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ABSTRACT

A summer design study group consilsting of twelve participants and a

technical director studied various aspects of the present and future

interaction of wind tunnels and computers. This study was conducted under

the sponsorship of Air Force Office of Scientific Research at The University

of Tennessee Space Institute with the support and assistance of the

Arnold Engineering Development Center and its operating contractor, ARO, Inc.

Guidance was provided by a government/university steering committee selected

by AFOSR.

The study group's procedure on this broad topic was the following:

A.

B.

Technical presentations by specialists from UTSI,
AEDC, and ARO for basic background information.

In-depth presentations by technical specialists from

. The Aerospace Industry
. The Computer Industry
. Goverament

. Universities

S W

Detailed discussions with these speakers by one or
more of the three working panels into which the summer
design group was divided:

1. Experimental Facilities Panel
2. Computational Fluid Dynamics Panel
3. Computer Design Panel

Extensive literature search and development of a large
bibliography; collection, review and summary of a
mass of reports.

Regular discussion activity by the individual working
panels and the design group as a whole to produce
a written report of the findings.

Several meetings with the steering group to provide
review and guidance.



The scope of the investigation was narrowed in order to proceed in
greater depth. The subject of propulsion tests was excluded. Emphasis
was given to the subsonic and transonic regimes at the expense of the
supersonic regime and the near exclusion of the hypersonic region.
Considerable emphasis was given to the following areas:

A. Understanding the areas of agreement and disagreement
between theoretical and experimental activity in
the areas of:
1. Boundary-layer modeling
2. Determination of transition location
3. Separated flow phenomenon

B. Progress and potentials of new techniques for
improvements in flow qualities of wind tunnels by
a synergic application of computer closed-loop
controla, mechanical adjustments of tunnel
physical parameters, and new noninterference methods

of measurements.

C. The present and future potential for the fast-
developing field of computational fluid dynamics.

D. Estimates of computef requirements to support the
various integration activities and investigation
of future potentials for advanced high-speed computers.
In the course of the study a number of conclusions and
recoﬁmendations were reached, and these are summarized in a separate
section of Volume I and are presented in detail together with the supporting
information and references within a body of the main report in Volume II.
It is concluded that this study of wind tunnels and computers was

very worthwhile, that the activity was of great value to the participants,

and that the results will be of value and interest to the sponsor.
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COMMENTS BY THE STEERING COMMITTEE

This report is the result of an unusual educational experiment:
a set of young people in academic positions ranging from mathematics to
engineering spend the summer months at UTSI for the purpose of arriving
at a common point of view on the interrelations between computers and
wind tunnels. Their task was not easy: they had to become fast experts
in a field of strongly held and divergent opinions. A large amount of
factual information presented by lecturers from the engineering and
computing communities had to be absorbed, put into context, and synthesized
into a coherent picture. We feel that this task was well accomplished
and that their report will prove useful to others in understanding the
relative rolls of, and constructive relationships between, computers and
wind tunnels. We take this opportunity to commend the members for
their quick assimilation of facts and philosophies about a complex
relationship, and for the long hours they devoted to preparing their
report, resulting in a very respectable contributien. The task would
have been much more difficuit, if not impossible, without Professor Bernard
Marschner whose untiring efforts to coordinate and guide the study were
cruclal for its success. Last but not least, the contribution of Dr. Robert
Young, Associate Dean of the University of Tennessee Space Institute,
should be acknowledged. He was the guiding spirit in getting the study
under way and in providing the appropriate academic setting for its

execution.

Dr. Hans W. Liepmann, Chairman
Steering Committee
November 14, 1977
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1.0 INTRODUCTION
1.1 STATEMENT OF THE DESIGN PROBLEM

The design problem that was selected was the general area of the
interaction between developments in computers and the obtaining of design
data from wind tunnels. The rather broad scope of this topic made it
necessary to restrict the consideration of the study to the following

areas.:

1. Control of the Tunnel Parameters for Wind Tunnel Tests
2. Control of Model Parameters

3. Improvements in Tunnel Similation Qualities

4. Computational Fluid Dynamics in the Design Cycle

Even in the consideration of these four elements, certain compromises
were made since the basic aim was to attempt a rather in-depth review of
the literature and to study a restricted subset of the problem rather
than to try to cover all aspects of the field. Consequently, the
area of propulsion testing was not covered. The emphasis on the flow
regimes was directed toward the subsonic and transonic regimes at the
expense of the supersonic regime and to the almost total exclusion of
the hypersonic regime.

The selection of the participants was done by national advertisement
under the aegis of the American Socilety for Engineering Education in
conjunction with programs that the association conducts on an annual basis
with NASA, and with a complementary program that the assoclation conducts
with the Alr Force and The University of Tennessee Space Institute.
Abbreviated vitae of the participants and the technical director are
presented in Appendix IV.

The individuals in the Summer Study Group came from backgrounds
ranging from experimental aerodynamics to mathematics. The experience

level of the participants varied considerably.



1.2 STEERING COMMITTEE

The Air Force Office of Scientific Research selected a Steering
Committee comprised of the following individuals:

*Dr. Hans Liepmann, Chairman . . . . Director, Graduate Aeronautical
Laboratories
California Institute of Technology
Pasadena, CA 91125

%Dr., Gary T, Chapman . « . » « . . . Aerodynamlc Research Branch, Code FAR
: NASA-Ames Research Center
Moffett Field, CA 94035

*#Dr. Wilbur Hankey » . . + + + « « « Alr Force Flight Dynamics Laboratory
AFFDL/FXM
Wright-Patterson AFB, OH 45433

%Dr. David McIntyre. . .« . . . . . . Alr Force Weapons Laboratory/AD
Kirtland AFB, NM 87117

*Dr., Richard Seebass . . . . . . . . Department of Aerospace Engineering
University of Arizona
Tucson, AZ 85721

1.3 OBJECTIVES

The objectives of the study were agreed upon between the sponsor,
the Steering Committee, and The University of Tennessee Space Institute.

An outline of the objectiveé is presented below:

1. To provide a design study experience on a realistic
and pertinent engineering subject for the faculty participants.

2. To ascertaln the current status of experimental aerodynamic
facilities and test methods and the current status of
aerodynamic computational methodologies and computer systems.

3. To prepare an estimate of future developments in experimental
and computational aerodynamics consistent with projected
design needs, with special emphasis on the impact of the
next generation of experimental and computational facilities.

4. To explore means of obtalning and improving aerodynamic
data by developing concepts for integrated use of
computers and wind tunnels.

5. To prepare the faculty participants to make future
conttributlions in the area of experimental and
computational aerodynamics



1.4 METHODOLOGY: An outline of the methodology is presented below.
1. A review of current literature in the following three areas
will be made: ‘ '

a. Experimental facilities and methodology for wind tunnel
testing of advanced military air vehicles

b. State-of-the-art in computational fluid mechanics
and aerodynamics

c. Design trends of computer architecture and computer
implementation techniques as they pertain to
computational aerodynamlcs and wind tunnel testing.

2. Material will be presented by contributors in the three fields
under consideration to aid in the understanding of computational
and experimental aerodynamics.

3. A brief written assessment of the current status of three areas
will be prepared.

4, A written estimate will be made of future trends, capabilities,
and limitations for the interaction between computational
aerodynamics, experimental aerodynamics, and advanced computer
design and implementation.

5. B8tudy participants will present reviews of current technical
reports in the three areas.

Careful understanding of the methodology is important to the under-
standing of the preparation of the report. During the report period no
new research was accomplished. The basic working method of the project was
to have presentations from a wide variety of representatives in the field,
collect a large bibliography, obtain a rather large collection of reports,
and read, summarize, and review a large cross section of these reports.
From this activity the write-up was based on 1) a synthesis of remarks from
many sources, 2) the general impression which was left by a number of the
speakers, and 3) an overall assessment by the panel.

The final report of the summer design study is presented in two
volumes. The first of these is a summary report, and the second contains
the details of the work accomplished by the design panel. The majority
of the write up of the individual sections of the report was done in a

concentrated fashion by the use of a working panel arrangement.



Section 2.0 of Volume II was written by the Experimental Design/Wind
Tunnel Working Panel, which consisted of:

1. Frank G, Collins, Chairman - Associate Professor,
Aerospace Engineering

2. Salvador R. Garcia - Professor, Engineering Systems
3. Michael H. Jones - Assistant Professor, Engineering
4, Carlos Tirres - Assistant Professor, Engineering
Section 3.0 of Volume II was written by the Computational Fluid Dynamics
Panel, which consisted of:
1. Sin~I Cheng, Chairman -~ Professor of Aerospace Sciences
2. Donald A. Chambless ~ Assistant Professor, Mathematics
3. James L. Jacocks - ARO, Inc.
4, Vireshwar Sahai - Associate Professor, Engineering Science
Section 4.0 of Volume II was written by the Computer Systems Panel,
which consisted of:

1. William A. Hornfeck, Chairman - Assistant Professor,
Electrical Engineering

2, L. Eugene Broome - Professor, Mathematics -
3. James R. Cunningham ~ Assistant Professor, Mathematics

4, Gregory M. Dick - Assistant Professor, Division of Engineering
Technology

Each of the sections 2.0, 3.0, and 4.0 begins with a tutorial type
of presentation in order to provide the reader with appropriate background
material which will place each panel's presentation in the proper perspective.
Readers who are specialists in a given area may skim this material with ease;‘
It was felt a review of the present status of wind tunnels was necessary
in order to ascertain the future role of computers in this field. Similarly,
a review of the present state of computational fluid dynamics was conducted

in order that an assessment of its role in the design cycle could be made.



2.0 WIND TUNNEL TESTING
2.1 INTRODUCTION
2.1.1 Historical Perspective

Aerodynamic wind tunnel test facilities are used extensively for the
development of aeronautical systems. Since the Wright Brothers constructed
their tunnel in 1901, the development of wind tunnel facilities has usually
preceded improved flight vehicles (Ref. 2.58). Wind tunnels are the
best simulators (analogue) of the Navier-Stokes equations and provide the
primary data for predicting flight performance. Furthermore, wind tunnel
data are very repeatable, and their quality i1s continually upgraded. However,
the existing wind tunnel capabilities are now being taxed to their limits
as closer design margins are demanded for the development of new aero-
nautical systems. Moreover there is in a sense a false confidence in the
simulation accuracy of wind tunnel data; but this situation can be greatly
alleviated by integration of computers and wind tunnels.

Currently computers used with wind tunnels have increased the degree
of sophistication available for testing new aeronautical systems (Refs.

2.23, 2,48, and 2.67). Both quantity and quality of data have been increased
to meet the new demands. These current integrated tunnel/computer systems
are discussed in detail in Section 2.4. In addition, there is a great
potential for further integration that should provide significant
improvements in aerodynamic test capabilities and simulation accuracy.

This potential ié discussed in more detail in Section 2.7.

In assessing the value of wind tunnel data in the design process,
one must consider the cost of the wind tunnel test relative to the cost
of the total system. For example, the total R & D cost for an aircraft
can be divided into the itemized costs for airframe design, airframe wind
tunnel testing, propulsion design, propulsion testing, avionics, etc.

It is estimated that the cost for wind tunnel tests for the typical
alrcraft is only aBout 2 percent of the total R & D cost, and this percentage

decreases compared to the total cost as the number of aircraft produced



increases. Although this cost is small relative to the total system cost,
it 18 a critical item which plays a vital part during the embyronlic stages
of the new aircraft (see Section 2.2)., Therefore, aerodynamic test
facilities, iIntegrating wind tunnel and computers, will continue to

provide vital design information for aeronautical systems of the foreseeable

future.
2.1.2 Overview

This chapter will lay the foundation for the requirements and '
recommendations on future integration of wind tumnels and computers. The
current status, current requirements, planned developments, and future
needs for integrated wind tunnels and computers are discussed. Recommenda-
tions, observations, conclusions, summaries, or position statements are
given in ditalics in each section of this chapter when appropriate. Much
of the material in Sections 2.2 through 2.4 is tutorial and may be omitted
1f the reader is familiar with the current wind tunnel situation. The
following sections are included in this chapter:

2,2 TImpact of Tunnel Testing on the Design Process

2.3 Current Status of Experimental Aerodynamic Facilities and
Test Methods '

2.4 Current Use of Computers in Wind Tunnel Testing -

2.5 Future Developments 1n Experimental Aerodynamic Facilities
' and Test Methods

2.6 Calibration and Benchmark Experiments
2.7 TFuture Integrated Use of Computers and Wind Tunnels



2.2 TIMPACT OF TUNNEL TESTING ON THE DESIGN PROCESS

2.2.1 Overview

Since the time of the Wright Brothers, the wind tunnel has been the
place where aeronautical systems have been developed. The number of testing
hours required in a wind tunnel has increased steadily with the growing
complexity and sophistication of aeronautical systems (Fig. 2.1). More
data and test points have been required for each new system. This trend
obviously cannot continue unabated or the next generation of aircraft
will never be developed in time to be useful. The apparent need for more
test data will be addressed later in this section. The fact remains,
however, that tunnels have been the most important of all tools for aircraft

design and development.
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Fig. 2.1 Total Wind Tunnel Test Hours for Development
of Various Aircraft (Ref. 2.141)



The computer, by contrast, has not had an impact on aerodynamic
design until recently. For example, the C-141 was designed with 5,375
hours of tunnel testing and 1 hour of computer wing, design, and the C-5A
was designed with 14,000 hours of tunnel testing and 5 hours of computer
wing design (Ref. 2.141). 1In the future however, the computer will make
a continuously increasing contribution to the design process and will
have a decided impact by reducing the number of required tunnel tests.
This will take place as more computational techniques are validated and
computer speeds and sizes are increased.

The Zunnel testing costs, although very high, are small compared to
the total aincragt R & D on fleet costs. Tunnel aerodynamic (not including
propulsion) testing costs were 0.4 percent of the C-5A fleet cost (Ref.
2.193). The cost of propulsion testing is usually higher than that of
aerodynamic testing, and the cost of flight testing is higher still. For
example, 1,500 flight test hours are required to certifj a commerical
transport (Ref. 2.30).

Although tunnel testing costs are small compared to total development
costs, the tunnel tests are of great importance for proper vehicle design.
The benefits from testing usually far outweigh their cost. It has been
estimated that a reduction of one drag count through geometric modifications
suggested by tunnel tests could save an amount equal to the total testing
costs for the C-5A (fuel cost savings over the life of the fleet) (Ref.
2.193). More emphasis will be placed on fuel savings in the future
(Ref. 2.102), and the wind tunnel will be used to find ways to reduce
aircraft drag.

The steady increase in tunnel testing is really dictated by the
desire of the government to obtaln a weapon system with performance in the
"last 5 percent possible." The possibility of failing to meet initial
performance goals is therefore great. The survey results of Mitchell
(Ref. 2.115) reveal a number of important facts concerning the origin

of the test plan for a system development.



As shown 1n the survey, the test plan (number of tests, type of tests,
models, faclilities to be used, measurement accuracy required) 1s usually
prepared by a potential contractor as a part of hls proposal. Test plan
details are not emphasized when a bld is evaluated, but a contractor does
not want to appear deficlent by requesting too many tests in an area where
problems are expected. Those who did respond to Mitchell's survey indicated
that they thought that a decrease in the number of tunnel tests would increase
the technical risk of the proposed development, but that the number of tests
was nevertheless decreased to lower the bid price. However, it was also
thought that the test plan was not important for awarding the contract.

This method of determining the test plan leads to an inefficient use of
tunnel testing; too few tests are run in problem areas which arise as the
development program proceeds, too many tests are run in other areas, and
probably not enough testing is accomplished early in the program.

An additional point of interest is the fact that a company with their
own wind tunnelé was agreed to have a competltive edge over companies
without tumnmels. However, there 1s a trend toward the use of government
facilities,

Mitchell (Ref. 2.115) examined 35 aircraft development programs.
Eighty-four percent of these alrcraft experlenced deficlencies in the flight
evaluation. The respondents agreed that more and earlier testing could
have prevented these problems. Although the respondents' comments reflect
the desire to lessen the ultimate design risk, their proposed solution must
be challenged. Certainly a more judicious test plan will yield a better
designed ailrcraft, but this can be done with fewer tests, not more. Also,
some of the program failures can be related to a lack of simulation accuracy
(not repeatability) in the tunnel. The wse '05 compu,té/z/s for test planning,
Antelligent wall, and tunnel controls will assist in Lessening the probability
04 faillure to meet alrcnagt desdign goals in the future.

The risks involved from poor tunnel test results cannot be over-
emphasized. For example, uncertailn scale effects (lack of Reynolds

number simulation) such as occurred in the C-141 program (Refs. 2.71 and



¢

2.185) cause conservative design and limit potential alrcraft advances in
performance and efficiency (Ref. 2.77). Bowes (Ref. 2.30) comments that
"...the ability of the designer to promise a performance capability and of
the alirplane to meet this promise has been a dominant factor in the success
or failure of individual programs.'" Proper simulation in the tunnel is
mandatory for a successful program (Ref. 2.185). Because of the Lfmportance
0§ tunnel testing in the eventual success of a program and the nelatively
small testing cost, everny effort should be made to continuously improve the
Lunnel simulation accuracy. Simulation improvement should also assist in
reducing the number of needed tests. Even with the increasing use of the
computer for analysis there will continue to be a need for tests in a high
quality wind tunnel (see Section 2.7).

Success or failure of a flight vehicle can depend upon how well the
wind tunnel data can be extrapolated to flight conditions to predict the
actual performance. Extrapolation procedures are validated by comparison
with previous tunnel/flight test correlations. Therefore, new designs are
frequently only incrementally different from previous ones where the tunnel/
flight correlation is well known.

An example of the success of incremental testing is the series of
alrcraft that began with the B-47. This aircraft was the beginning of
a line of‘aircraft that changed in an evolutlonary manner. xEach aircraft
had a performance greater than the previous, as measured by the transonic
range parameter ML/D (Ref. 2.30). Incremental testing is ﬁery valuable
for improving the performance of existing ailrcraft. Only incremental
differences from an existing model need to be determined by tunnel tests;
thus, only tunnel test repeatability (i.e., precision) is required.

Incremental testing is essentially conservative and can lead to
the continuation of low design standards, nonoptimal performance, and bad
tunnel measurement practices (Ref. 2.32). Also often nonincremental
advances need to be made (e.g., the B-52 to the B-58). In the future there
will be Less hequirement for incremental testing and more fon determining
absolute measurements. This will require improvements in tunnel simulation
accuracy (see Section 2.3.4) and elevated standards of test design,

execution, and analysis (Ref. 2.32).
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Computational techniques, validated by well performed experiments,
will play an increasingly important role in the aircraft development
process. Computational techniques are particularly suited for optimization
procedures and can perform much of the task formerly done by incremental
testing. This will occur particularly as designers gain confidence in
the techniques (Ref. 2.42). This possibility is discussed in Section
2.7.3. There will be a desire to minimize the design risk by utilizing
a balance between computations and experiment. Computations will not be
able to handle all geometries in the near future, and some important
design aspects, such as the wing-fuselage interaction, will continue to
be examined in the tunnel (Ref. 2.139). In addition there will be an
ever-increasing need for the use of model/flight test correlations to
measure the simulation accuracy in wind tunnels. Computations, however,
wilL make a Adgnificant contribution by allowing more design by analysis.

2.2.2 Preliminary Design Phase

The development of an aerospace vehicle can be divided into three
phases (Ref. 2.139): the preliminary design phase, the project definition
phase, and the flight test phase. As will be demonstrated, the wind tunmnel
plays an important role in each phase.

In the initial phase of a vehicle development program, the design 1s
presently based primarily on empirical methods resulting from accumulated
tunnel and flight data obtained on a variety of similar configurations,
with parametric corrections to account for variations between the configura-
tions. The tunnel/flight correlation results are highly proprietary and
become a significant part of a company's '"know-how" (Ref. 2.30).

Fast performance estimates for engineering outlines which are lacking
in detail are needed at this stage. However, the techniques used must be
accurate enough to allow correct evaluation of the alternative configurations.
In particular, this requires very careful and complete flight tests so
that the effect of various vehicle cémponents and their mutual interference
can be ascertained. This type of flight testing 1is very expensive (see

Ref. 2.30 for a more complete discussion).
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Semlempirical numerical codes are sometimes used at this stage,
especlally for supersonic alrcraft and hypersonic reentry vehlcles
(Ref. 2.205). The primary design tool is the tunnel and the computational
results are presently used to verify or extend the tunnel results (see
Section 2.4.4). Reentry vehicles must be designed to great accuracies
and are now pushing simulation accuracy improvements in the wind tunnel
(Ref. 2.205). More complete numerical codes will be used in the future.

There appears to be a definite need for the development of vehicle
components (airfoils, for example) and concepts independent of any particular
weapon system. Such work would add another source of data upon which the
preliminary design of a vehicle which is not incrementally related to any
previous vehicle.

Although this stage presently relies primarily upon previous tunnel
tests and flight test correlations, computational techniques are already
having an impact on the.optimal design of individual components, such as
wings. Use 0§ computational techniques will increase, and thereby help
eliminate the reliance upon experience obtained grom previous tunnel and
§Light Ltests on geometrically similar vehicles.

2.2.3 Project Definition Stage

This stage involves intensive computational and experimental research
and development on selected main design aspects, using models generally
representative of the proposed design. There is concern with accuracy
(of the final design prediction) from this point onward in the program
(Ref. 2.30). Any design modifications tested in the tunnel before the
vehicle reaches the flight test stage provide benefits usually far exceeding
the tunnel costs (Ref. 2.193).

Only a finite amount of tunnel testing time is specified in the
test plan (see Section 2.1.2), and it invariably happens that the period
of testing has expired before the design has been optimized. Because of
the time required to make model modifications, only several configurations
can really be examined (Ref. 2.42). Therefore, means must be used to

optimize the configuration quickly and early in the development program.
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Also, more flexibility is needed in the text plan. Mistakes found at

this stage are of much less consequence than those found in the flight test
stage. In the future, computational techniques can assist by determining
most of the peﬂéonmdncé chanactenistics, Leaving the tunnel to verify

the computations and to examine critical performance ateas.

While it is relatively easy to examine various configuration geometries
on the computer, it 1s very difficult to do so in the tunnel. An exception
is through the use of wax models, aided by oil flow visualization, in low-
speed wind tunnels or water tunnels. Because many aspects of separation are
qualitatively the same at all Mach numbers (Ref. 2.187), the technique has
been used with great success for feducing the drag of transonic transpofﬁs
and with somewhat less success on fighters. For example, the C-5A drag
was reduced by 57 counts using this techrnique (Ref. 2.68).

The results of the tunnel tests must be corrected for tunnel interference
effects (wall intefference, buoyancy, flow nonuniformity, equivalent Reynolds
number, etec.) and extrapolated to flight Reynolds numbers to obtain a
performance prediction for the preliminary vehicle design. The correction
and extrapolation procedures must be very accurate because the corrections
are large, and errors in thelr magnitude will invalidate the comparison of
the projected vehicle performance and the contracted performance. (Examples
of typical wall corrections are given in Ref. 2,131 and Ref. 2.139 shows
that the extrapolation correction for the drag coefficient, Cp , of the C-5A
was 20 percent of the measured Cp). Tunnel and extrapolation corrections
are primarily obtained from semi-empirical procedures which have been validated
by careful tunnel/flight test correlations. This again points to the need
for good simulation accuracy of the tunnel tests.

The desire to eliminate mistakes at this stage is very great, and it is
estimated that 15 percent of the tunnel tests are performed to verify data
of questionable quality (Ref. 2.115). These verification data are obtained
in tunnels different from the ones which obtained the original data. An
Amprovement of simulation accuracy of the tunnels would eliminate the necessity
for verification of previous tests, improve the final product, and reduce
the development cost and time.

13



The important problem of how to integrate the power plant smoothly
to the airframe will not be discussed in this chapter. However, it is
recognized to be one of the largest sources of uncertainty for the final
configuration. Problems connected with it are discussed in Refs. 2.30,
2.32, and 2.139.

2.2.4 Flight Test Phase

Even after the design has been frozen and the first vehicle has been
built and tested, the need for wind tunnel tests 1s not over. There is
almost always a need for corrective action after the first flight test of
a new alrcraft (Ref. 2.30). Large risks are involved with the development
of new vehicles, and many perform badly during the first test; nevertheless
the record clearly indicates that the final product is good.

When problems occur at the flight test stage, then the program goes
back to the tunnel to find the cause. Eighty-five percent of the corrective
tests use flow visulation to discover the flow problem (Ref. 2.69), indicating
that they are due to interferences (which cannot and will not be capable of
being computed for many years).

Some planes, such as the F-~111, had more tunnel tests after the first
flight than before, whereas some others, such as the C-5A, had very few at
all, Commercial aircraft companies immediately initiate tunnel studies of
the final configuration not only to eliminate any problems that have arisen
but also to improve the vehicle performance and keep the competitive edge.
Incremental testing is used especially to reduce drag (and thus increase
range). For the Boeing 707, for example, range was lncreased by 35 percent,
of which the engine accounted for 19 percent and the airframe for 16 percent
(Ref. 2.30).

The tunnel is also used to modify existing aircraft for new missions.
At times these modifications are needed quickly so that existing aircraft
can be changed. Only tunnel testing has been able to respond with the
needed speed. ) ,

In conclusion, the wind tunnel presently L8 Linvolved in all aspects
of an aeronautical vehicle design. As the vehicles become more complex
and sophisticated and perform in new §Light regimes, an increase in
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sdmulation accuracy 46 demanded of the wind tunnel Zo neduce the desdign
risk and improve the ¢inal vehicle pergormance.
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2.3 CURRENT STATUS OF EXPERIMENTAL AERODYNAMIC FACILITIES AND TEST METHODS
2.3.1 Wind Tunnel Test Facilities

Experimental aerodynamic data for the design of aerospace systems are
generated from wind tunnels, aeroballistic ranges, vacuum chambers, sled
tracks, etc. However, this report will consider only the wind tunnel and
its integration with computers for aerodynamic testing. Furthermore,
propulsion test cells and thrust stands will also be excluded from the
report. Specifically, the following discussion will pertain only to
subsonic, transonic, and supersonic aerodynamic test facilities and testing
techniques.

Wind tunnels experienced a steady growth during approximately the first
half of the century. The number of facilities of a given type (i.e.,
subsonic, transonic, or supersonic) fluctuated with national needs, but in
general a steady growth continued until the mid 1960's. The number of
facilities has declined sharply since that time. It appears that the
decrease in number of wind tunnels is related to the decrease in the number
of aerospace companies and the number of systems developed.

According to Pate (Ref. 2.138), the number of supersonic and hypersonic
wind tunnels has decreased by about 50 percent since 1965. Consequently,
an appropriate increase in productivity of the remaining wind tunnels has
been required to serve system development test needs. An example of increased
productivity through facility improvements for AEDC tunnels A, B, and C for
the period 1960-1977 is shown in Figure 2.2 (Ref. 2.138). This trend will
probably continue as the cost of tunnel testing increases. In addition,
the number of research wind tunnels of very high quality flow have become
nearly nonexistent. The decrease in the number of production facilities
appears to be a healthy trend because it has forced the remaining facilities
to become even more efficient. Furthermore, effective integration of wind
tunnels and computers should significantly accelerate the improvement of
both productivity and quality of data (see Section 2.7). However the trend
of decreasing research facilities is counterproductive, because these facilities

are essential for developing wind tunnel testing techniques and computational
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techniques. Research facilities are needed to provide understanding of
certain flow fields and benchmark data for the verification of computer
codes, which are discussed in Section 2.6.

The most recent inventory of the major aerodynamic wind tunnel test
facilities is described in Refs. 2.145 and 2.178. Many of the facilities

described in Ref. 2.145 are no longer operational.
2.3.2 Recent Wind Tunnel Facility Improvements

The demand for improved full-scale vehicle performance and accuracy of
performance prediction has led to a sustained effort to improve the '
accuracy of test data from existing wind tunnel facilities. In additionm,
the decrease in number of production facilities has emphasized the need for
improved productivity. This has resulted in wind tunnel facility improve-
ments that have not only improved the accuracy of test data but in many
cases have also increased facility capability as well as prodﬁctivity. Some
of the major improvements of the past years are summarized hevrein.

Model Injection System

The model injection system permits the insertion and removal of the
model into or out of the test section without having to shutdown the tunnel.
The system is controlled by direct computer commands (see Section 2.4).
Figure 2.3 shows the model injection system used at AEDC in tunnels A, B,
and C. The system increases fhe productivity of these facilities by
allowing faster model configuration changes while maintaining tunnel
conditions. This is accomplished by a set of interlocking doors that isolate
the test section from the model installation chamber. The system also
provides easier and faster access to model and onboard instrumentation for
repairs. The major advantages of the system are increased productivity

and added test capability and flexibility.

Captive Trajectory System (CTS)

The CTS is an electromechanical six-degree-of-freedom model support
used for separation simulation (Fig. 2.4). It provides aerodynamic
coefficient data for online computer generation of the trajectory of a body
as it is staged or separated from another body. The primary reason for

dual or multibody testing is for simulation of flow-field interference on
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on both the primary and secendary bedies. The CTS is also used for flow
field studies where the survey probe is computer-controlled via the secondary
body (or CTS) support (Ref. 2,138). This capability is availlable in wind
tunnels throughout the speed range‘(i.e., subsonic, transonic, supersonic,
and hypersonic) (Refs. 2.23 and 2.178). This system provides both added
capability and increased productivity in existing wind tunnels.

Captive Aircraft Departure System (CADS) |

The CADS provides information on the maneuver behavior of an aircraft
in the wind tunnel (Ref. 2.23). With the wind tunnel used as an analog
data source for the required static aerodynamic data, the Euler equations
of motion for the aircraft are solved by an online digital computer. The
solutions of these equations are used to control the orientation of the
model in the airstream. This system provides added capability.
Variable Poroéity Walls
Variable porosity walls such as those used in AEDC tunnel 4T (Ref. 2.178)

are used to alleviate interference. The test flow environment is improved

by adjusting the wall porosity and wall angle as a function of Mach number.

The wall porosity is varied uniformly by sliding thé outer wall over an

inner wall (Fig. 2.5). This improvement provides improved data accuracy.
Computer and Wind Tunnel Interfacing

Current use of computers in wind tunnel testing will be discussed in
detail in Section 2.4, However, it should be noted here that although
computer and wind tunnel interfacing came into extensive use only within
the past three years, nevertheless it represents a very significant
improvement to aerodynamic testing in production wind tunnels. For example,
the model injection system, CTS, CADS, and variable porosity walls are all
computer controlled. These improvements and others discussed in Section
2.4 provide increased productivity, added capability, and improved data

accuracy.
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2.3.3 Simulation Requirements

The primary function of production wind tunnels is to simulate the
aerodynamic.characteristics of the full-scale vehicle in free flight by
testing a scaled model of the prototype. The simulation is accomplished
by using basic aerodynamic similarity variables that relate the tunnel
model values to flight values. These variables are Mach number, Reynolds
number, Prandtl number, stagnation enthalpy, and wall temperature ratio.
Wind tunnels provide very good information in incremental parametric tests.
However, existing facilities are unable to simulate all the required aero-
dynamic similarity variables; therefore, they are unable to predict vehicle

performance in absolute terms.

The major factors limiting the aerodynamic simulation are airframe/
engine interference, wall interference, low Reynolds number, poocc flow
quality, model deformation, and model support interference. Other
factors that could add to the simulation error if not carefully con-
trolled are poor wind tunnel calibration, poor instrumentation precision,
and poor model surface finish. These other factors are mentioned only
because they continue to surface in the literature; they will not be
discussed any further in this report. On the other hand, the major

factors will be discussed in some detail.

I

Airframe/engine interference is of primary concern to the aircraft
designer, particularly on airplanes having close-coupled or highly
integrated propulsion systems. Predicting the proper ‘thhust minus drag
requires careful testing in the wind tunnel to determine the interactions
between airframe and propulsion system (i.e., inlet and nozzle afterbody).
Current thrust-drag prediction methods are discussed by Bowes (Ref. 2.30)
and Paterson, et.al (Réf. 2.139). However, the success of these pre- ‘
diction methods is not known because, according to Bowes, ''The answer to
this question is a highly qualified one, and since it may perhaps involve
a legal as well as a technical concern, the data is understandably

hard to come by." News reports of conflicts between engine and airframe
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manufacturers indicate that major deficiencies exist in the current
simulation techniques for airframe/engine interference testing. There-
fore, the need fon a substantiok rnesearch effort in airgframe/engine
intenference 48 indicated, including conrelation situdies o4 §Light and
wind tunnel data. Perhaps exisiting test techniques could be improved
by intelligent integration of wind tunnel and compu,té/L An such a way
that a Rarge data base and mathematical models are available online

to Aimprove the quakity of simulation. |

A major deficiency of aerodynamic simulation in wind tunnels is
attributed to boundary interference. This deficienéy is of considerable
concern at all free-stream Mach numbers, but is particularly severe at
transonic speeds where model—-induced normal shocks are reflected from
the wall back onto the model. Moreover, when the model is embedded in
a large supersonic region the flow field is grossly distorted by the
wall resulting in significantly compromised test data. The effects of
tunnel wall porosity on the drag-rise characteristics and on airfoil
pregsure distributions are given by Paterson (Ref. 2.141) in Figures 2.6
and 2.7, respectively. These results indicate that wall interference
effects in transonic wind tunnels could be more detrimental to the aero-
dynamic simulation than most of the other effects such as low Reynolds
number, poor flow quality, etc. Research in this area has experienced
a modest but sustained effort in three major areas: (1) wall inter-
ference corrections for test data (Refs. 2.21, 2.22, 2.74, 2.92, 2.116,
2,124, and 2.144), (2) modification of existing wall configurations to
reduce or eliminate wall interference (Refs. 2.20 and 2.132) and (3) develop-
ment of an intelligent wall for interference free performance (Refs. 2.12,
2.13, 2.14, 2.50, 2.51, 2.60, 2.61, 2.62, 2.93, 2.100, 2.161, 2.162, 2.164,
and 2.190). These results seem to indicate that wall corrections and .
modification of existing walls are not sufficient for all test require-
ments. The intelligent wall appearns Lo hold the best promise gor success
in neducing on eliminating boundarny interference. This approach will be

discussed extensively in Section 2.7.2.
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The problems associated with the low Reynolds number (Re) capability

of existing wind tunnels are well documented (Refs. 2.11, 2.184, 2.205,
and 2.211). Existing Re capability in transonic and supersonic wind
tunnels and the required values to match flight conditions on épecific
vehicles are illustrated in Figure 2.8. The planned National Transonic
Facility (NTF) is the oniy wind tunnel to approach the Re level of 108
needed to match the flight values for large transport aircraft. The
amount of information for justifying construction of this very high Re
facility is overwhelming, but most of the data used as evidence in the
justification are contaminated with the effects of wall interference,

poor flow quality, and other kinds of interferences. Therefore, the
Mreal” Reynolds number effects are neither quantified nor well known.
In fact, Investigators have observed negligible Re effects on flow filelds
that were previously belleved to be Re sensitive (Refs. 2.98 and 2.191).
However, there is no question of the need for a high Re facility to in-
vestigate specific flow phenomena sensitive to Reynolds number, such as
skin friction, shock wave/boundary layer interactions, separated flows,
etc. The NTF will provide solutions to these Re sensitive phenomena, but
it will not be available until the early 1980's. Consequently, low
Reynolds number production wind tunnels will continue to accomplish system
development tests in the foreseeable future. Even after the arrival of
NTF, system development tests will probably continue to be accomplished

in low Re facilities because of their economy, productivity, and efficiency.

Integration of the Low Reynolds number wind funnel with a Large dedi-
cated computern could Amprove the Re simulation significantly by using a
data base and appropricte math models. The NTF should be very useful for
developing the appropriate math models.

The quality of flow in wind tunnels has been the concern of investi-
gators since the turn of the century. For example, the Wright .Brothers'
tunnel was equipped with both wire screens and homeycomb for flow smoothing.

The major problems associated with flow quality include turbulence,
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acoustics, flow nonuniformities, and moisture. Thrbulence and flow
nonuniformities are corrected with screens and honeycomb, but with the
penalty of pressure losses. Consequently, most production facilities do
not use screens or honeycomb, and they suffer from flow nonuniformities
and undesirable levels of turbulence. Air driers are effectively used
to remove moisture from the tesf flow., However, instrumentation to
monitor moisture levels 1s nonexistent, and unless the moisture is
visible in the test section, the effects of moisture areynot questioned.
The effects of acoustics on test data have gained importénce in recent
years (Refs. 2.44, 2,46, 2.136, 2.137, 2.194, and 2.195). Dougherty
~evaluated several techniques to suppress edgetones from perforated

wind tunmnel walls and found methods to effectively eliminate the acoustic
effects (Ref. 2.45). Thenrefore, the technology to significantly improve
glow quakity in existing wind tunnels L8 in mosit cases well in hand; Lt
45 only a mattern of allocation of funds to cornect the problems, Lif one
takes into account the thade-of§s discussed above.

Model deformation or aeroelastic effects are becoming significant
in aerodynamic wind tunnel simulation of high Re conditions, As the test
dynamic pressures are increased in an attempt to achieve high Re flows,
the model wings bend and twist under load, resulting in erroneous local
angles of attack. For example, the local angle of attack is reduced on
a swept wing as it bends under load (Ref. 2.77). The simulation errors
become more severe as test dynamic pressures increase. This problem,
however, is reduced significantly with the NTIF because high Re flows
are achieved with a drop in temperature and no increase in dynamic

pressure,

Model support interference can also introduce a significant amount
of uncertainty, especially to the drag measurements. Typical model
support systems are shown in Figure 2.9. All of these mounting systems
will introduce interference, and at the higher test Mach numbers the

errors due to interference effects can be very large. The interference
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can be determined by using varlous mounting systems and dummy struts.
This technique has been used effectively for correcting interference
effects caused by the model support system (Ref. 2.210). However,
Bowes (Ref. 2.30) gives warning that some uncertainty always exists in
this procedure because the corrections are determined from small dif-
ferences of two large numbers. Perhaps the integration of wind tunnel
and computer could alleviate this problem with proper modeling of the

support system.
2.3.4 Accuracy and Measurement Requirements

Accuracy requirements for aerodynamic simulation are dictated by the
mission of the new aeronautical system to be developed and are generally
established by the successful bidder of the proposal. Wind tunnel testing
plays a critical role in the development of the new system. It provides
the system designers with the information to predict performance, optimize
the design, determine loads data, and evaluate, identify, and correct
operational problems with the vehicle. The wind tunnel data also allow
the customer (government) to evaluate the performance of competing designs.
Therefore, the accuracy of the performance prediction for the economic and
operational aspects of the vehicle 1s very significant to both the customer
and the designer. For these reasons it is highly important that accurate
wind tunnel data be provided for aeronautical system development.

The quest for higher accuracies in simulation are motivated by the
customer's needs. For example, the average effect of an error of one count
of drag (approximately 0.4 percent) over all the guaranteed missions for
a large transport aircraft, such as the C-5A, is equivalent to about 1000 1b.
of payload (Ref. 2.201). 1Its value is estimated at $600,000 per aircraft,
or $48 million for a fleet of 80 airplanes. Figure 2.10 shows an example
of the trend in drag accuracy prediction for a transport alrcraft during
its agvelopment cycle (Ref. 2.30). Note that a +5 percent probable error
is considered a very good prediction. However, this error is an order of

magnitude larger than the one count of drag discussed above. Thenrefore,
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the demand fon one count of drag accuracy on tramspont aircragt develop-
ment 48 not realistic and its Apecification could stand a complete
neview.

Accuracy requirements in fighter aircraft development also provide
challenging demands in aerodynamic simulation. The higher accuracy
demands are motivated by the need to "squeeze out" all the performance
possible from a new system. Figure 2.11 shows a sketch of the accuracy
requirements (or cost) as a function of performance. The 5 percent band
is the area where the performance requirements must be met. The sensitivity
of the fighter's effectiveness (advantage) because of its performance is
1llustrated in Fig. 2,12, These figures clearly show that the demand for
a high degree of simulation accuracy is well founded. Unfortunately,
the exisiting wind tunnels §all short of meeting the required capabilities
Zo provide aerodynamic simulation accuracy which 4is better than the 5
percent upper band where the perform<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>