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ABSTRACT

The need:for a High Reynolds Number Transonic Wind Tunnel (HIRT) has been recognized
throughout the industry for some years. The proposed HIRT facility at Arnold Engineering
Development Center will provide a much needed tool for the study of phenomena sensitive
to Reynolds number. The usefulness of the HIRT facility will be largely influenced by

the ability of industry to design and build wind-tunnel models for an acceptable cost
capable of operating within the severe environment of the tunnel. The object of this study
isto determme the feasibility of designing and building models capable of withstanding

the loads and environmental conditions of the facility. The aircraft configurations chosen
for study.cover a wide spectrum of flight conditions. A test plan is developed for each
configuration which encompasses its complete flight envelope. Model loads and distortions
are computed and presented to illustrate their magnitude under HIRT test conditions,
Stress analyses of each aircraft configuration are presented for three different types of
model. A summary of materials suitable for use in the HIRT facility is presented, and
specific recommendations are made for model materials. Cost comparisons are made
between models for testing in HIRT and similar models for testing in existing transonic
wind tunnels. The study concludes that models capable of running in the HIRT facility

can be built at a reasonable cost with present-day techniques and materials.
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N
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0 SECTION 1
INTRODUCTION

The international concern over the inability of existing wind-tunnel facilities to approach
or match full-scale Reynolds numbers has led to the development of a variety of plans to
construct high Reynolds number transonic wind funnels. One proposed facility is HIRT,
a large Ludwieg tube tunnel (8 ft x 10 ft test section), to be located at Arnold Engineering
Development Cénter, Arnold Air Force Station, Tennessee (References 1 and 2). HIRT
will operate over a range of Reynolds numbers from those available in present-day wind
tunnels up to full-scale values for future flight vehicles.

Reynolds number performance in a wind tunnel is achieved through a balance of tunnel
size, dynamic pressure, and temperature. Tunnel size is the prime parameter when
relating to facility cost. The financial gains resulting in tunnel size reduction must
be weighed against the restraints on testing capability due to model limitations. As
the test section size is reduced (with a corresponding reduction in allowable model
scale), the dynamic pressure must increase to maintain the desired Reynolds number
performance. Model, balance, and support system stresses and deflections increase,
while allowable surface finishes and model tolerances decrease. Model design, fabri-
cation techniques, materials selection, balance system requirements, and, of course,
model costs must be considered along with tunnel fabrication and operating costs when
selecting an optirmum tunnel size.

The objective of this study is to identify and analyze various problem areas associated
with the design and fabrication of four configurations of wind tunnel models for use in
the HIRT facility. The variety of aircraft studied included:

a. A variable ‘vlving sweep supersonic airplane (F-111).

b. A high-pef'formance delta-wing fig};ter (Delta Canard).

c. An advanced technology transpdrt (ATT).

d. A space shuttle booster.

Section I and Section IV respectively cover the selection of the specific aircraft to be

studied and the sizing of models for use in the 8 ft X 10 ft HIRT test section. Basic
model geometry drawings are presented.

The design parameters are discussed in Section V:

a. Types of models,

b. Model materials,



AEDC-TR-73-47
¢, Model loads.
d. Surface finishes.

e. Model scale effects.

The basic design philosophy applied to this study is discussed in Section VI. Model con-
ceptual drawings for each of the four model configurations are presented. Balance re-
quirements and various support system stings are shown. Pressure-instrumented
wings with approximately 400 pressure orifices are shown for each configuration. The
ATT model is used to present two pressure wing design concepts. Baseline material
selections were made for the basic model construction and model support system.

Model surface finish requirements due to aerodynamics are discussed and admissible
roughness computed for each of the models.

It is anticipated that the proposed HIRT facility will be heavily used and, unlike present-
day transonic tunnels, that test plans will be very sensitive to the high Reynolds number
capability. The high demand for occupancy will require a more limited test plan, with
emphasis placed on testing critical areas of the operating envelope to confirm configu-
ration performance.

A computer program was developed to compute design loads for each model and the

corresponding deformations due to twisting and bending. In Section VII each design
point in the test plan was analyzed, and data were plotted to show wing loadings and

deformations including:

a. Shear load.

b. Bending moment and pitching torque.

c. Wing loading.

d. Vertical deflection.

e. Elastic wing twist,

Basic structural analyses are performed on each of the models presented. Basic wing
stresses, wing-to-fuselage attachments, empennage stresses, and the degradation of

allowable loading due to the installation of pressure instrumentation in the model wings
are analyzed and presented in Section IX.

The ATT model is used to analyze the effects on model stresses and model deformation
resulting from increasing the model scale. The HIRT scale (1/24) was increased by
factors of 1.5 (1/16 scale) and 2.0 (1/12 scale). Scale effects are covered in Sections
VII and IX.

Materials suitable for use in the fabrication of wind-tunnel models for the HIRT facility
are presented in Section X. Alloy selections, procurement specifications, design

2
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allowables, surface-finish procedures, and protective coatings for models are also
presented.

In Section XI, model cost estimates are given, and comparisons are made between
HIRT model costs and model costs for existing wind tunnels. Cost increments are
given for various model surface finishes and model scales.

Due to the large scope of the subject of the design of wind-tunnel models for the HIRT
tunnel, this study had to be very selective in the choice of subjects to be explored.
Several interesting problem areas were recognized but were not analyzed in detail in
this report. Section XIII contains recommendations for subjects for future detailed
analyses.
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SECTION II
PROGRAM ORGANIZATION

Convair Aerospace Division established a program team within its research and engi-
neering department to conduct the parametric study of high Reynolds number wind-tunnel
models. The team organized to conduct this study was led by Mr. S. A, Griffin, who
reports to Mr, W, T, MacCarthy, manager of wind tunnels. The entire organization is
under the senior management of the division vice president of research and engineering,
Mr. R. H., Widmer,

The program operations chart, Figure 1, illustrates the flow of information from the
various technical groups, through design, to the final report.

AERODYNAMICS TEST OPERATIONS
1. SURFACE FINISH 1. REVIEW TEST PLAN
REQUIREMENT T
2, AERODYNAMIC f
COEFFICIENTS TEST PLAN
3. PREPARE TEST | {
PLAN
4. DEFINE TEST TEST PLAN
POINTS
1 [
TEST POINT AERODYNAMIC
DEFINITION cgsrmcmm‘s
DYNAMICS AERODYNAMIC |
1. AEROELASTIC ANALYSIS
ANALYSIS
2. CDC 6400 CONFIGURATION DESIGN
COMPUTER | DATA
PROGRAM 1. PROVIDE
¥ 4 = Z PROGRAM
2l 2 E 5, MANAGEMENT
gl B B g 2. PREPARE DESIGN
3l ol ol ofd2lo8 LAYOUTS &
Ble =z 2 El=Elgs CONFIGURATION
olc | B sa%ES DRAWINGS
71 A y 3. PREPARE
STRUCTURES STRUCTURAL ROLGH DRAFT
1. DEVELOP SECTION| ANALYSIS REPORT
PROPERTIES
2. PREPARE
STRUCTURAL BASIC
ANALYSES GEOMETRY
MATERI}}L DATA
MATERIALS MATERIALS
1. PRESENT-DAY RESEARCH
MATERIAL
2, FUTLRE -
MATERIAL >
3. MATERIAL SIZE, ) \
AVAILABILITY ROUGH DRAFT ﬁ
4, MACHINABILITY OF REPORT
TECHNICAL PUBLICATIONS
AERODYNAMICS ' 1. PREPARE ART
CONSULTANT 2. EDIT & TYPE REPORT

Figure 1. Program Operations Chart
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SECTION II
MODE L CONFIGURATION SELECTION

Four types of aircraft have been selected to be analyzed during this study. These
models are typical of the type of aircraft that would be likely candidates for testing
in the HIRT facility. The wind tunnel model configurations selected are:

a. Advanced Technology Transport (ATT) — a highly loaded, large, swept-wing trans-
port aircraft.
b. Convair Aérospace F-111 — a swing-wing supersonic aircraft,

c. Convair Aerospace space shuttle booster — a large delta-wing space vehicle cap-
. able of launching an orbiter space vehicle and returning to earth for a landing.

d. Convair Aerospace delta canard fighter (delta canard) - a highly maneuverable
fighter aircraft consisting of delta planform wings and canards.
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SECTION IV
MODEL SIZING

Model sizing was accomplished using criteria based on model size requirements recom-
mended by the General Dynamics high speed wind tunnel and AGARD data (Reference 3).
Sizing criteria:

a.

b.

C.

d.

Wing span <60% of the tunnel width.

Frontal area of the model at zero angle of attack <1% of the test section cross
sectional area.

Wing area < 5% of the test section cross sectional area.

Model length < test section height.

HIRT test section dimensions:

a.
b.

C.

Height = 8 feet
Width = 10 feet

Cross sectional area = 80 feet2

Resulting model scales, wing spans, and body lengths:

Wing span Fuselage length

Model Scale {in.) (in. )
ATT 1/24 67. 55 91. 67
F-111 (26 deg sweep) 1/12 60.0 71.20
(50 deg sweep) 1/12 48,22 71.20
(72 1/2 deg sweep) 1/12 32.0 71.20
Delta Canard 1/9.6 35.61 56, 00
Space Shuttle Booster 1/46.5 37.40 59. 80

Basic model geometries are shown in Figures 2 through 5.
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SECTION V
DESIGN PARAMETERS
The study of the design and fabrication of wind tunnel models for use in the HIRT facility
is multi-faceted with an infinite number of challenging problems. This report limits the

areas of study to a number of parameters considered basic to the argument as to the us-
ability of HIRT due to model/tunnel operating limitations.

5.1 MODEL TYPES

Each aircraft configuration is analyzed by considering at least three basic types of
models per configuration:

a. Basic force model with a solid (no variable geometry capability) wing.
b. Solid wing model with provisions to vary flap or control surfaces.

c. Instrumented model with 100 to 400 pressure orifices in the wings.
5.2 MATERIALS

The same state-of-the-art material is used as a baseline material for the structural,
aeroelastic, and cost analysis of each model type.

5.3 LOADS

All model loads are computed based on the actual or predicted aircraft operating envel-
opes for each configuration (Reference Figures 17 through 22). The points selected for
analyses are discussed in the test plan (Section VII).

5.4 SURFACE FINISHES

Model surface finishes are analyzed with regard to the impact of special finishes on
model costs. Three conditions were considered:

a. Complete model finished to a surface finish of 32 to 16 microinches.

b. First 30% of the airfoil and fuselage finished to 8 microinches with the remainder
of the model finished to 16 microinches.

c. A 4 microinch finish for the first 30% of the airfoil and fuselage with the remainder
of the model finished to 16 microinches.

The impact of model surface finishes on model cost is shown in Section XI, Table 13.

11
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5.5 SCALE EFFECTS

The ATT model configuration was checked to determine the structural and aeroelastic

effects of two larger model scales on the solid-wing model. Alternate model scales
are:

a. 1.5 basic model size (1/16 scale).
b. 2.0 basic model size (1/12 scale).

The impact of model scale on model cost is shown in Section XI, Table 13.

12
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SECTION VI
BASIC DESIGN PHILOSOPHY

Since detail design of any model for the HIRT facility will most certainly be greatly
influenced by aircraft geometry and/or testing mission, this study does not dwell on
some of the details that are most influenced by geometry. No attempt is made to per-
form detailed designs of these models. Model geometry drawings (Figures 2 through 5),
basic force model assembly drawings (Figures 7 through 10), and typical pressure wing
drawinés (Figures 11 through 15) for each configuration illustrate possible model de-
tails and assemblies.

6.1 BALANCE AND SUPPORT SYSTEMS

The effects of the interference of the model support system on the flow over the model
wing and fuselage are very real and difficult to analyze. Various techniques have been

365 PROJECTED FUTURE CAPABILITY® f developed to account for these effects.

D PRESENT MAXIMUM CAPABILITY* Acceptable techniques depend on company
|0 CONVAIR HIGH CAPACITY | and /or facility preferences or policies.

*REFERENCE 4 ' No attempt has been made to explore this
l / problem.

l ! All models are supported by a sting/
l balance arrangement. Balances are
|

/ / / ( gsized to be consistent with the antici-

32

[
2]

[\
N&Y

pated high capacity balances, with a
I ‘ balance load carrying capability (NF/
| /// / diameterz) of 1,700 psi. This load

| range appears to be consistent with
- current General Dynamics Convair
Aerospace work and other studies (see
Figure 6). No consideration is given
to the problems of sting-to-balance
| | attachment (it is recognized that a one-
piece sting/balance combination might
be required in some cases). It has been
assumed that a conventional balance-to-

' | ! model attachment (i. e. , pins, etc.) will
| | be required. Sting sizes are based on
0 high-strength, maraging type steels,

! BZALANCE%)IA (in,? No attempt has been made to optimize
Figure 6., Balance Diameter vs Normal sting shapes. All stings are assumed
Force Capability to have a circular cross section.

[3=]
[=]

- -
() (o]

NORMAL FORCE CAPACITY (thousands of 1b)

N
N
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The aft portions of the fuselages on the F-111, ATT, and delta canard models have
been revised to accept the model sting. The resulting shapes are noted in Figures
7, 8 and 9.

6.2 BASIC FORCE MODELS

6.2.1 Advanced Transonic Transport Model

Figure 7 presents a basic force model design for the ATT. A solid steel wing, split
at the fuselage @, is used. Based on a maximum model load of 24, 000 1b (Table 3), a
3. 7-inch-diameter balance (Figure 6) is shown. Two sting sizes are shown to illus-
trate the relative size of stings required for a cruise versus a maximum maneuver
loading condition, The horizontal tail is shown as a one-piece design mounted on a
conventional vertical tail arrangement. Flow-through nacelles are mounted to the aft
fuselage.

6.2.2 F-111 Aircraft

Figure 8 presents a basic force model design for the F-111, Individual wings are shown
for each of the three wing sweeps considered, (26, 50, and 72-1/2 degrees). A maxi-
mum model load of 30,370 1b (Table 3) requires a 4. 125-inch~-diameter balance (Fig-
ure 6) for this configuration. A 65% chord alternate wing construction method is

shown, This wing was analyzed to simulate a wing that was modified to allow flaps,
ailerons, etc. , to be carried by a portion of the total airfoil. Horizontal tails are
attached with brackets to accommodate changes in tail incidence.

6.2.3 Delta Canard Fighter

Figure 9 is a basic force model of the delta canard fighter. A solid steel wing and an
alternate wing with elevons are shown. The total model load, 22,000 lb at ambient
tunnel conditions and 14,700 1b at 240°K (Table 3), are noted by the presentation of
two balance and sting diameters. This design features a movable canard through the
use of incidence blocks and cover plate fairings.

6.2.4 Space Shuttle Booster

Figure 10 is a basic force model of the space shuttle booster. The wing is shown as a
one-piece wing using a keyway or tongue-and-groove attachment to the fuselage. A
total model load, at ambient tunnel conditions, of 34,950 1b (Table 3) indicates that a
4, 5-inch-diameter balance (Figure 6) is required. This model is the most straight-
forward design of all the configurations chosen.

14
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6.3 PRESSURE MODELS

Pressure models for use in the HIRT facility do not present any unique design problems.
Conventional state-of-the-art methods of designing and fabricating pressure models are

adequate. A requirement for superfine surface finishes appears to be a moot point when
compared to the effect of several rows of pressure orifices.

The size of models used in the HIRT facility should provide adequate room for storage
of transducer packages in nose/fuselage cavities. Errors in pressure measurements
due to the tubing and transducer volume lag can be made small (0. 5 percent) by select-
ing proper tube length-to-diameter ratio (Ref. 5). Pressure tubing with 0. 049-inch
outside diameter (0. 025 I.D. ) was selected for this study. Larger tubing is not com-
patible with HIRT scale-model airfoil sections.

Two methods of designing pressure wings for the ATT model are shown in Figures 11
and 12,

a. MethodI, Figure 11, features gun-drilled spanwise tube routing holes with locally
machined tube routing slots on the outside surface for each pressure orifice. The
tube routing slots are filled with a material such as soft solder and finished to
wing contour,

b. Method II, Figure 12, features a removable trailing-edge portion, which facilitates
pressure-tube routing. Slots (located near the neutral axis) are eloxed at each
row of pressure orifices to allow room for pressure tube installation and routing.

Method II is preferred from both a structural and a manufacturing standpoint. Pressure-
tube installation and routing are easier 1o accomplish, and this method is not nearly as
configuration-limited as the gun-drilled hole method. Method II was used for the design
of pressure-instrumented wings for the F-111, delta canard, and space shuttle booster.
Figure 13 is a pressure installation on the 50-deg sweep F-111 wing. Figures 14 and 15
show the pressure-tube installation for the two delta-wing models (delta canard fighter
and space shuttle booster).

Results of the structural analysis of each method are presented in Section IX. It should
be noted that all upper surface pressure orifices have been located on the left-hand wing
panel and all lower surface pressure orifices on the right-hand panel. This procedure
was followed to minimize the decline in allowable wing loading due to the installation of
pressure tubes. The small size of wing airfoil sections for HIRT scale models is not
compatible with the removal of material from the upper and lower surfaces at the same
span station: approximately four hundred orifices (two hundred per side) are considered
in this study.

Installation of fuselage orifices is basically straightforward.
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6.4 BASELINE MATERIAL SELECTION

Model cost and structural analyses were performed using one basic material for all
model fabrication and another basic material for the stings. The present state-of-the-
art materials selected for each task are:

a. Model details -~ PH 13-8 Mo steel; HT — H1000.
b. Stings - PH 13-8 Mo steel or 18Ni-300 grade (or -350 grade) maraging steel.

An analysis of candidate materials for use in the HIRT facility is presented in Section X.
6.5 SURFACE FINISH

The HIRT facility will produce very thin model boundary layers. As a consequence,
surface roughness should be scaled down accordingly so that it does not contribute
appreciably to drag or the momentum thickness of the boundary layer. The latter
would influence the configuration characteristics associated with the shock boundary
layer interaction.

For study purposes, Schlichting's admissible roughness criterion was used (Reference
6). Table 1 shows the admissible wing roughness for the study configurations. These
values of roughness would pertain to a flat plate at zero incidence and should be a
reasonable indication of leading edge requirements. Since the laminar sublayer will
become larger with increasing distance from the leading edge, the admissible rough-
ness will be increased.

The impact of the required surface finish qualities on the models is shown in Section XI,
Table 9.

6.6 MISCELLANEOUS OBSERVATIONS

Special emphasis should be placed on some basic design rules when designing a model
for a high Reynolds number test.

a. Careful attention should be given to the design of wing /fuselage attachment joints.
Streamwise parting lines (located in the least critical flow area possible) should
be used. It should be noted that the deflection between two parts in a joint under
load is much more critical due to the added emphasis on surface finishes.

b. Basic split lines and attachments will greatly influence the ultimate surface finish
achieved on the model. Tradeoff studies will be needed to obtain the maximum
versatility/structural integrity/surface finish required for each test situation.

27



AEDC-TR-73-47

c. Each model must be analyzed to determine whether it is best to seal the internal
model cavities or to provide passages for venting air from within the model to
the tunnel during the start of a run. For example, calculations based on test
condition 8, Table 2, (ATT model at M=0.5, sea level, T=300°K, storage pres-
sure = 500 psia, Re/ft = 85.33 x 10%) indicate that approximately 0. 06 second
would be required to equalize the pressure of the volume of air (approximately
1,100 in.3) of the nose cavity forward of the mode] balance through a 1. 0-in,2
venting duct.

Table 1. Admissible Roughness Estimates (Surface Finish)

Advanced transonic transport Delta Space shuttle
Basic model | 1.5 xsize | 2.0 xsize 11l €anard Boaster.
Condition 1/24 scale | 1/16 scale | 1/12 scale| 1/12 scale | 1/9.6 scale| 1/46.5 scale
MAC (ft) 0. 750 1.125 1.500 0.753 1. 800 1.558
6
ReMAC x 10
Cruise 57.33 38.30 28. 75 60. 45 16. 50 107.23
Maneuver 85.33 41.175 31.35 59.30 35.44 89. 04
Maneuver 62.72 45. 05 28.90 43.44
Kadmissible (in.)
Cruise 0. 000020 0.000031 | 0.000042 ;| 0.000019 0. 000072 0. 000011
Maneuver 0. ¢00014 0. 000023 | 0.000038 { 0.000020 0. 000034 0.000013
Maneuver 0.000019 0. 000026 0. 000042 0. 000028
100
K ADM = MAC ——— (Reference 6)
€MAC

16 /7 = 16 microinches (0. 000016)
8 / = 8 microinches (0. 000008) (Reference 24)

4 / = 4 microinches (0. 000004)
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SECTION VI
TEST PLAN

7.1 TUNNEL USE

It is anticipated that a great demand for test time in the HIRT facility will result in a
situation where testing will necessarily be restricted to tests that are very Reynolds-
number dependent (as is the case with the Canadian N, A. E. high Reynolds number 15
in, X 60 in, two-dimensional facility). Hence, use of the HIRT facility will be some-
what unlike that of current transonic wind tunnels in that test plans will probably be
much more operating envelope oriented or will concentrate on one particular test
problem. It is current practice to fest a configuration without particular regard to
its flight envelope so that data is obtained beyond the limits that the flight article can
achieve. Such practice cannot be justified for HIRT testing because of the impact of
high model loads and model deformation. HIRT testing will best be carried out by
testing in critical areas of the operation envelope to obtain the configuration perform-
ance (typically design point cruise and maneuvering parameters. )

7.2 OPERATING ENVELOPES

For the purpose of this study, the points of interest in an operation envelope are the
maximum loading conditions, for if the model can be designed to take the full-scale
Re at these conditions, it is feasible to test at full-scale R throughout the envelope.
Reynolds number ranges for the aircraft covered in this test plan are illustrated in
Figure 16,

o] \

- SPACE SHUTTLE
[ %]
g \-/ BOOSTER
2
2 120

| &
= \\
=
= DELTA CANARD \\
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e - \ T~
o)
E s~ T
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< \
= F-111

0 {

] 0.4 0.6 0.8 1.0

MACH NUMBIR

Figure 16. Reynolds Number Ranges of Aircraft Chosen for Study
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Flight article operational envelopes for the four study configurations are shown in
Figures 17 through 22. Two plots are presented for each configuration. The () plot
shows Repjac Cy, @s a function of Mach number and altitude up to the structural limit

load factor. The critical high loading corners are readily apparent. The (b) plots
show the HIRT tunnel dynamic pressures for the equivalent envelope.
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The conditions selected for detailed study are:

a.

b.

c.

The maximum loaded condition the airplane could experience within its operating
envelope.

A typical cruise condition.

Item a. (maximum loaded condition) with a reduced angle of attack or Reynolds
number,

Note that Item c. is used if required for an acceptable stress level for a given model.

7.3 TEST PLAN DEVELOPMENT

Table 2, Test Plan, presents a summary of all the model test conditions selected for
analysis in this study. Each of the test conditions was analyzed to determine:

a.
b.
C.
d.
e.
' )
g.
h,

i.

Wing shear loads.

Wing pitching torques,

Wing bending moments.

Wing loading.

Wing distortions (vertical deflection and wing twist).
Wing section properties (EI, GJ).

Total model vertical force.

Model angle of attack.

Horizontal tail loads.

The results of each test condition were analyzed and the most pertinent information
used to compute model stresses and distortions as presented in Sections VIII and IX,

7.4 DATA STORAGE

Complete computer printouts from program P4278 for each of the test conditions are
on file at General Dynamics Convair Aerospace. A typical computer run (test condi-
tion 7 — 1/24 scale ATT at Mach 1. 0, 2.5g maneuver, 30,000 feet, Ro/ft = 69. 5 x 105,
tunnel temperature = 240°K) is presented in Appendix I of this report.
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Table 2. Test Plan

Tunnel Tunnel dynamic { Tunnel storsge Tunnel Model Wing structarsl
Condltlon | Lond factor Altitude { temperature pressure pressure Model Re/ft | angle of attack | cross section
Model no. ® Mach no. | (10° f) [(degrees Kelvin) (vsl) (pat) (milltons) (degrees) ® Computer code | Run description
ATT (1/24 scale) 1 2.5 0.5 S.L. 240 40, 84 360 85.33 9.79 100 A24-9 Maneuver
2 2.5 0.5 S.L. 240 40. 84 380 85.33 9.79 [ A24-13 Maneuver
3 1.0 1.0 35 240 43.75 190 57.53 3.55 100 A2¢-1 Cruise
4 1.0 1.0 35 240 43.75 190 57.63 3,85 [ A24-11 Crulse
5 1.0 1.0 30 240 52,76 225 €9.5 3.2 100 A24-3 Crulse
[ 1.76 1.0 30 240 52,76 225 69.5 5.59 100 A24-5 Intermediate
7 2.5 1.0 30 240 52,78 225 69.5 7.95 100 A24-7 Maneuver
8 2.5 0.5 S. L. 200 5. 55 500 85,33 9,79 100 A23-5 Maneuver
9 1.0 1.0 35 300 57.64 250 57.53 3.55 100 A23-1 Cruiac
10 1.0 1.0 30 300 69. 60 300 69.5 3.23 100 A23-2 Cruise
11 1.75 1.0 30 300 59. 60 a0 69,5 5.59 100 A23-3 Inter mediate
12 2.5 1.0 30 300 69, 60 300 69.5 7.96 100 A23+4 Maneuver
F-111 (1/12 scale)
50° 13 6.0 0.9 S.L. 300 73.60 340 76.56 22,47 100 F11-3 Mancuver
50° 14 6.0 0.9 S.L. 240 54, 12 255 76, 55 22.47 100 F13-4A Mancuver
50° 15 6.0 0.9 S.L. ‘240 54.12 255 76.55 22.47 85 F13-5A Maneuver
50° 16 1.0 1.0 40 300 23.26 100 22.96 12. 64 100 F11-9 Cruise
50° 17 1.0 1.0 40 240 17,10 60 22.96 12. 84 100 F13-10A Crulse
60° 18 1.0 1.0 40 240 17.10 60 22,98 12. 64 65 F13-11A Cruise
26° 19 5.2 0.75 S.L. 300 54.17 310 63,90 13.13 100 F11-1 Mancuver
26° 20 h.2 < 0.75 S.L. 240 39.83 235 63.90 13.13 100 F13-2A Maneuver
72 1/2° 21 6.0 T Lo 6. L. 300 64.72 370 85.1 25,16 100 F11-7 Maneuver
72 1/2° 22 6.0 1.0 S.L, 240 62.29 270 85.1 25.16 100 F13-8A Maneuver
Delta canard fighter 23 7.5 0.52 8. L. 300 22,92 240 35.44 31.03 100 Co1-1 Maneuver
(1/9. 6 seale) 24 7.5 0.52 S.L, 240 16. 85 210 35,44 31,03 100 C02-2A Maneuver
25 7.5 0.52 S. 1. 240 16, 65 210 35.44 31,03 65 C02-3A Mancuver
26 1.0 0.90 40 300 15, 97 65 16.52 6.62 100 CO01-6 Cruise
27 1.0 0.90 40 240 1174 30 16, 52 6.62 100 C02-6A Cruise
26 1.0 0.90 a0 240 1L 74 30 16.52 6.62 65 C02-7A Cruise
Spacce shuttle booster| 29 2.5 0.6 a0 300 95. 14 490 106. 097 16. 74 100 S08-12 Muneuver
(1/46.5 scale) 30 2.5 0.6 a0 240 70. 83 360 106. 097 16. 74 100 S09-14 Msneuver
31 2.5 0.8 30 240 70,83 360 106. 097 16. 74 70 §09-16 Maneuver
a2 2.5 0.3 S.L. 300 46.61 - 99. 04 38.21 100 §07-10A Landing
33 2.6 0.3 S.L. 240 35.74 - 99, 04 36.21 100 S07-SA Landing
34 2.5 0.3 S.L. 240 35,4 - 99.04 36.21 70 S07-6A Landing
36 2.5 0.3 S.L. 300 46. 61 - 98. 04 38,21 70 S07-11A Landing
36 2.5 0.8 30 300 95, 14 190 106. 097 16. 74 70 509-15 Maneuver
ATT 1/16 acale 37 1.0 1.0 30 240 35.4 225 69.5 3.23 100 A27-21 Cruise
1/16 scale 38 2.5 1.0 30 240 35.4 225 69.5 7.95 100 A27-22 Maneuver
1/12 scale 39 1.0 1.0 30 240 26.5 225 69.5 3.23 100 A27-25 Crulse
1/12 scsle 40 2.5 1.0 30 240 26.5 225 69.5 7.95 100 A27-26 Mancuver
1/16 scale 41 1.0 1.0 30 300 47.2 300 69.5 3,23 100 A27-19 Cruise
1/16 scale 42 2.6 1.0 30 300 4.2 300 89.5 7.95 100 A26-20 Maneuver
1/12 scale 43 1.0 1.0 30 300 35.4 300 69.5 3,23 100 A27-23 Cruise
1/12 scale 44 2.8 1.0 a0 300 35.4 300 69,5 7.95 100 A27-24 Mancuver
1/24 scale 7a 2.5 1.0 30 240 22.7 225 69.5 7.95 100 A29-7s Mancuver
1/24 scale b 2.5 1.0 30 240 30.3 225 9.5 7.9% 100 A28-Tb Maneuver
1/24 seale 7c 2.5 1.0 30 240 37.9 225 69.5 7.95 100 A29-7¢ Maneuver
Full scale 5x 1.0 1.0 30 - - - - 3.23 - 3 ATT Cruise
Full acnle 6x 1.75 1.0 30 - - - - 5.59 - S ATT (ntermediate
Full scale i 2.5 1.0 30 - - _ - 7.95 - 7 ATT Maneuver

Ly-€L-HL-203V
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SECTION VIII
AEROELASTIC ANALYSIS

8.1 METHODS

Considerable aeroelastic deformation of models in the HIRT facility are a certainty.

A means of accounting for the model elasticity is necessary before the test data can

be rationally applied to the full-scale design problem. Simultaneous solution of equa-
tions that contain both the aerodynamic influence function and the structural influence
function are necessary for this task. A method and digital program, P4278, (Reference
7) in FORTRAN IV language for computing steady-state spanwise load distribution on an
elastic airplane wing for specified airplane weights and load factors was used to accom-
plish this analysis. The method is based on a modification of the Weissinger L-Method,
from theory originally developed for subsonic flow. It is valid for supersonic flight,
providing that the flow over the wing is subsonic (this is a possible case for swept
wings that operate in the low supersonic Mach number range in which the shock cone
lines are ahead of the leading edge and no other shocks are generated on the wing. )
Program 4278 capabilities include the effects of external stores, fuselage, and tail
boom on spanwise loading.

The Weissinger L-Method of digital program 4278 is an outgrowth of NACA TN 3030
(Reference 8). Surveys and texts on the methods of calculating aerodynamic loads on
aircraft structures invariably reference TN 3030. TN 3030 was used in the design of
the CV880 and CV990 jet transports, and more recently Boeing employed this method
in the design analysis of the 747 transport. Approximately one-half of the technical
papers being written today on the subject of interaction between fuselage and wing make
use of the principle of image vortices as described by Gray, Schenk, and Lennertz.
The Air Force Flight Dynamics Laboratory has revived interest in this method (Ref-
erences 9 and 10). More recently Blackwell at NASA Langley extended the method to
include sidewash and backwash (Reference 11) in addition to the usual downwash.

Convair Aerospace continues to use the Weissinger L-Method in proposal work for
subsonic aireraft and transonic wings that have enough leading edge sweep so that the
Mach cone lies ahead of the wing.

The digifal program performs symmetric and asymmeftric balances and then distri-
butes the shears, moments, and torques over the vehicle for each condition. Angles
of attack along the wing span are calculated for checking stall characteristics and for
recommendation of the wing twist to counter this problem.

Program 4278 was used to provide design loads for each model and the corresponding

deformations due to twisting and bending. Program 4278 is a strip theory program and
solves the aeroelastic distribution of a load in a single run on the digital computer.
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Model geomefries used for the aeroelastic analyses are presented in computer format
in Figure 23,

In order to determine the distributed loads and aeroelastic deflections, the rigid aero-
dynamic characteristics of the study configurations were determined, This was accom-
plished by using wind-tunnel data, when it was available, and DATCOM (Reference 12).

Each design test point as shown in Table 2 was analyzed and the following data were
plotted using the conventional SC4020 plotting output:
a. Shear load (air+inertia).
*b. Bending moment and pitching torque (air + inertia)
c. Wing loading (Cy,cq) (air only)
d. Wing vertical deflection (y)
e. Elastic wing twist (6)

Note that all plots are presented versus wing semispan,

A typical computer printout is included in the appendix of this report.
8.2 TUNNEL OPERATING CONDITIONS INFLUENCE ON MODEL LOADS

8.2.1 Cooled Storage Air

Tunnel operating condifions were obtained from a set of estimated flow property curves
for the proposed HIRT facility (Reference 13). These curves were supplied by the
government for use in this study. Dynamic pressure (q,) versus Reynolds number per
foot (Re /tt) for two storage temperatures, ambient (300°K) and cooled (~30°F, 240°K)
are presented in Figures 24 and 25, Since Reynolds number is very sensitive to free-
stream temperature, a significant lowering of dynamic pressure can be obtained by
using cooled storage air. Figure 26 illustrates the effects of cooled air versus ambient
air on the elastic twist, deflection of the wing, maximum wing stress, and the maxi-
mum lift force on the ATT model.

Note that model loads are based on using 240°K storage air unless noted otherwise.

8.2.2 Model Problems Due to Temperature

Running models in a 240°K (~-30° F) environment does not present any large physical
problems, Model material selection must be accomplished with the temperature in
mind. The material selected for use as a baseline material for this study (PH 13-8
Mo steel) has few restrictions at these temperatures (Reference Section X),

* Bending moments & torque taken about wing elastic axis (see Figure 23 for E, A. location).
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Figure 23. Acroelastic Program Gesmetry
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Figure 24. Reynolds Number vs Dynamic Pressure at 300°K
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ELASTIC WING TWIST (deg)
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Figure 26, ATT — Effects of 300°K vs 240°K Tunnel Operation
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Model balances and onboard instrumentation, such as pressure transducers, will

have to be temperature compensated and/or thermally protected to minimize temper-
ature effects.

Model change procedures must be developed fo handle -30° F models.

8.3 MODEL LOADS

Model loads were computed using Program 4278 supplemented by hand calculations as
required. Loads are based on acfual or estimated operating envelopes for each of the
aircraft configurations. These operating envelopes were presented in Figures 17 through
22, Wing shear, bending moment, pitching torque, and Cg, cq (wing loading) were com-
puted for each model configuration and condition shown in the test plan (Table 2). These
data were used for all structural analysis work,

All model loads are based on steady-state conditions only.

8.3.1 ATT Model — Wing Loads

Loads for the Advanced Technology Transport configuration were computed for several
test points. Low-speed, low-altitude maneuvering; high~speed, high-altitude maneuver-
ing, and various high speed cruise conditions. Test plan (Table 2) conditions 5, 6 and

7, (Figures 27 through 29) were selected as most representative of cruise, mid-maneuver
(1. 75g) and maximum maneuver (2. 5g) conditions. Loads for conditions 1 and 3 are pre-
sented in Figures 30 and 31.

The ATT configuration was selected to explore the results of increasing the model scale
by 150% and 200%. The loads resulting from these model scales are shown in Figures
32 through 35.

The 50-degree wing sweep version of the F-111 is the highest loaded configuration.
Loads for a 40, 000-foot cruise and a sea-level, 6-g maneuver condition are shown in
Figures 36 and 37. Maximum maneuvering loads for the 26-degree sweep and 72-1/2-
degree sweep configurations are presented in Figures 38 and 39.

8.3.3 Delta Canard Fighter — Wing Loads

The loads for this delta-wing fighter are shown in Figures 40 and 41, A 40,000-foot
cruise condition and a sea-level, 7.5-g maneuvering condition are represented.
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BENDING MOMENT AND PITCHING TORQUE (in-1b)

AEDC-TR-73-47

10,000

8,000

6, 000

4, 000 =

2,000 \

SHEAR LOAD (AIR +INERTIA) (1b)

150, 000
100, 000
—~—— |, BENDING MOMENT
/ !
50, 000
:’c: \li
£ 0 i
|77}
Z N
+ -50, 000 o '
g PITCHING TORQUE
-100, 000
-150, 000
-200, 000 P .
__ 400,0
g
~
2
g SEE———
a \
< 200.0 ,
9" i \ ]
0 \'\

0 o1 o02 103 04 05 0.6 0.7 0.8 0.9

SEMISPAN

Figure 27. ATT — Model Loads — Condition 5
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Figure 29. ATT — Model Loads — Condition 7
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Figure 35. ATT — Model Loads, 1/12 Scale — Conditions 40 and 44
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8.3.4 Space Shutile Booster — Wing Loads

The space shuttle booster model loads are representative of a 2. 5-g, 30,000-foot man-
euver condition. These loads are presented in Figure 42.

Note that these loads are for ambient tunnel temperature operation (300°K).
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62



AEDC-TR-73-47

8.3.5 Empennage and Balance Loads

The total vertical force acting on each of the models was computed using Program 4278,
The maximum vertical force value for each of the model configurations was used as a
representative load for balance cavity and sting sizing. Balance and stings are shown
only to represent feasibility.

Vertical tail and horizontal loads were computed by hand and represent general values
for each configuration.,

Empennage and total vertical force values for each of the models are shown in Table 3.

Table 3. Model Loads, Empennage, and Total Lift

Horizontal Maximum total lift
Vertical tail (balance load)
tail load| (per side) | Temperature and location
Configuration (1b) (1b) (°K) (1b)
ATT 3,070 950 240 24,100 at F.STA. 44. 790
F-111 2,500 4,500 240 30,370 at F.STA. 43. 105
Delta canard 2,450 -— 300 22,000 at F. STA. 46. 136
1,800 240 14, 700
Space shuttle booster 8,320 -—— 300 34,950 at F. STA. 66, 820
6,200 240 30,761
ATT (1.5 size) -—— 1,435 240 37,370
—— 1,910 300 48,900
ATT (2.0 size) — 1,910 240 50,473
—e——— 2’ 550 300 66’ 400

8.3.6 Model Loads Directory

Table 4 may be used as an index to the location of the various model loads.

8.4 MODEL WING DEFORMATION

8.4.1 1/24 Scale ATT Model

Some representative aeroelastic wing twists for the ATT model wing are shown in
Figure 43. Aeroelastic twists are shown for a 100% chord solid steel wing and for a
solid steel wing with the aft 35% chord removed to illustrate the effect of simulating
deflected surfaces, etc. Solid steel wings (100% chord) twist from a maximum of 1.5
degrees at a Mach 1.0 cruise, 30,000 feet, to a maximum of 3.4 degrees ata 2.5¢g
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Table 4. Model Loads Directory

Figure no. Table no.
Bending moment
Test Pitching torque Vertical tail
condition no, Shear Horizontal tail
Configuration (see Table 2) Wing loading Total lift
ATT 1 30 3
3 31
5 27
6 28
7 29
F-111
50 deg 14 36
50 deg 17 37
26 deg 20 38
72-1/2 deg 22 39
Delta canard fighter 24 40
217 41
Space shuttle booster 29 42
ATT
1.5 size 37& 41 32
38 & 42 33
2. 0 size 39 & 43 34
40 & 44 35 3
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Figure 43. ATT - Elastic Wing Twists
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Figure 44. ATT — Model Wing and Airplane Wing Twist
Due to Matching Operating Envelope

maneuver at 30,000 feet (reference Figure 44). Figure 44 is a plot of the change in
elastic twist of a solid wing model due to varying the angle of attack to match the air-
plane operating envelope for Mach 1.0, 30,000 feet - cruise (o = 3.23 degrees), in-
termediate ( @= 5.59 degrees), and 2.5g maneuver (o= 7.95 degrees) conditions.

Wing deflections vary from 0.7 to 1. 75 inches for solid wings and from 0.75 to 2. 0
inches for 65% chord wings (cruise to 2. 5 g maneuver conditions). The wing deflec-
tions for the solid-wing model are shown in Figure 45. The effect of removing the
aft 35% of the wing is illustrated in Figure 46,

8.4.2 Full-Scale ATT Airplane

The predicted aeroelastic twist and deflection for the full-scale ATT airplane are
included in Figures 44 and 45. The aeroelastic solutions for the airplane are based on
representative airplane structure for this type of wing. The twist for the airplane is

-6. 2 degrees at a 2. 5g maneuver and -3. 1 degrees at a 1g cruise condition (compared
to -3.4 degrees and -1.5 degrees for a solid-wing model). The airplane wing vertical
deflection varies from 103, 6 inches (4.3 inches at 1/24 scale) to 42. 2 inches (1. 8 inches
at 1/24 scale) compared to 1.75 inches and 0.7 inch for a solid-wing model.
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8.4.3 1/12 Scale F-111 Model

The 50-degree sweep version of the F-111 is the highest loaded configuration. The
aeroelastic wing twists for the 50-degree wing sweep version of the F-111 model are
presented in Figure 47. Maximum wing twists vary from -1. 29 degrees (solid) and
-1.4 degrees (65% C) at cruise to -4. 83 degrees (solid) and -5. 42 degrees (65% C) at
6.0 g maneuver,

Maximum wing deflections vary from 0, 42 inch to 2, 37 inches. The wing deflections
for the F-111 configurations are shown in Figure 48.

The effects of wing sweep and airplane envelope restrictions on the F-111 solid-wing
elastic twists and deflections are illustrated in Figures 49 and 50.
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8.4.4 Delta Canard Fijghter

The maximum aeroelastic twists on the delta canard fighter model solid wing vary from
0.4 degree at cruise to 1.73 degrees in a 7.5g maneuver at 240°K tunnel conditions and
up to 2. 35 degrees for an ambient temperature condition. Removal of the aft 35% of the
wing structure for control surfaces, etc., results in a twist of 4,92 degrees at 240°K.
(Note: excessive wing twist outboard of 0.65 semispan due to removing a constant per-
cent chord from a delta wing. In practice, this would be avoided.) Wing-tip deflections
vary from zero to 0.4 inch for solid wings and zero to 0.7 inch for the 70% version.
Model wing twists and deflections for the delta canard are shown in Figures 51 and 52.
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