu-
lation. The basic lift curve slope predicted by the program was
lower than experiment primarily because the calculation excluded
the effect of the leading~edge wvortices which occur at moderate
to high angles of attack on this configquration. Any future

calculation beyond 8 should include leading-edge vortex
modelling.

The jet model in the code is compatible with other VSAERQ
capabilities such as wake relaxation. The latter capability was
especially important in obtaining good correlation with experi-
mental wing pressure distributions in the presence of the canard
wake on the STOL Fighter configuration. Further refinements in
the jet model, particularly with respect to entrainment, is re-
quired for correct analysis of surfaces in close proximity to the
jet. At that time detailed changes should be made to the panel-
ling of the inlet and exhaust regions using inset inflow/outflow
surfaces submerged in inlet/exhaust ducts and oriented normal to
the local flow.

~ Applications of the program to the Crumman 698~411 tilt-
nacelle design proved very successful., The program accurately
predicted the pressure distribution inside the inlet for a range
of flight conditions up through a nacelle angle of attack of 62 .
Furthermore, coupled viscocus/potential flow calculations gave
very close correlation with experimentally determined operatiocnal
boundaries dictated by the onset of separation inside the inlet.
Experimentally observed decradation of these operatioral bound-
aries between nacelle-alone tests and full configquration tests
were also indicated by the VSAERO calculation.

The VSAERO relaxed wake analysis for a series of V/STOL
related confiqurations indicated that the critical aspecits of the
jet-in-crossflow problem, namely, the pair of. contrarotating
vortices and the axial component of velocity for the kasic jet,
are cffectively simulated by the VSAERO jet wake model. Further
improvements related to the VSAERO wake geometry scheme are
deemed necessary when anslyzing jets at large angles to the
freestream. ’
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Overall, these initizi applications of the VSAERO program to
V/STOL configurations have been most successful and promise
further potential improvement in these aerodynamic predictiions in
the future. Furthermore, the exercise has demonstrated that
these V/STOL calculations are both practical and economical:
many of the cases were run on & PRIME 550 minicomputer while the
larger cases, i.e., the full Grumman tilt-nacelle configuration,
took about 2 1/2 minutes on the CRAY computer.
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