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PREFACE

In September 1978, the National Aeronautics and Space Adminis-
tration (NASA) requested the National Research Council's Aeronautics
and Space Engineering Board (ASEB) to consider the need to establish
an ad hoc committee to review and critique the operational plan for
the types of research and development (R&D) wind tunnel tests to be
conducted in the National Transonic Facility (NTF), under construction
at NASA's Langley Research Center in Hampton, Virginia. Following a
series of discussions on the potential usefulness of such a review,
the board decided in January 1979 to form an ad hoc National Transonic
Facility Committee., Following approval of the committee members by
the National Research Council, the committee met at NASA's Langley .
Research Center on 4-5 June and at Ames Research Center on 9-10 July
1979,

The specific tasks assigned to the committee were to:

1. Review and critique preliminary NTF operational procedures,
particularly those facets that will ensure the facility's
more efficient use for R&D purposes by the user community.

2. Critique suggested procedures to determine how proposed
transonic R&T tests should be prepared for and tested in the
NTF, and subsequently, in other existing NASA transonic wind
tunnels.,

3. Consider other matters related to the operational plan of the
NIF that the committee or NASA (or both) judge to be appro-
priate to these tasks.

Accordingly, the committee has reviewed the status of the NTF and
plans for its future, as well as several modes of operating it as a
national facility, This review has resulted in several specific
recommendations that the committee believes will enable NASA to ensure
effective use of the NTF for R&D by the user community. The report
also contains related suggestions and observations about this unique
wind tunnel facility. The rationale behind each of the committee's
recommendations is briefly described.
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INTRODUCTION

The National Transonic Facility, as approved by Congress, will
provide NASA, the Department of Defense (DoD), and the aerospace
industry the opportunity to test small-scale model flight vehicles to
obtain aerodynamic data at Reynolds numbers* equivalent to those
encountered in full-scale flight and over a range of Mach numbers up
to and slightly above one. Full-scale Reynolds number simulation of
aerodynamic flows is especially important in the transonic regime. It
is also important for determination of aerodynamic characteristics of
vehicles with separated flows at all speeds, especially those flows
containing free vortices, and also for ascertaining the performance
of high-1ift aerodynamic devices. Since many commercial and military
alrcraft cruise at near-sonic speeds, it is expected that continuing
effort to improve safety and efficiency in this flight regime can be
significantly increased once -the NTF is in full operation,

The NTF is a consequence of the need for aerodynamic data at high
Reynolds numbers and near-sonic flight speeds., The aircraft aerody-
namic design factors that may be evaluated by testing in the NIF are
delineated in the Appendix. The discussion of the factors involved
underscores the complexity of the flow fields that occur around modern
winged vehicles. Because the testing conditions and techniques to be
used in the NTF press hard on the state of the art, the value of the
NTF in evaluating the various individual factors listed in the Appendix
can be better understood and adequately assessed only after consider-
able operational experience is gained with the facility.

At a given wind tunnel air speed, the Reynolds number is a func-
tion of the size of the test model and the density and temperature of
the test medium. Up to the p;esent, Reynolds numbers above approxi-
mately twenty million (2 ° 10°) have not been attainable in wind
tunnels at transonic speeds. The NTF gill be able to simulate
Reynolds numbers above 100,000,000 (10°) that are typical of full-
scale aircraft.

The Reynolds number can be increased by high pressure or low
temperature, or a combination of both. Of the various ideas for a

*The Reynolds number is the dimensionless ratio of inertial to viscous
forces.



facility that could provide an order-of-magnitude increase in Reynolds
number at transonic speeds, the concept of increasing the Reynolds
number by cryogenic cooling proved to be the least costly to build and
to operate., Piloneering work at the NASA Langley Research Center in the
early 1970's carried this concept through to the design of a small-
scale (0.3 meter) cryogenically cooled wind tunnel facility that
continues to be used for research,

In the NTF, liquid nitrogen will be injected to cool the opera-
ting medium of a closed~circuit fan-driven wind tunnel. The minimum
operating temperature is determined by the requirement that condens-
ation not occur in the flow fields of interest. Real-gas effects are
minimal and cause no real difficulties. The tunnel is pressurized, .
and the maximum stagnation pressure will usually be limited by the
forces that the models being tested can experience safely.

Cryogenic operation requires that the tunnel be insulated; this
is accomplished internally. Since it is advantageous to have access
to the test section without dumping the cooled gas, the NTF has been
designed so that the test section can be isolated from the rest of the
tunnel circuit.

A high-speed data acquisition system is employed to maximize the
data productivity of the tunnel. Cryogenic and pressurized operation
make it possible to vary both the Reynolds number and Mach number with
the dynamic pressure and, hence, the model deformation can be held
fixed. Figure 1 displays the overall layout of the tunnel and a top
view of the test section in outline form. Figure 2 depicts the NIF's
operating envelope at full-scale Reynolds numbers. The interested
reader will find a more complete discussion of the need for high
Reynolds number testing, a brief history of the origins of the NTF,
the trade-offs that resulted in the final design, as well as a discus-
sion of model design, instrumentation, and the data-acquisition
system, in the NASA publication High Reynolds Number Research (CP-2009).
v The committee stresses that while wind tunnels are energy-
intensive facilities, the NTF is less energy-intensive than a conven-
tional tunnel would be for the same Reynolds and Mach numbers, despite
the very low temperature of the test medium. This is a consequence of
the reduced frictional losses due to lower flow speed for fixed Mach
and Reynolds number, more than offsetting the energy required to
provide the liquid nitrogen used in the NTF, :

More importantly, even modest improvements in aircraft efficiency
through improved design can result in energy savings in the operation
of aircraft during their lifetime that will far outweigh the energy
expended in obtaining and verifying design data in the NTF,
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UTILIZATION

The NTF will provide an aerodynamic test capability for the U, S.
that will be a significant extension beyond facilities now available.
It is important that it be used to obtain the greatest possible
advance in the state of aerodynamic technology. Its use by the Depart-
ment of Defense in new systems development and by the aircraft
industry in civil-aviation aircraft development is vital. However,
for its most effective use, it is important to bring to bear the
broadest possible technical expertise and to provide a source of new
ideas to advance technology. Consequently, participation by the
scientific community is essential,

The committee is in general accord with the preliminary plans for
allocating time among potential NIF users; namely,

NASA programs/NASA funded 407

DoD programs/DoD funded 40%

Industry programs (proprietary)/ 15%
Industry funded

Scientific community programs/ 5%
NASA funded

It is understood that the above distribution of time among the
four classes of users is subject to change if operating experience
indicates a change to be desirable. The committee believes that
allocating forty percent of the test time to NASA and forty percent
to DoD is reasonable and appropriate in the early years of operation.

NASA's portion of the available NTF test time will be used for
research to advance transonic aircraft technology. New airfoil shapes,
new airplane configurations, high-1lift devices at low speed and studies
of beneficial flow-field interference will be included in configuration-
oriented research at high Reynolds numbers, Skin friction, boundary-
layer separation, compressibility effects, viscous effects, extrapo-
lation of existing data to high Reynolds numbers, and investigations
of turbulence modeling will be included in the phenomena-oriented
research at Reynolds numbers not available in existing transonic wind
tunnels,

Prior to the joint NASA/DoD proposal to procure the NTF, the DoD
documented its test needs for a high Reynolds number transonic test
facility to reduce the time and risk involved in weapons-system devel-
opment, This included performance and operational-capability-verifi-

5
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cation tests of models of fighters, bombers, military transports, and
tactical missiles, Buffet-boundary definition, propulsion-system-
installation development and acquisition of stability data within and
outside the operating envelope were also included.

Transonic flow at high Reynolds numbers presents a number of
challenging and relatively unexplored flow problems, including shock=-
wave boundary-layer interaction, turbulent separation, and oscillating
shock waves, Some of the research on these and related problems by
the scientific community will require the use of a facility like the
NTF. The five percent of the time allotted for use by the scientific
community outside NASA seems adequate, at least as an initial goal.

If, as contemplated, the facility is operated on a two-shift
basis, the time allocated for industry is about six hundred occupancy
hours per year or seven and a half to eight weeks. This should allow
each major domestic airframe company one to three weeks of access in
the first year or two and this should be sufficient for their evalu-
ation of the tunnel's potential for further proprietary studies. As
the aerospace industry gains experience with the facility, demand for
proprietary industry work may increase, and it may become necessary
to modify the time allotments or to assign them by order of priority.
Due to the high cost and limited availability of NTF test time,
industry-type testing will be used initially to validate computational
analyses and extrapolations of test results obtained in other facili-
ties, and to test configurations that have been through considerable
development testing in conventional transonic facilities.

The total test needs (see, e.g., the Appendix), even for a single
configuration, are considerably more than can be accommodated in a
reasonable time in the NTF. Consequently, industry will use a mix of
those test facilities that have been proven by experience to be most
effective and economical in providing the design data required for
specific design solutions. The degree of interest by industry in
using the NTF for research and development will depend on the quality
of the data obtained, tunnel availability and productivity, and the
cost to the user.

Instrumentation for the NTF is crucial to the success and useful-
ness of the facility. The difficult operating environment for the
instrumentation pushes the state of the art, and NASA must ensure its
timely development. It is important to measure accurately not only
the model forces and pressures, but also the model's deflection under
the high loads that will be experienced, Tests without a fixed tran-
sition will require a method of determining the location of transition
on a routine basis. Flow visualization is important in determining
shock-wave patterns, as well as enhancing the understanding of the
details of the flow. Ultimately, local flow-field measurements will
be desired and will probably require optical access to selected tunnel
locations. Additionally, the NIF data-collection system should be
capable of providing on-line data in graphical form. Instrumentation
techniques need to be documented and disseminated to the user commu-
nity.

Successful full-scale flow simulation for aircraft configurations
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will require nacelle-blowing capability for engine simulation. How
this can best be accomplished in a cryogenic facility such as the NTF
remains to be ascertained. ILarge model loads, especially during
tunnel start-up, will require special fabrication techniques. As
these are developed, they too must be communicated to the users.

The quality of the flow in the test section must be equal to or
better than the best of the present NASA tunnel facilities. Equally
important is a continuing documentation of the actual test-section
flow characteristics to a relatively high degree of precision,

Personnel of the Langley Research Center have worked diligently
to define the equipment needed and the test procedures to be used in
an attempt to maximize the productivity of the NTF. Comments have
been made that such production-oriented methods tend to de-emphasize
the thinking that should go into an experiment. However, where time
limitations and high test costs are significant factors, emphasis on
test productivity is appropriate. The thinking and planning respon-
sibility must reside with the user. Because of the cost of tunnel
operation, it will be essential to maintain high productivity.
Factors that can enhance productivity include a high data-rate
capability, back-up balances available in case of balance failure,
"quick-look" tunnel-calibration check capability, and the capability
of making quick model changes.

Funding policy for the NTF will influence the effectiveness of
its operation., The committee presumes that NIF funding policy will
parallel that of other NASA facilities, and supports this mode of
funding. The committee believes that a policy that makes the support
of tunnel operation dependent on funds obtained from user charges for
individual projects could adversely affect the utilization of the
facility by de-emphasizing technical content and scientific merit,
The committee recommends that such funding arrangements be avoided.

To make the use of the NTIF attractive to industry, industrial
user costs for proprietary testing must be kept within bounds, 1In
keeping with the policy now used for NASA's unitary wind tunnels,
users should be charged only for the direct costs associated with the
operation of the facility., Liquid-nitrogen costs should be accounted
for separately and each user charged for nitrogen used. Separate
charging will motivate efficient use of this expensive commodity,
Based on pricing data available at the time it met, the committee
believes the occupancy charge (excluding liquid nitrogen) will be on
the order of $1,000 an occupancy hour, in early 1978 constant dollars.
Typical liquid-nitrogen consumption might average about $2,000 per
occupancy hour. Although these costs are high, it is estimated that
industry will require at least fifteen percent of the tunnel's time.



MANAGEMENT AND ORGANIZATION

The NTIF management must be oriented to assuring equitable avail-
ability of the facility to the user community (NASA, DoD, and the
scientific community). Participation of the scientific community
requires a mode of funding and a method of selecting experiments
suited to the capabilities of the facility. The organizational
structure must assure that these functions will be accomplished in
an efficient and business-like manner,

The committee recognizes that the NTIF is a unique national
facility of great but unproven potential, and firmly believes that
tunnel flow quality, tunnel calibration, model and tunnel instrumen-
tation, and data acquisition must be given the dedicated and continuing
attention of a group primarily responsible for understanding and
. Improving the facility. Experience with other wind tunnels has demon-
strated the effectiveness of such a group. In research facilities,
these functions are often carried out by the users, The committee
considers that this method would be inappropriate for the NTF and
feels a separate group should be charged solely with understanding
and improving the facility.

The committee, therefore, recommends that a separate
branch be established at the Langley Research Center
and charged with defining and improving the quality
of the flow in the NTF, advancing ideas for needed

and improved instrumentation and data acquisition,
suggesting other facility improvements, and conducting
research on possible facility improvements using the
0.3-meter cryogenic tunnel, located in the center.
Initially, special attention should be directed towards
tunnel calibration, unit Reynolds number effects, and
wall-interference effects,

Suggestions have been made that a "High-Reynolds-Number-
Institute" or "Transonic Institute" be created to assure national
participation in the use of the NTF. While the committee notes that
such institutes have been successful in meeting NASA's objectives in
other areas, such as numerical computations and aeroacoustics, it finds
few parallels for its use in connection with the NTF. The NTF is a
tool for obtaining aerodynamic data on complex geometries at near-
sonic speeds and full-scale Reynolds numbers, It is, therefore,

8



primarily a development facility, and as it is also expensive to
operate, its scientific use will be limited to tests that cannot be
conducted in other facilities.

The committee recognizes the importance of providing the aero-
nautical community with the opportunity to benefit from the new
capabilities provided by the NTF, and believes this can best be accom-
plished through technical communication, access to the facility, and
research participation., The available funds should be channelled
directly to these activities and objectives,

Accordingly, the committee recommends that NASA hold an
annual NTF conference to describe research results,
facility and instrumentation developments, and related
research activities in other facilities.

One purpose of the conference should be to solicit ideas
from the scientific community for research projects and
facility improvements. To ensure that the appropriate
people participate in the conference, it is recommended
that NASA provide travel grants to members of the scien-
tific communlty, including selected students.

The NIF is a major national facility under NASA management, and
NASA should take the lead in planning the annual program of research
and testing in the facility. To establish future work priorities
and to evaluate past activities, the committee believes that NASA
should obtain advice from various groups that have an interest in the
data to be generated in the tunnel.

To accomplish this, the committee recommends that an
NIF advisory committee be established to evaluate the
previous year's research and test program; review
planned activities; review priorities regarding use
of the facility by NASA, DoD, and other government
agencies, industry, and the scientific community;
and make suggestions for facility improvement and
modernization., The membership of the advisory
committee would include representatives from the
NASA centers, the Arnold Engineering Development
Center (AEDC), and other interested government
laboratories, industry, and universities. This
advisory committee would meet annually in conjunc-
tion with, and subsequent to, the annual NTF
conference, and would report to the associate
administrator, NASA/OAST.

Finally, successful relations with industry require a management
office. This office should serve the total user community, and be
responsible for such things as priorities, test planning, cost, and
scheduling. Guidance should be provided to users on administrative
processes for the use of the NTF, with special regard to such NTF
specialty groups as model design, instrumentation, and tunnel flow
quality.



TECHNICAL OBSERVATIONS

The committee reviewed preliminary NIF operational procedures and
has made some technical observations about the facility and its devel-
opment that are noted in the following paragraphs.

Tunnel Activation As the NTF nears completion, there may be
pressure to rush some programs of perceived national urgency into the
wind tunnel, to hurry the development of instrumentation and tunnel
calibration to respond to the perceived needs, and to demonstrate the
usefulness of the facility. Such pressure must be firmly resisted.
Urgent programs should rely on existing facilities until the NTF is a
well-understood tool, The NTF calibration and instrumentation, and
the design requirements for models must be documented. Production
testing should begin with a high degree of confidence in the facility,
Premature production testing could damage such confidence, This
policy, however, should not preclude early cooperative testing with
potential users that emphasizes the learning process and tunnel cali-
bration.

Instrumentation In view of the well-established competence of
the Langley Research Center in wind tunnel operations, there is no
need to discuss routine measuring techniques and general wind tunnel
instrumentation, However, it may become necessary to measure the
velocity field around a model in addition to model forces and pressure
distributions. For example, such a need may well arise because of
such items as wall-interference studies and turbulence-model code
verification. The techniques for doing so may be quite sophisticated
and well beyond the scope of the usual wind tunnel instrumentation,

Most likely, advanced optical techniques such as multi-component
laser-doppler velocimeters (LDV's), holographic interferometry, and
Raman scattering will be required, The present optical access to the
test section appears quite limited. The committee believes that more
extensive optical coverage of the test section should be considered,
and that a special effort to develop modern optical techniques should
be undertaken in the model facility. Problems such as LDV seeding,
imaging with limited optical access, possible use of fiber optics and
reticon arrays should be dealt with well ahead of the tunnel comple-
tion date.

A determined effort should be made to assess the flow quality and
to establish criteria and techniques for its documentation. The

10
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experience of competent groups both within and outside NASA should be
sought in instrumentation development and flow management to assist
development of the most up-to-date instrumentation. The suggested
annual NTF conference could also be used to solicit information about
the most recent developments in instrumentation,

Wall Interference For at least a decade there has been a grow-
ing awareness that ventilated wind tunnels are not free from wall
interferences at high subsonic Mach numbers, At the same time, it has
been observed that it is possible to evaluate such interference by
making a computation of the outer flow field based on measured flow
variables in the tunnel. These observations have led to a number of
studies in the U, S, and abroad that point toward elimination of
boundary interference (the adaptable-wall or 'smart-wall' concept),
or the development of methods to correct measured model data,

In both cases, it is necessary to measure flow quantities such as
the velocity components on a surface in space (defined by the instru-
mentation) within the tunnel and enclosing the model. The approach
used to achieve unconfined free-flight conditions is iterative, whether
accomplished by actual modification of the tunnel walls or by approxi-
mate computation of modifications to the interior velocity field,

What may be of particular importance is the fact that when this
iterative process converges, it not only eliminates wall interference,
but also establishes a known free-stream Mach number and direction;
that is, it eliminates or corrects for interference between the model
and the tunnel-calibration orifices that set the nominal free-~stream
conditions.

The committee believes that these attacks on the interference
problem are important to achieving needed precision in wind tunnel
testing. The committee observes that encouraging progress is being
made and believes that the concepts mentioned here will have signifi-
cant effect on the operation of the NTF during its lifetime,

NASA personnel at the Ames and Langley Research Centers are
knowledgeable in this area. It is important that their activities be
continued and encouraged, and that the problem of measuring flow
perturbations on the surface mentioned above be addressed. As noted
earlier, it seems most likely that optical techniques will be used for
these measurements, Thus, the subject of tunnel interference (includ-
ing Mach number determination) leads again to concern for the provision
of optical access to the NTF's working section.

Unit Reynolds Number Effects A concern with many wind tunnels
is the effect of the "unit Reynolds number," i.e., a departure from
the expected Reynolds number similarity. The reasons for this
departure are not yet clear. Although it is most likely that tunnel
flow perturbations, slot Reynolds number, and model roughness are
responsible, there is insufficient experimental evidence for a
definite cause of the effect. Efforts to identify any unit Reynolds
number effects and to determine the reasons for them should be fully
supported to avoid unanticipated errors in experimental data,

Synergistic Coupling with Computers The committee notes that
rapid advances in the numerical simulation of complex aerodynamic flows
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hold the prospect for substantial reductions in the cost and time
required for the design for new aircraft configurations with consequent
improvements in performance. To realize this prospect, the develop-
ment of suitable turbulence models for separated flows, and computa-
tional speeds of an order of magnitude beyond those now obtainable,
will be required. The experiments needed to supply turbulence models
can be carried out in other high Reynolds number facilities. While
sophisticated turbulence models can be tuned to give good results
over a limited range of Reynolds number, Mach numbers, pressure gra-
dients, etc., the committee does not anticipate that they will be
substantially better than simpler models over a broader range of
conditions, The committee believes it will prove more effective to
compute the large-scale eddies and to model only the finer turbulent
structure, When this computational ability is available, it will be
necessary to determine its validity for complex configurations with

a suitable wind tunnel test program. The detailed information that
will be required about the local flow structures is beyond current
NTF instrumentation. Due attention should be given to development

of instrumentation that will provide local flow structures to ensure
the anticipated synergistic coupling of wind tunnel and computational
capabilities.



SUMMARY

The committee has made a number of comments and observations -
about the NTF, and a few recommendations about its operation, These
are 1,) that a separate branch be established at the Langley Research
Center and charged with defining and improving flow quality and
advancing ideas for facility improvement; 2.,) that NASA hold an annual
NTF conference to discuss research results obtained in the NTF and
similar facilities, and to report on new developments that will improve
these facilities; and, 3.) that an NTF advisory committee be estab-
lished to evaluate the previous year's research and test program, to
review plans and priorities, and to make suggestions for facility
improvements, The committee believes that the implementation of these
recommendations will help to ensure that the NTF will be an important
national asset.

13



APPENDIX
The Need for Aerodynamic Data at High Reynolds Number

This is a discussion of the aeronautical designer's needs for
full-scale, or high Reynolds number, aerodynamic data. It is not clear
that in all cases a high test Reynolds number, per se, will satisfy
the requirement, and furthermore, it is not clear that the accuracy
of wind tunnel testing is sufficient to prevent a masking of the
effects to be studied. Due to the cost and limited availability of
the NTF, the designer will be extremely selective in deciding which
of the following issues to study in that facility. The importance of
these various factors will vary with different configurations.

Cruise Drag The drag of an aircraft can be broken down into
various elements that add up to the total drag of the vehicle. During
cruise, the primary elements are induced: drag, friction drag, form
drag and wave drag. Wave drag first appears at supercritical Mach
numbers and becomes increasingly important as the flight speed
approaches (or exceeds) the speed of sound (Mach 1). The levels of
friction drag measured during wind tunnel tests at low Reynolds
number, although too high, are of little consequence to the airplane
designer because they can easily be corrected to provide full-scale,
free-flight values., However, the incorrect displacement thickness of
the boundary layer has a significant indirect effect on subecritical
form drag. The most difficult sources of form drag to evaluate are
related to vortical flow, such as that at the wing-body section and
that due to fuselage closure. Wave drag at high Reynolds number will
be more accurately represented because of the more accurate apparent
airfoil geometry and the improved representation of the shock-boundary
layer interaction,

Buffet Margins High-lift buffet margins and high-Mach-number (at
low 1lift) buffet margins are both influenced by Reynolds number. Both
are important in determining the flight envelope of the aircraft. The
longitudinal stability of the aircraft at high Mach number and under
maneuver conditions is a function of the separation patterns on the
wing and therefore, of Reynolds number. Such longitudinal-stability
characteristics may provide a critical condition for the balance of
the airplane or for the design of a stability-augmentation system,

Engine Exhaust The jet efflux produces an incremental drag
resulting from all changes in the flow field created by jet-exhaust
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efflux. These changes are very complex, and may be Reynolds-number
sensitive,

Pressure Distribution and Structural Ioad Although primarily
generated by the basic flow field, the pressure distribution at near-
sonic speed is also a function of boundary-layer characteristics and
shock~boundary layer interaction; consequently, the pressure distri-
bution on a model is a function of Reynolds number, This is particu-
larly important when there are regions of partially separated flow
at critical design conditions.

Flutter Boundaries and Dynamic Air loads The variation of
pressure distribution and shock location as functions of airframe
deflection is an important input to the flutter and dynamic-loads
analysis of aerodynamic and airplane configurations. These, again,
are Reynolds-number sensitive,

High-Mach Control-Surface Hinge Moments Spoiler, aileron, and
elevator hinge moments are generally critical at the maximum control-
surface deflection. This, in turn, is the condition most sensitive
to Reynolds-number effects, since partial flow separation is often
present,

Low-Speed Maximum Lift The rotation speed at takeoff is a
function of maximum 1ift in ground effect; the climb-out safety speed
is a function of maximum lift out of ground effect; the landing
approach speed is a function of the maximum 1ift in the landing con-
figuration, All of these quantities are Reynolds-number sensitive.

Low-Speed Drag lLevels The maximum takeoff weight, when limited
by engine-out climb-out performance requirements, is determined by
the engine-out drag for the climb~out configuration. This is very
Reynolds-number sensitive. The aircraft drag for the approach config-
uration influences power requirements for a 3 descent slope, which
in turn influences the approach community noise. This drag is also
Reynolds~number sensitive.

Low~Speed Buffet Margins The maneuvering flight envelope is a
function of the buffet onset condition for each flap position., Buffet
onset is Reynolds-number sensitive,

Aerodynamic Ioads on High-Lift Devices The aerodynamic loads on
high-1ift devices (slats, L. E. flaps, T. E. flaps) are generally
critical at extreme operating conditions (maximum lift, minimum 1ift).
The loads for these critical structural design conditions are Reynolds-
number sensitive. (Partial flow separation is often present,)

High-Lift-Device Refinement The optimum orientation and detail
shapes of all high-1ift devices are Reynolds-number sensitive,

Low-Speed Stall Characteristics Low-speed stall dynamics are
related to the stall patterns of the wing. These patterns are
Reynolds-number sensitive.

Low-Speed Stability and Control Characteristics Low-speed
stability and control are often critical at high angles of attack
or high angles of side~-slip (or both), The stability and control
characteristics are sensitive to Reynolds number under these condi-
tions,
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