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Aerodynamics of Wind Tunnel Circuits
and their Components

(AGARD CP-585)

Executive Summary

The aim of this Symposium was to gather and review both current knowledge and ongoing research on
the aerodynamic design and evaluation of ground test facilities, focusing primarily on wind tunnels, in
order to provide to the designers of experimental facilities an opportunity to exchange information,
ideas, and visions. Shrinking budgets for new facilities have led to fewer facilities being developed and
longer development times, which have in turn led to less opportunity for advances in the state-of-the-art
and for the retention of the experts needed for the design of good experimental facilities.

The normal overriding user objectives, when conducting almost any kind of wind-tunnel test, are
obtaining reliable and meaningful data in a timely and cost-effective manner. Principal requirements
for obtaining reliable and meaningful data are an adequate Reynolds number, representative or
satisfactory tunnel flow quality, and the avoidance of tunnel wall and support system effects. Factors
which are important in satisfying the timeliness and cost effectiveness requirements include minimizing
the time required for model installation and configuration changes, utilization of efficient data gathering
systems, and the ability to use rapid techniques to account for tunnel wall and support system
interference effects. Since the aerodynamic design of wind-tunnel circuits has a fundamental first order
effect on tunnel flow quality, tunnel wall and support interference effects, and on tunnel construction
costs, the adequacy of the circuit design is of crucial importance in meeting the user’s objectives.

It should be noted that this was the first AGARD Symposium held in Russia, and that 50% of the papers
were by Russian authors. Much information was shared by those who are involved in developing,
operating, and utilizing experimental ground test facilities.




L’aérodynamique des souffleries
et de leurs composants

(AGARD CP-585)

Synthese

Le symposium avait pour objectif de receuillir et d’évaluer les connaissances actuelles et la recherche
en cours dans le domaine de la conception aérodynamique et dans I’évaluation des installations d’essais
au sol, en mettant I’accent sur les souffleries, afin de permettre aux concepteurs des installations
expérimentales I’occasion d’échanger des informations, des idées et des projets futurs. De moins en
moins de souffleries sont en cours de développement et leur délais de réalisation sont de plus en plus
longs en raison des réductions budgétaires. Par conséquent, des possibilités moindres existent pour des
percées dans I’état de I’art et pour la formation et le maintien des spécialistes demandés pour la
conception d’installations expérimentales de bonne qualité.

L’objectif primordial de I'utilisateur chargé de la réalisation d’essai en soufflerie est d’obtenir des
données fiables et significatives de fagon rentable et en temps voulu. Les principales conditions
requises pour I’obtention de données fiables et significatives sont de disposer d’un nombre de Reynolds
adéquat, d’une qualité d’écoulement représentative ou du moins satisfaisante et d’éviter les effets de
paroi et de bati.

Les facteurs qui permettent d’obtenir la rentabilité et 1’opportunité comprennent notamment la
réduction au minimum du temps demandé pour I'installation de la maquette et pour les éventuels
changements de la configuration, ainsi que ’emploi de systémes efficaces de collecte de données et le
recours a des techniques rapides pour la prise en compte des effets de paroi et de bati.

La conception aérodynamique des circuits de soufflerie a un effet fondamental de premier ordre sur la
qualité des écoulements, les effets de paroi et de biti et les cofits de construction. La justesse de la
conception des circuits est d’une importance capitale pour la satisfaction des desiderata de I’utilisateur.

Il est a noter qu’il s’agissait du premier symposium AGARD 2 étre organisé en Russie, et que 50% des
communications présentées ont été proposées par des auteurs russes. Un volume important
d’informations a été échangé entre ceux qui, d’une part ont pour tAche de développer, et d’autre part
d’exploiter et d’utiliser les installations expérimentales d’essais au sol.
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TECHNICAL EVALUATION REPORT

Fluid Dynamics Panel Symposium on

AERODYNAMICS OF WIND TUNNEL CIRCUITS AND THEIR COMPONENTS

F.W. Steinle, Jr.
Sverdrup Technology - AEDC
Amold Engineering Development Center, Arnold AFB, Tennessee 37389-9013, USA

SUMMARY

The topic of the 79t} Fluid Dynamics Panel
Symposium was titled "Aerodynamics of
Wind Tunnel Circuits and Their Components”
and was held at the Russian Finance Academy
Congress Center, Moscow Russia on 30
September through 3 October, 1996. The
sponsorship of the Symposium was by TsAGI
whose organization and members are to be
commended for their preparation and support
in the hosting and conduct of the Symposium.

The aim of the Symposium was "_to gather
and review both current knowledge and on-
going research on the aerodynamic design
and evaluation of ground test facilities,
focusing primarily on wind tunnels, in order
to provide to the designers of experimental
facilities an opportunity fo exchange
information, ideas, and visions." Further, it
was noted that "The use of CFD and
experimental methods in the design of wind
tunnels, as well as, significant lessons learned
in the design process of recently built funnels
is emphasized." The Keynote session
comprised two invited papers. The first
concerned a historical review of the
aerodynamic facilities of TSAGI and the
second addressed constraints the wind tunnel
circuit design imposed on the acrodynamic
development process. The remaining sessions
of the Symposium were organized into topics
pertaining to circuit design (low speed and
high speed separately), test sections
(ventilated & adaptive test sections separate
from open jet test sections), drive systems,
flow quality (laminar/turbulent flow
considerations), and nozzles. Five other
invited papers provided a highlight to the
remaining sessions. These invited papers
concerned the design of the DRA 5m and the
ONERA F-1, and the ETW facilities, the
adaptive-wall perforated test section (T-128),
the design of axial flow fans for subsonic
wind tunnels, and turbulence and noise

criteria for the design of the US National
Wind Tunnel Complex (NWTC). The

Symposium was unclassified and the papers
presented ranged from the application of
conventional technology of years past to the
present where CFD solutions employing
Navier-Stokes codes are just beginning to be
integrated into the design process. Thirty-two
papers were presented at the Symposium,
sixteen of which were from our colleagues
from Russia. An overview of the Symposium
in comparison with the indicated aim of the
Symposium and some general conclusions
and recommendations are provided.

1. INTRODUCTION

Interest in achieving a better answer from
tests in wind tunnels has always been present
and has served to provide the basis for major
wind tunnel developments and improvements
in testing technology that have occurred over
the last twenty years and more. AGARD has
long recognized the need to determine wind
tunnel and testing technology requirements
and to advance the state of the art in
information quality through improvements to
simulation capability, testing methodology
and data quality. Consequently, over the
years, the FDP has chartered studies in a
broad range of topics relating to identification
of these requirements and to making
improvements. Within the last decade and a
half, topics addressed have included flow
quahty1 computer - wind tunnel 1ntegIat10n
data accuracy versus wind tunnel
requirements and capab111t1es data
uncertainty assessment et cetera.

Organizations in the business of wind tunnel
testing also have a history of recognizing the
need to improve the quality of information
derived from their wind tunnel facilities and
there is a growing body of literature reporting

improvements to facilities and test techniques,
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calibration results of new facilities, plans for
future wind tunnels, and progress reports for
wind tunnel projects under way. The most
recent major wind tunnel facility to coine on
line is the ETW, having completed its first
commercial test in October of this year. The
origins of that facility trace back at least 20
years when interested parties in Europe began
to study cryogenic solutions to achieving high
Reynolds numbers at transonic conditions.
January of 1978 saw the MoU for the ETW
between Germany, France, the United
Kingdom, and The Netherlands become
formalized. The Indonesian Transonic Wind
Tunnel (ITST) is the next transonic wind
tunnel to come on line (1999?) The ITST
(designed by Sverdrup Technology) will have
a Reynolds number capability at high
subsonic speeds comparable to major non-
cryogenic wind tunnels and is expected to
have outstanding flow quality. In today's
environment, the ability to secure funding for
an ETW type project wherein high
performance is sought is seen as virtually
impossible. For instance, the most ambitious
new project of the decade was to construct the
US National Wind Tunnel Complex NWTC).
This project has now been deferred for an
indeterminate time. The heart of that project
as envisioned was to provide highly
productive, high Reynolds number low speed
and transonic test capability with extremely
high flow quality suitable for both industrial
and military aircraft development programs’.

The NWTC flow quality requirements were
very ambitious and at the close of the project
there were areas where significant gaps
existed between what was desired and what
was clearly achievable with conventional
design methodology. One of the lessons
learned in that project was the need to employ
the best of CFD and experimental techniques
practical in the development of a better
design. This same challenge exists for any
installation seeking to improve the quality of
their respective facility through a
modification. Consequently, with the
challenge to the wind tunnel community for
improved wind tunnel facilities and test
information unabated, it is very timely that
the aim of this symposium was "fo gather and
review both current knowledge and on-going
research on the aerodynamic design and
evaluation of ground test facilities, focusing
primarily on wind tunnels, in order to provide
fo the designers of experimental facilities and
opportunity to exchange information, ideas,

and visions." A further clarification of the
aim of the symposium was the stated
emphasis on "The use of CFD and
experimental methods in the design of wind
tunnels, as well as, significant lessons learned
in the design process of recently built tunnels

To help achieve the aim of the symposium,
seven papers were invited which afforded an
excellent range of opportunity to cover the
full range of topics in the design and
development of wind tunnels from a historical
perspective to requirements for the future.
These invited papers covered the facilities of
TsAGI (Bedrzhitsky and Roukavets), a
viewpoint from US industry on the
interaction between the design of a wind
tunnel circuit and the aerodynamic
development process (Lynch and Crites), the
development of the DRA 5m and the ONERA
F-1 Pressurized Low Speed Wind Tunnels
{Woodward and Francois), the aerodynamic
design of the ETW (Bouis, Prieur, Tizard, and
Hefer), adaptive wind tunnel walls (V.
Neyland, Ivanov, Semenov, Semenova, and
Amirjanz), the acrodynamic design of axial
flow fans for subsonic wind tunnels
(Brusilovsky), and turbulence and noise
criteria for the NWTC (Reshotko, and Saric).

Thirty-three papers were on the program.
Thirty-two of these were presented.
Regrettably, paper number 9 concerning state
of the art in performance analysis of wind
tunnel circuits by T. Wolf, Technical
University of Darmstadt was not presented.
This topic is intriguing, useful, and would
have added significantly to the breadth of the
symposium. The Keynote and ensuing seven
technical sessions spanned three and one-half
days. Technical Sessions I through VII titles
sequentially were: Circuit Design - Low
Speed, Circuit Design - High Speed,
Ventilated & Adaptive Test Sections, Drive
Systems, Open Jet Test Sections,
Laminar/Turbulent Flow Considerations, and
Nozzles. The meeting concluded with
Technical Evaluators' comments by Dr. V. P.
Roukavets and the author, followed by a
general discussion.

Despite the Symposium being organized into
distinct sessions, the papers themselves are far
ranging within each session. Consequently, it
seems appropriate to treat each paper
individually. Observations, conclusions,
and/or recommendations included as




appropriate with the discussion for each
paper. General observations and
recommendations are presented in the final
section of this report.

2. KEYNOTE SESSION

The first two papers of the symposium which
constituted the keynote session served to -
broaden one's attention beyond focus on the
mechanics of designing and evaluation of
ground test facilities which is predominate in
the stated theme. However, these papers were
very appropriate for supplying information,
ideas, and visions to the designer. Paper 1 by
Bedrzhitsky and Roukavets could be viewed
solely as interesting historical and technical
information concerning the aerodynamic test
facilities at TsAGI. However, it is more than
that for the governing philosophy behind the
establishment of the facilities of TSAGI is
worthy of note. The method of N. E.
Zhukovsky which consisted of a "continuous
combination of fundamental, searched-for and
applied researches with experimental
investigations in the wind tunnels_" was
reported to have always remained of primary
interest in the development of TsAGL

Further in discussing the development of the
wind tunnels for the Chaplyguin laboratory, it
was noted that "the best results are achieved
under close cooperation and reciprocity
between the customers, designers, and
operators." Zhukovsky's method is none
other than what is currently referred to as a
"continuous improvement process." In today's
environment of budgetary restrictions, being
able to sustain a meaningful continuous
improvement process is generally very
difficult. It is suggested that one of the
difficulties of obtaining a budgetary
consideration for improvement in capability is
associated with a lack of understanding of the
relative importance to a company,
association, state, country, or nation providing
the budget authority of the benefits of any
improvement in relation to other needs
clamoring for funding. Overcoming this
situation is not guaranteed. However, it
seems clear that to do so requires that those
interested in making improvements establish a
close cooperation with the users of the
facilities to establish measures of product
benefits (risk reduction, performance gains,
cycle-time reduction, etc.) through any
improvements. In addition, close cooperation
with others in the economic chain is required
to establish a benefit against overall

budgetary resources (aircraft sales, reduced
operating expenses, profit margin, gross
national product, reduced unemployment,
increased tax revenues, etc.) is required. The
point is, those in control of budget authority
should be viewed as customers who generally
speak a different language from the operators
of wind tunnel facilities. To realize any
gains, these customers must be shown in their
terms why an action is in their best interest.
The onus is sensibly on the operators to
establish the necessary close working
relationship involving the customers,
designers, and themselves noted in Paper 1
that existed at the Chaplyguin Laboratory.

Paper 2 by Lynch and Crites provided a
viewpoint from a wind tunnel test customer
engaged in aerodynamic development as to
how the wind tunnel design affected the
aerodynamic product. Addressed were
Reynolds number, tunnel flow quality, wall
and support system effects, and other factors
important to timeliness and cost effectiveness.
Examples of impacts of various factors are
cited along with the logical call for
improvement in all technical areas as well as
a more cost effective product.

Notably:

. Special efforts to minimize free
stream turbulence and noise effects are
called for (case wherein full scale
Reynolds number does not give full scale
results was cited and free stream
unsteadiness is the prime suspect).

. A. B. Haines® call for the user to
have a thorough knowledge of the
important flow physics involved in the
simulation in relationship to the
identification of flow quality and data
accuracy requirements was echoed.

. The necessity of reduction of wall
interference effects with large semispan
models was seen as being necessary for
Reynolds number requirements of
transport aircraft to be met

o Concern was expressed for the
adequacy of icing tunnel simulation
because of lack of vertical velocity
component for water droplets.

. The use of improved wind tunnel
design through CFD techniques of inverse
solutions and constrained optimization
was seen as being very beneficial,
particularly in the design of both the
contraction and the diffuser.
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. Pursuit of advanced test-section wall
ventilation and control concepts to permit
testing of larger models was advocated.

Lynch & Crites did not provide a set of design
requirements that resulted from their
perspective. However, they did provide
information and recommendations as to what
should be worked toward and why.
Appropriate to the theme of this symposium,
they saw the need to integrate CFD into the
wind tunnel design process as is done in the
aircraft industry today with inverse solutions
and constrained-optimization techniques.

Experience of the writer working on the
NWTC project has led to the conclusion that
integration of CFD into the acrodynamic
design of wind tunnel circuits in the same
manner as designers of modern aircraft is
essential to achieving any leap forward in
wind tunnel design technology, particularly in
the areas of stream uniformity and tunnel wall
effects at low and high subsonic speed
conditions. There is ample opportunity to
apply this approach to a modernization of
existing wind tunnels. In view of the high
cost of acquiring a new facility, application of
CFD in a constrained optimization design
approach to a modernization project is much
more likely.

3. SESSION I -
CIRCUIT DESIGN - LOW SPEED

Seven papers (numbers 3 - 8, and 10) were
presented in this session. The topics included
design aspects in general, design of existing
and proposed low speed wind tunnels, icing
tunnels, and design of test cells using
integrated computations and experiment.

Jaarsma discussed aspects of low-speed wind
tunnel design that were generalized from
experience gained with the DNW and LST
facilities in The Netherlands and the
Indonesia ILST wind tunnel. Featured topics
included circuit lay-out, conical diffusers,
turning vanes (with and with-out acoustic
treatment), contractions, stilling chamber flow

-conditioning, test section shape (no corer

fillets is preferred), and wall provisions
(windows, adjustable slotted wall capability),
model supports, and test section/model
logistics with selected data. Data were
presented which showed the benefit of screen
tensioning on flow angle and the effect of
acoustic treatment of corner vanes. Curves

were shown for the damping of turbulence as
a function of contraction ratio . Jaarsma
called for Navier-Stokes calculation of the
flow in the contraction section to explore the
effects of secondary flow and to improve on
the contraction design. The use of variable
slotted walls for the reduction of wall
interference was discussed but not advocated
for routine application because of the current
difficulties associated with assessing the
residual wall interference. Navier-Stokes
calculations, coupled with the constrained
optimization approach advocated by Lynch &
Crites, to the design process for the
contraction section is challenging and affords
the best opportunity for advances in test
section stream uniformity at the entrance of
the test section. Exploration of the
technology for achieving variable slotted
walls is clearly warranted because of the
potential for reduction in wall interference. If
the difficulty impeding the use of this
technology is in assessing the residual
interference as Jaarsma indicates, then solving
the assessment problem should be one of the
near term focal points for research.

Paper 4 (invited) by Woodward and Francois
concerned aerodynamic and structural design
of the DRA 5metre and ONERA F-1 wind
tunnels. Both of these facilities represent
different design solutions to the same
specifications. Although having been
designed 25 years ago utilizing empiricism
and experimental approaches in the design,
the facilities produce excellent results. The
approaches to the design are discussed, along
with supporting model test results. Although
the use of modern CFD tools in the design
process are expected to lead to an improved
result, the approaches outlined would form
the basis of an excellent starting point for
further optimization. Non-linear corner vane
spacing, an integrated approach to the design
of the screen - contraction arrangement, and
the design of rapid diffuser configurations are
particularly interesting.

The fifth paper of the Symposium (Ryabokon
and Malyk) discussed their work to develop a
low speed sinusoidal flow pulsation
capability. Elliptical shaped rotating vanes
downstream of the test section were
employed. Frequency and amplitude control
was demonstrated. Although the pulse shape
was not truly sinusoidal, improvement in the
shape over a single rotating pulser was gained




by a set of corrector pulsers rotating at twice
the speed of the primary pulsers.

Paper 6 by Gilbertini, Gasparini, and Zasso
gave an overview and a progress report on the
Politecnico di Milano's project to develop a
new Civil-Aeronautical Low Speed Large
Wind Tunnel. The tunnel is to have two test
sections on parallel legs of the tunnel circuit.
The larger test section is to provide testing of
civil structures such as bridges which requires
simulation of Earth boundary-layer profile.
The most notable feature of this paper is the
discussion concerning the use of numerical
optimization in the design of the contraction
and corner vanes. The design of the corner
vanes which are to function in very low
Reynolds number conditions (down to
100,000) used a multi-point inverse method
with coupled integral boundary layer.
Pressure profiles similar to Eppler high lift
airfoils were specified. Experimental results
showed promise. The approach employed is
an attractive one for future designs.

The requirements and statement of work for
the CIRA icing tunnel were discussed in
Paper 7 by De Gregorio, Esposito, Mingione,
and Vicini. The use of Euler calculations for
optimization of the contraction shape coupled
with a droplet trajectory analysis to provide
the best droplet distribution was featured.
Boundary layer growth in the contraction
section was not considered in the analysis.
Calculations showed that droplet distribution
could be significantly improved by proper
shaping of the contraction.

Paper 8, Chintamani, Delcarpio, and
Langmeyer, discussed development of the
Boeing Research Aerodynamic Icing Tunnel
circuit. Design requirements, design
solutions, performance, and calibration results
are discussed. Although details of the design
process are lacking, the general features and
test results presented, are very useful,
particularly the discussion as to the
development of the spraybar design.

The last paper of the session (Paper 10 by
Kabakov, Timoshin, and Ciam) provided
schematics of altitude and sea-level test cell
components for testing of aviation engines.
Featured is the use of jets for the control of
test conditions. A very limited set of non-
dimensional data is presented along with
some general discussion which should be of
interest to the designer of test cells. However,
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geometrical details are lacking. There is no
comparison of any theory with experimental
results although the discussion presented
indicates there is agreement. The main
contribution of this paper is in the general
discussion.

4. SESSION II-
CIRCUIT DESIGN - HIGH
SPEED

Five papers (11 -15) comprised this session.
Paper 11 (invited) by Bouis, Prieur, Tizard,
and Hefer presented an excellent overview of
the development of the aerodynamic design of
the ETW. Design specifications, design
approaches involving the use of calculations
and reliance on test rigs and the pilot facility
(PETW), the control system, and calibration
results are discussed. An eight year period
prior to start of final design in which
optimization efforts and pilot tests were
carried out, a firm freeze on the major design
specifications after the start of final design,
and adequate authority of the ETW team to
manage all aspects of the project were cited as
being major contributors to the final success
of the project. The latter two factors are what
any design team wants to have. The eight
year period for optimization is not to be
desired although the outcome is. A challenge
for today's developer of any new facility is to
adequately plan for the technology
development needed and the process for
achieving the desired result in the shortest
practical time.

Paper 12 by Gobert discussed a methodology
for dynamic control of transonic wind tunnels.
The method shown uses a math model
composed of forty finite volumes with
appropriate physics modeled in each volume
and transfer functions between volumes in a
time dependent solution to predict the system
response. A key feature is the use of adaptive
learning. Results were presented for
application to the ONERA S2 and ETW
facilities. Excellent control of test conditions
is demonstrated and the use of this type of
dynamic model to design or redesign control
systems for improved responsiveness is
indicated. Details of the adaptive learning
method and gains are limited. Use of
adaptive learning technology to improve both
test information quality and productivity of
any facility is well worth consideration.
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Studies on two short-duration cryogenic
transonic wind tunnel concepts for a low cost
alternative to a high Reynolds number facility
were presented as paper 13 by Zvegintsev and
Omelaev of the Institute of Theoretical and
Applied Mechanics, Siberian Branch of the
Russian Academy of Sciences. A classic
blow-down concept and a variant of the
Ludwieg tube tunnel with an expansion
chamber reservoir at the upstream end of the
tube, separated by a perforated plate are
discussed. The purpose of the perforated
plate and chamber is to extend the run time a
factor of three or more by essentially
eliminating the reflected rarefaction wave.
Schematics are presented for both concepts
along with predicted performance curves and
test results from a small impulse facility used
to examine the effects of perforation on
reflected wave strength. Experimental values
for low speed test conditions are shown to be
close to predictions. No mathematical
description of predictions is given. Several
references to TsSAGI reports are given which
appear to relate to the predictions. It is hoped
that the references cited can be readily
obtained.

Paper 14 by Kislykh, Koudriavtsev, Petrova,
and Puchkov, Central Research Institute of
Machine Building (TSNIIMASH), Russia,
describe the impulse transonic wind tunnel,
ITT U-11 which is capable of Mach numbers
from approximately 0.1 to 2. The facility
features control valves in the gas supply
circuit and in the diffuser ahead of the
vacuum reservoir. Other features include a
multi-stage perforated plate nozzle with
cylindrical channels, a circular (.8 meter
diameter) slotted transonic test section with
surrounding silencer, and the ability to vary
the test gas. Turbulence and noise spectra are
presented along with some comparable results
from the T109 facility. In relation to high
quality flow, the turbulence and noise levels
are high. Run times cited range from less
than a second (Helium) up to 2.5 seconds
(Nitrogen). Geometric and tunnel calibration
information is lacking. The authors suggest
that the ITT U-11 concept could be improved
through optimization of elements and systems
and that such an optimized concept could be
used to produce facilities with nozzle exit
diameters of the order 5 to 10 meters.

The last paper of the session (15) by Seltsam,
DLR, concems the application of Navier
Stokes calculations to the integration of

screen components in diffusers and stilling
chambers. The screen characterization uses
the k-rmodel for the transport equations and
treats the pressure drop as a source term. The
method is applied to the improvement of flow
in a wide angle diffuser with screen and is
confirmed by experiment to result in
improvement of flow. Turning of flow by the
screen is only considered in terms of its effect
on turbulence. The effects of a non-planar
screen due to deflection under load are not
considered. In an integrated design approach
for the stilling chamber and contraction, it
seems that the effect of non-planar screens
and associated flow turning should be
considered in the design process. This is an
opportunity for further improvement on the
Seltsam's work.

S. SESSION III -
VENTILATED & ADAPTIVE TEST
SECTIONS

Session III (papers 16 - 20) started with an
invited paper by V.M. Neyland, et. al
concerning adaptive-wall perforated test
sections for transonic wind tunnels. Neyland
presented information concerning the
development and operation of the T-128
tunnel. Overall geometric dimensions of the
facility are reported along with comparison
test results from the AEDC 16T tunnel and a
comparison performance chart with major
European and US and the T-109 tunnels. The
scale used in the comparison is fairly coarse
such that finer details of agreement or
disagreement is lost. A comparison of the
ability to achieve a free air pressure profile at
three pressure rail positions for a large Boeing
half-model is shown. The general shape of
the predicted curve is matched reasonably
well. However, there is no assessment of the
residual wall interference associated with not
matching the predicted profile. Such an
assessment would be useful. The major issue
is the choice of the method to use in assessing
wall interference and in achieving
convergence in wall adaptation. Adaptation
is cited as being "quite time consuming..."
and in many cases, capable of being replaced
by a less expensive method. Developing an
improved process for wall adaptation is a
technological challenge which was recognized
by the NWTC project and remains to be
solved.

Tang and Chan (paper 17) discuss the work at
the IAR 1.5m Trisonic Wind Tunnel directed




toward reducing the adverse pressure gradient
in the 2D test section. Extension of the side
walls which included a short section with a 2-
degree diffusion half-angle to reduce the
amount of plenum flow entrained at the end
of the test section was effective in alleviating
the pressure gradient. Interestingly, the
benefit of the extension was reported as being
insensitive to Mach Number and Reynolds
Number. The results of this work should be
beneficial in adding to the body of knowledge
concerning the design of plenum re-entry
regions. Additional information, such as the
state of the boundary layer approaching the
re-entry region and at the mixing region
would be helpful. One hopes that further
analysis might be directed to the entrainment
process and the coupling with the test section
flow.

Experimental results of the effects of plenum
suction on transonic test section flow are
presented by Verkhovsky, Lyzhin, and Pasova
in Paper 18. Use of a small blow-down tunnel
(.18m x .18m) and the T-128 tunnels are
cited. Geometrical information is minimal.
The general trends are useful. However, the
value of the information presented would be
greatly enhanced by presenting more details
concemning the geometry and the test
conditions.

Paper 19 by Quest, Nitsche, and Mignosi
examines the potential benefit of an adaptive
wall slot which is formed by channels with a
flexible plate to vary the cross-section area of
the stream flow. Three-dimensional Navier
Stokes calculations of local flow indicate that
both 2-D and 3-Dadaptation is feasible. In the
2-D mode, calculations showed that a wall
with 6 adaptive slots gave the best results.
Adaptation using this approach may well
afford the best opportunity for a low-noise
generating transonic test section. Further
development is clearly warranted.

The final paper of the session (Paper 20) by
Freestone and Sykes reports on the use of
measured wall conditions (slat pressure and
flow in the slot) to determine the effective
inviscid boundary flow conditions in
conjunction with the Ashill and Weeks
method for assessing wall interference. Focus
was on a two-dimensional application.
However, the approach is applicable to 3-D.
A key feature is the use of a three-hole probe
for measurement of slot flow. The principal
near term use is seen to be in post-test
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processing to determine residual wall
corrections. Results are encouraging.
However, there is the concern for the impact
of a mature boundary layer on the
determination of the effective inviscid
boundary condition. Further development is
indicated and urged.

6. SESSION IV - DRIVE SYSTEMS

Papers 21 - 24, all by colleagues from TsAGI,
comprised the fourth session. Paper 21 by
Brusilovsky covered the aerodynamic design
of fans for low speed wind tunnels. The
general design methodology, in use and
improved over the last 45 years, along with
some supporting experimental results is
presented. The mathematical representation
is simple enough that it is easy to implement
on a desk-top personal computer. Fan maps
for the T-102 and T-124 tunnels are
presented. However, the absence of fan
blading details and fan blade airfoil
characteristics prevents one from making full
use of the information presented. The
methodology is useful to the analysis and
improvement of an existing fan.

Arkadov and Roukavets (Paper 22) have
provided commentary, schematics of five
gjector concepts, and supporting data on
applications to ejector driven wind tunnels.
Featured are ejectors with offset nozzles, a
helical nozzle, a perforated nozzle, and
parallel ejectors. Some geometric
information is provided. More geometric
detail would be useful. However, the data
presented along with the discussion is of
significant value to the designer.

Kukinov, et al (Paper 23) discuss the use of
adjustable inlet guide vanes and speed control
for the improvement of the efficiency of the
T-128 compressor and the reduction of third
mode vibratory stress in the last stage of the
rotor (4th). A model of the T-128 compressor
was constructed as part of the study. Model
details are not provided. Supervisory
monitoring of the stall margin for supersonic
operation is discussed. ~Compressor maps
are given along with tunnel operating lines for
supersonic conditions. Some T-128
compressor geometric information is
provided. However blading and blade
aerodynamic characteristics information is
lacking. The addition of compressor geometry
and blade characteristics would greatly
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enhance the value of this paper to the
designer.

The last paper of the section (Paper 24) by
Korovkin, Savchuk, and Kuroles characterizes
the performance of diametral fans and
discusses their application to specialized wind
tunnels. A novel use is the simulation of a
free surface flow of a liquid about a body.
The compactness of the diametral fan is of
particular value in the construction of small,
wind tunnels where circuit length is restricted.

7. SESSION V- OPEN JET TEST
SECTIONS

Papers 25 - 26 were presented in this session.
Paper 25 was presented in two parts. Part 1
by Roukavets, et al reported on the use of the
T-103 tunnel to examine investigate collector
concepts with regards to jet flow quality. A
substantial amount of data is presented which
should be very useful to the designer. A one-
piece contracting collector (nominally 14
degrees) whose exit matched the diffuser
entrance with a gap whose area was about .2
of the area of the collector was found to be
best. It is interesting to learn that in this study
the use of a breather did not improve the flow
quality.

Part 2 of Paper 25 by Papenfuss, et al
concerns a new design of jet exit vanes that
are adjustable. The arrangement investigated
is an alternating series of inclined round flaps
that point out of the flow and triangular end
plates (pointing in to the flow) which are
attached to the base of pyramidal wedges that
point into the flow with their bases aligned
with the nozzle flange. It was shown that up
to a 50% reduction of core flow turbulence
could be achieved from that of a base-line
configuration having no vanes. A reduction
in noise level over that achieved by the
Seiferth wing configuration is alluded to, but
not quantified. Overall, this line of work is
very important to the improvement of open-
jet flow quality. The NWTC project
identified the need to have an open-jet test
capability substantially higher than the 70m/s
capability of the University of Kassel
(Germany) wind tunnel used in this study.
Test capability up to Mach Number 0.6 (about
205m/s) was strongly desired. To achieve a
flow of acceptable stability, noise, and
turbulence is a formidable challenge which
has not been met. The work reported herein

is a valuable addition to any effort aimed at
meeting higher Mach Number test capability.

Holthusen and Kooi (Paper 26) reported on
the results of a study aimed at reducing low
frequency pressure fluctuations in the DNW
Open Jet test section which were producing
unacceptably high structural vibrations of the
test hall structure. A 10m/s gain in upper test
speed to 90m/s was projected by using
tetrahedrons pointing upstream along the
nozzle at the exit. The gain was at the
expense of a steeper longitudinal pressure
gradient. Other modifications tested were not
successful. It is encouraging to note that 1:10
pilot scale test results correlated well with the
DNW so that further work at pilot scale prove
to be successful. A thinner shear layer was
associated with the tetrahedrons installed.
Possibly, means of developing a thinner shear
layer without generating unacceptable noise
levels is indicated from this result.

Paper 27 by Ginevsky discussed the results of
experiments using forced pulsations to reduce
pressure and velocity pulsations in four wind
tunnels with exhaust nozzle diameters ranging
from 0.15 to 2.2m. The use of anti-sound
appears to be most effective in suppression of
pulsations in the return circuit. Periodic
blowing/suction also was very beneficial.

The results of this experimental program are
encouraging and should be investigated in
conjunction with other solutions that appear
promising and at higher speeds.

8. SESSION VI-
LAMINAR/TURBULENT FLOW
CONSIDERATIONS

The first paper (Paper 28 by Reshotko and
Saric) of the four papers in this session was
invited. Paper 28 discussed the turbulence
and noise criteria that were developed for the
NWTC project and presented
recommendations as to guidelines for
turbulence management. The criteria were
based on what was seen as being necessary to
achieve natural laminar flow at high subsonic
speeds. A notable point is their opinion that
the contraction ratio should be no larger than
9:1 as opposed to the 12:1 that was planned
for the NWTC. A secondary issue, but very
important to the design-builder is the
determination of turbulence and acoustic
disturbances once the facility is constructed.




At the heart of this issue is the sensitivity of
measuring devices to both disturbances. In
that regard, the authors recommended a cross-
correlation technique coupled with optimal
filtering to reduce errors in separating
velocity and pressure fluctuations. However,
they noted that near Mach 1 where density
fluctuations must be separated from mass flux
fluctuations to obtain velocity fluctuations, it
is unclear as how difficult it will be to employ
optimal filtering. A validated technique for
separating turbulence and pressure
fluctuations is vital to the wind tunnel
community, the designer-builder, the
operator, and the user. A technique such as
this does not exist.

Paper 29 by Rancarani, et al (ONERA)
discusses the design and validation of a quiet
supersonic wind tunnel. Noise suppression
considerations included a silencer in the
stilling chamber and the use of aspiration in
the contraction. At Mach 3.0, pressure
fluctuations of less than .1% dynamic pressure
and transition Reynolds numbers of 6 million
were achieved. The importance of laminar
flow in the nozzle is noted. This work in the
R1Ch, R2Ch, and R3Ch facilities essentially
parallels the work by NASA Langley to
develop a quiet supersonic wind tunnel.

The NASA Ames Laminar Flow Supersonic
Wind Tunnel (LFSWT), commissioned at the
Fluid Mechanics Laboratory in 1994 to
support supersonic laminar flow research at
Mach number 1.6 was represented in Paper 30
by Wolf and Laub. The tunnel has an 8-inch
high x 16-inch wide test section and a
contraction ratio of 12:1. It is powered by air
from the NASA Ames high pressure air
system. Schlieren visualization of flow with a
10 degree cone present shows the existence of
weak waves which have been determined to
originate from the window and test section
joints (hand finished). Despite these
disturbances, a convincing case is made that
the flow in the test section is quiet. The
authors noted the need for standardization of
instrumentation and signal processing to
determine flow quality. This is an interesting
point. Changing technology argues that a
standard won’t be a permanent standard.
Perhaps the important feature is the

methodology (e.g., as proposed by Reshotko
and Saric) and a standard approach to
reporting uncertainty.

The final paper of the session (Paper 31) by
Lebiga and Zinoviev used hot wire
measurements to characterize flows in the T-
325 and MT-325 wind tunnels which cover
transonic Mach numbers up to Mach 4.0. Use
is made of hot-wire anemometry in
conjunction with modal representations for
vorticity, entropy, and acoustic waves to
separate the various fluctuating components.
A result is obtained. However, an assessment
of the inherent errors associated with these
measurements is lacking. This method should
be validated.

9. SESSION VII - NOZZLES

Two papers were presented in this final
session of the symposium. Paper 32 by
Byrkin, Ponomaryova, and Filatov discussed
the design of subsonic axisymmetric nozzles
(contraction) and an octagonal nozzle that
transitions to a square test section with corner
fillets. Design guidelines for avoidance of
separation in the contraction are discussed.
Experimental results are presented. The
design methodology presented does not
measure up to a constrained numerical
optimization method. However, the design
methodology is useful for an initial starting
point and it is possible that the recommended
constraints would be useful for validation as
part of a constrained optimization method.

Paper 33 by Verkhovsky discusses an
influence coefficient method for establishing
2D nozzle contours that have minimum flow
non-uniformity at the nozzle exit. The
method of characteristics, coupled with a
displacement thickness correction, is used to
calculate the influence coefficients. The
empirical results for displacement thickness
correction are worth noting. What is
relatively novel about the design is that it
consists of a rigid curved plate through the
throat region followed by a flexible plate.
Only four control positions are shown. The
level of non-uniformity from Mach number
1.2 to 4.0 varies between .2 to 1.5 %.
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10. GENERAL OBSERVATIONS &
RECOMMENDATIONS

General Observations:

The Symposium was unique because of its
location and the hosting and extraordinary
participation of our colleagues from Russia.

The Symposium’s topics gave a broad
opportunity for response. The scope and
timeliness of the invited papers helped to set
the theme for the symposium.

In many instances, the absence of information
such as geometry detracted from the utility of
the papers presented. Full access to
references may solve any problems of this
nature.

Very few papers actually captured modern use
of CFD in the design of wind tunnels. On the
other hand, the amount of information shared
concerning experimental methods in the
design of wind tunnels as well as lessons
learned was substantial. A fair amount of
current research on the aerodynamic design of
wind tunnels was presented.

To the author, the purpose of the Symposium
was oriented toward setting the tone for the
future. In that regard, four challenges to the
community of those in our profession are
seen.

e  Assurance of a continuation of scientists
and engineers who are artists in the
ground test facilities genre and as such,
should be viewed as integral to the
facilities;

e Achievement of fullest cooperation and
reciprocity on the international level
involving designers, operators, and
customers for our mutual benefit;

e Forecast of technological requirements of
the future with sufficient certainty that
necessary enabling ground test facility
technology development can be best
advocated;

¢ Identifying changes in design philosophy
and methodology needed to provide
ground test based information that is of
the quality necessary to satisfy customer
requirements.

Recommendations:

The author believes that it is safe to assume
that all interested in ground test facilities
would prefer a process of continuous
improvement and hence, no recommendation
of that sort is offered. Specific
recommendations that are an outcome of the
review of each paper are not repeated here.
Rather, it is deemed sufficient to recommend
a general course of action to address the four
challenges presented.

The first three challenges seem to be most
appropriate for an ad-hoc gathering of
interested parties to share views on the
process that should be followed in assessing
whether the challenges posed are indeed
worthy and if so, how should they be
attacked.

The fourth challenge is seen to be worthy of
consideration as an AGARD working group
activity whose central theme should be an
Integrated Design Process for Maximizing
Information Quality with the following sub
topics:

e Design for low turbulence and noise
(including measurement and signal
processing techniques for quantification
of turbulence and noise);

e Design for high stream mean flow
uniformity;

¢ Design for low wall and support
interference

e Design for flow quality and interference
corrections;

¢ Design for optical-based measurements of
surface flow conditions and model shape;

e Design for integration of CFD and
experiment.

The methods employed in developing present

tunnels are not viewed as sufficient if a

significant gain is to be realized. The above

sub topics are viewed by the author as critical
technology issues.

At some point, these topics would be
appropriate for a Symposium. Noting the
wording of the call for this Symposium, it
appears that the above items would fit well
within the present Symposium.
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HISTORICAL REVIEW OF THE CREATION AND IMPROVEMENT
OF AERODYNAMIC TEST FACILITIES AT TsAGI

E.l Bedrzhitsky, V.P. Roukavets
Central Aerohydrodynamic Institute (TsAGI), 1, Zhukovsky Street
140160 Zhukovsky, Moscow Region, Russia

ABSTRACT

Extract from the history of development of the wind tunnels
of TsAGI and their main characteristics are cited.

INTRODUCTION

The Central Aerodynamic Institute named after
Prof. N.E. Zhukovsky (TsAGI) was set up by a Resolution of
the Scientific and Technical Department (Nauchno-
Tehnichesky Otdel — NTO) attached to the Supreme Council
of the People's Economy (Visshi Sovet Narodnogo Hozyaistva
— VSNH) of the Russian Socialist Federative Soviet Republic
(RSFSR) on December 1, 1918 with an aim of:

".. a) promoting the development of aero- and
hydrodynamics in the direction of its practical use in various
sectors of technology;

b) promoting individual establishments and workers in their
scientific and practical researches and inventions in the field
of aero- and hydrodynamics ...".

A team of young scholars, engineers and pilots possessing
already a practical experience of researches in the area of
aerohydrodynamics at the Computation and Research Bureau
(CRB) established within the Moscow High Technical
College (Moskovskoe Vysshee Tehnicheskoe Uchilishe —
MVTU) in 1916 formed the kemel of TsAGI headed by
N.E. Zhukovsky. The foundation for these researches was
laid by a methodology created by N.E. Zhukovsky and
consisting in a continuous combination of fundamental,
searched-for and applied researches with experimental
investigations in the wind tunnels. This principle was
preserved and developed through all stages of activities of
TsAGI where the problems of creation of the experimental
aerodynamic equipment and development of the scientifically
grounded test methodology had always been of primary
emphasis.

Two principal periods could be stood out against the history
of creation and development of aerodynamic experimental
facilities of TsAGL

— the period from 1918 to 1933 (the city of Moscow),
- the period from 1933 up to now (the city of Zhukovsky).

The period from 1918 to 1933
(the city of Moscow)

At the early period after creation of TsAGI the experimental
aerodynamic investigations were carried out in the laboratory
named after N.E. Zhukovsky of the Moscow Higher
Technical College that by that time possessed two low speed
wind tunnels:

—  wind tunnel #1 with a flat test section of 0.3 x 1.5 m built
in 1910;

—  wind tunnel #2 with a circular test section of 1.5 m in
diameter built in 1916.

To expand the front of experimental investigations and
improve the conditions of transition to full scale testing wind
tunmel #3 with two test sections of 1.5 m and 2.25 m in
diameter was built in the same laboratory in 19235.

However vet before this wind tunnel was built TsAGI
appealed to VSNH with a proposal of building new
laboratories. And already in August 1923 design works were
launched to build such a laboratory (named afier
S.A Chaplyguin) on Radio street, and in December 1925 the
T-I-T-H wind tunnel was put into operation. For that time it
was the largest wind tunnel in the world.

This wind tunnel had two closed test sections of octahedral
section with diameters of the inscribed circle 3 m and 6 m
and maximum flow velocities 60 m/s and 27 mfs,
accordingly. During its construction and adjustment use of
the results of investigations of the No.3 wind tunnel of the
N.E. Zhukovsky's laboratory attached to MVTU was made,
serving as the pilot tunnel for T-I-T-II. The test section of
T-I equipped with a 4-component balance was basically used
to test infinite span wing models, and the test section of T-II
to test fuselages and other full scale aircraft elements. Since
1927 T-I-T-I became the principal wind tunnel of the
aviation industry of Russia and was constantly re-equipped
with the required experimental apparatus (rotor testing bench
rig, spin testing devices and facility for determination of
rotational derivatives etc.).

In 1926 wind tunnel T-II was built in the same laboratory
equipped with test sections of 1.5 m in diameter in two
vanants:

— closed,

— with an Eiffel chamber.

The maximum flow velocity in this wind tunnel was,
accordingly, 93 m/s and 82 m/s.

In 1931 closed circuit wind tunnel T-V was put into
operation with a diameter of the nozzle exit section 2.20 m
and maximum flow velocity 50 m/s. A particular feature of
this wind tunnel was a six-component balance and a device to
create slip angles of the models (turning wheel).

The laboratory named after S.A. Chaplyguin was equipped
with up-to-date for that epoch wind tunnels with the required
apparatus that not to a small extent contributed to achieving
by Russia considerable progress in the field of aircraft
aerodynamics and permitted in the 30 — 40s development of
the airplanes that established some world records and
performed long distance flights known throughout the world.

The principal characteristics of the wind tunnels of
Chaplyguin's laboratory of TsAGI are given in Table 1 and
the schematic of two of them in Figs. 1 and 2.

Along with this the experimental investigations in the wind
tunnels of the Chaplyguin's laboratory revealed a remarkable
influence of Reynolds numbers on the wind-tunnel results.
Already at the end of the 20s it became clear that new very
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large wind tunnels should be constructed with test conditions
approached to real ones at their maximum. Therefore in 1931
following the suggestion put forward by TsAGI a government
resolution was adopted to build a new large complex of wind
tunnels outside Moscow.

The period from 1933 up to now
(the city of Zhukovsky)

In 1933 the Soviet Government approved a building site for
construction of a new complex of wind tunnels in the area of
the city of Zhukovsky.

The first phase implied the construction of large (full scale)
wind tunnels T-101 and T-104 that would provide a reliable
transition of the wind tunnel test results to real flight
conditions. To determine the principal parameters of these
wind tunnels versatile investigations were performed
pertaining to the prospects of scientific researches and
advancement in the field of aircraft construction,
opportunities of the USSR industry. These investigations
resulted in the determination of the following wind tunnel
parameters:

¢ T-101, a closed circuit wind tunnel with an open test
section of 25 m long of elliptical section with the ellipse
axes dimensions 24 m and 14 m, maximum air flow
velocity 65 — 70 m/s with two fans and two retumn
circuits;

e T-104, a closed circuit wind tunnel with an open test
section of 13 m long of circular section 7 m in diameter
with the flow velocity up to 125 m/s and with one return
circuit.

The experience of development of the wind tunnels for the
Chaplyguin's laboratory has shown that the best results are
achieved under close cooperation and reciprocity between the
customers, designers and operators. This is why to solve
multiple scientific, engineering and organizational problems
associated with the construction of large wind tunnels a
special team was formed within TsAGI aimed at working out
the designs of the wind tunnels in cooperation with their
customers and operators. This practice of designing new wind
tunnels and improving the existing ones has been constantly
preserved and is used by TsAGI up to now.

In order to reduce the techmical risk linked with the
construction of the unique T-101 and T-104 wind tunnels,
performance of investigations and flow adjustment,
development of techniques and methodology of testing, it was
decided to build the pilot wind tunnel T-102, a pattern of
T-101, to a scale of 1/6. Additionally, in order to increase the
scope of the model investigations it was decided to build the
T-103 wind tunnel with the same dimensions of the test
section as for T-102, but with one return circuit and the
maximum flow velocity 100 —110 m/s.

So, the first industrial construction on the site of the new
TsAGI was a complex of small wind tunnels put into service
in November 1936. The main starting adjustment, research
and methodological works in these wind tunnels were
terminated by the end of 1937. The accumulated experience
and scientific and technical results of these works laid the
foundation to prepare the commissioning of the new large
wind tunnels T-101 and T-104. The T-102 and T-103 wind
tunnels, having performed their role of "pilot wind tunnels",
were used further on and are used up to now to carry out tests
of aircraft models.

Construction of the complex of the large wind tunnels was
terminated in 1939. The first commissioning of T-101
occurred on the 15th of August, 1939, and T-104 on the 20th
of August, 1939. Already during the first puttings in
operation of these wind tunnels the highest in the world
wind-tunnel Reynolds numbers were obtained. Fitting these
wind tunnels with up-to-date for that epoch six-component
balances provided integral aircraft characteristics close to
real flight conditions.

These wind tunnels made a noticeable contribution to the
development of the Russian aircraft building. Their special
role during the vears of the Great Patriotic War of 1941—
1945 should be noted. At this time the investigations carried
out at TSAGI (basically in the wind tunnels T-101 and T-104)
resulted in improving the performance of combat airplanes,
in particular maximum speeds of the military aviation
airplanes were considerably increased (by 60 — 70 km/hour),
and their characteristics of stability and controllability were
perfected.

Among the first wind tunnels of the new TSAGI was also the
free-spinning T-105 wind tunnel designed basically to study
spin of the airplanes. The T-105 wind tunnel has an open test
section 7 m in height with a diameter of the nozzle exit
section 4.5 m; the maximum flow velocity in the test section
is 35 m/s. The first start-up of this wind tunnel occurred in
August, 1941, however because of the war the adjustment
tests were suspended and remewed at the end of 1943.
Further on besides the studies of spin the T-105 wind tunnel
was used to perform tests of helicopter models, their rotors,
parachute systems etc.

Among the whole complex of the first phase wind tnnnels
construction of the variable density T-106 wind tunnel, that
provided investigation of the air compressibility impact on
the aerodynamic characteristics of airplanes at high speeds,
should be noted especially. The main parameters of this wind
tunnel:

— range of variation of the flow Mach numbers, 0.15 - 0.9;
test section diameter, 2.6 m;
- range of pressure variation, 0.15 — 6.7 kg/square cm,

surpassed in performance similar foreign facilities of that
time. The wind tunnel construction was started in the
summer of 1938 and completed at the end of 1942, and the
first start-up took place in 1943.

In 1949 T-106 was modernized (the circular test section with
solid walls was replaced with a polyhedral one with
perforated walls, the one-stage compressor with a two-stage
one) that provided Mach numbers up to 1.10 with a
continuous transition through the sonic velocity.

With the construction of the T-106 wind tunnel the first
phase of creation of wind tunnels of the new TsAGI was
accomplished. The main characteristics of these wind tunnels
are given in Table 2, and the schematics of some of them are
presented in Figs. 3 — 7.

A swift development of aviation at the end of 1940 generated
an acute necessity of designing trans- and supersonic wind
tunnels. In the period from 1948 till 1953 the first supersonic
wind tunnels were built at TSAGI. During these years a large
complex of continuous flow and blowdown wind tunnels
were built with various test section dimensions. The main
characteristics of these wind tunnels are presented in




Table 3, and the schematics of some of them are given in
Figs. 2 -13.

Start-up of the large T-109 blowdown wind tunnel in 1953
was the final phase of creating a complex of trans- and
supersonic wind tunnels.

This wind tunnel was designed for a range of Mach numbers
from 0.5 to 3.5. It is equipped with pressure and suction
ejectors, an adjustable supersonic diffuser and a square test
section of 2.25x2.25 m with perforated walls of variable
permeability (from 0 to 30%). In the range of Mach numbers
from 0.5 to 1.3 the wind tunnel operates with the perforated
test section and the pressure ejector placed in front of the
settling chamber. The use of the pressure ejector at these
modes makes it possible to reduce twice the compressed air
rate from the balloons. Beginning from M=1.7 the wind
tunnel operates with the solid test section in a direct-flow
scheme. The suction ejector place behind the supersonic
diffuser ensures the required starting degrees of compression
and also realizes M=3.5. The maximum pressure in the
settling chamber is 6 kg/sm’. In this case Reynolds numbers
of up to 60x10° (per 1 meter) may be obtained. To get such
values of Reynolds numbers with a compressor drive unit for
the same test section dimensions an electrical drive unit with
a power of about 250 MW would have been needed. Initially
the wind tunnel was equipped with replaceable supersonic
nozzles, and after modernization in 1983 an adjustable nozzle
was added for the range of Mach numbers from 0.5 to 4.0.

The complex of the supersonic wind tunnels of TsAGI has
promoted considerably the development of the supersonic
aviation of Russia. However the further growth of the
airplane flight velocity and appearance of the space aircraft
urgently necessitated the development of the appropriate
wind tunnels.

In the mid-50s intensive researches were started at TSAGI to
create large supersonic and hypersonic wind tunnels. These
researches resulted in a complex of large supersonic and
hypersonic wind tunnels the technical characteristics of
which are presented in Table 4, and the schematics of some
of them are given in Figs. 14, 15.

The most striking representatives of the large supersonic and
hypersonic wind tunnels are the T-116 and T-117 wind
tunnels covering the range of Mach numbers from 1.8 to 20
with a characteristic cross section of the test section 1 m.

In fact the T-116 wind tunnel is a complex of three wind
tunnels with the following Mach number ranges: M=1.75 -
4.0, M=4.5 — 7.0, M=7 — 10, the common elements for which
are: the test section, supersonic adjustable diffuser, exhaust
duct with a three-stage ejector and also engineering and
energetic systems. In order to minimize the losses in the wind
tunnel and to reduce the time of the transient processes each
of the three contours is equipped with its own systems of air
supply, adjustment of parameters and heating.

To realize Mach numbers from 10 to 20 the T-117 wind
tunnel is equipped with replaceable arc heaters and two
systems of creating the required pressure difference:

-~ four-stage ejector;
—  vacuum reservoir.
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At the same period to study delicate physical phenomena the
low-turbulence T-124 and T-125 wind tunnels are
constructed with flow velocities in the test section up to
110 m/s and M=0.3 - 4.0, accordingly.

To solve specific problems linked with the space aircratt
flights vacuum wind tunnels were built (see Table 5).

It should be noted that in 1962 a special scientific and
research division (NIO-16) was formed at TsAGl with a
mission of performing investigations pertaining to the
creation of new and improving the existing wind tunnels. It
played an important role in the development of the modern
wind tunnels of TsAGI and the other enterprises of Russia
and keeps on working in this direction up to now.

The principal characteristic of experimental facilities are
presented in Table 6.

The growth of cruise flight velocities of civil aviation and
appearance of highly maneuverable military airplanes
necessitated the development of more perfect, highly efficient
transonic wind tunnels.

This type of the wind tunne], T-128, was commissioned at
TsAGI in 1983 the schematic of which and the main technical
characteristics are represented in Fig. 16.

Characteristic features of the wind tunnel are:

- availability of replaceable test sections with perforated
walls of variable permeability (adaptive perforation),

— availability of an adjustable nozzle the range of Mach
numbers M=0.15 - 1.7,

— availability of a forced suction of air from the pressure
chamber and boundary layer suction from the test section
walls.

To conclude this short historical review it should be noted
that the investigations of TSAGI in the area of development
and advancement of the wind tunnels had a remarkable
impact on the creation of experimental bases of the kindred
enterprises and organizations of Russia and other countries
that formed the USSR.

Thus, under technical assistance and using the concepts of
TsAGI the following facilities were built:

e wind tunnels of T-103-type: Moscow State University,
Antonov design bureau (the city of Kiev), SibNIA (the
city of Novosibirsk),

o wind tunnels of T-112-type: "Geodesia" institute (the city
of Krasnoarmeysk), TsNIMASH (the city of
Kaliningrad),

e wind tunnels of T-113-type: ITPM CoRAN (the city of
Novosibirsk), "Geodesia" institute (the city of
Krasnoarmeysk), Moscow State university, TSNIMASH
(the city of Kaliningrad), TsKBMASH (the city of
Reutovo),

e wind tunnels of T-114-type: KHAI (the city of Kharkov),
TsKBMASH (the city of Reutovo), Moscow State
University;

o wind tunnels of T-124, T-125-types: ITPM So RAN (the
city of Novosibirsk).




Wind tunnels of Chaplyguin's laboratory of TsAGI

Table 1

Wind tunnel | Test section dimensions, | Velocity range, |Stagnation pressure Stagnation Year of constr./

index m m/s temperature, modernization

T-1 diam.3 5-27 Atmospher. Atmospher. 1935/1976

T-II diam.6 5-60 Atmospher. Atmospher. -

T-II diam. _1.5 (closed) 10 -93 Atmospher. Atmospher. 1926/1968

diam. 1.5 10-82 Atmospher. Atmospher. -
(with an Eiffel chamber)
T-V diam. 2.20 5-50 Atmospher. Atmospher. 1931/1975
Note: All wind tunnels of Chaplyguin's laboratory were continuous-flow fan-driven wind tunnels.
Table 2.
Wind tunnels of the top priority of the new TsAGI
Range of Mach
Wind tunnel Test section numbers. Stagnation pressure| Stagnation Year of constr./
index dimensions, Velocity range, temperature modernization
m m/s

T-102 4.0 x 2.33 (ellipse) 20 - 50 Atmosph. Atmosph. 1936/1950, 1964, 1976
T-103 4.0 x 2.33 (ellipse) 20 - 80 Atmosph. Atmosph. 1936/1952, 1968, 1976
T-101 24.0 x 14.0 (ellipse) up to 65 Atmosph. Atmosph. 1939/1954, 1964, 1983
T-104 diam. 7.0 up to 125 Atmosph. Atmosph. 1939/1956, 1960, 1969
T-105 diam. 4.5 2-35 Atmosph. Atmosph. 1941/1949, 1965, 1979
T-106 diam. 2.6 0.1-1.1 0.5—5tech. atm. | upto330K | 1943/1949, 1962, 1982

Note: All wind tunnels are of continuous action

Table 3.
Wind tunnels of high subsonic and supersonic velocities
Test section Stagnation Stagnation
Wind tunnel dimensions, Range of Mach pressure, temperature, Year of constr./
index m numbers kPa K modernization
T-107* diam. 2.7 0.1-0.92 Atmosph. Atmosph. 1949/1970
T-108* Ix1 1035 I ;115’7 30-150 290 - 330 195171968, 1978
T-112%* 0.6 x 0.6 06-12515,17 Atmosph. Atmosph. 1947/1959, 1971
T-113** 0.6 x0.6 1.75-.5.0, 6.0 150 — 700 290 — 550 1948/1960, 1976
T-114** 0.6 x 0.6 06-12;15-4 100 — 580 Atmosph. 1952/1960, 1970
T-109** 225225 04-4.0 80 — 560 Atmosph. 1953/1968 1983
0.5 x 0.516 03-5; Atmosph.
) ’ _
SVS-2 diam. 0.56 5060 20 - 1050 200 300 | 1956/1968, 1995
Note: * — wind tunnel of continuous action; ** — intermittent wind tunnel
Table 4
Hypersonic wind tunnels
Test section Range of Mach Stagnation Stagnation
Wind tunnel dimensions, numbers; velocities, pressure, temperature, Year of constr./
index m m/s kPa K modernization
Small size wind tunnels
T-33 diam. 0.3 3-5 350 — 900 290 - 770 1958/1968
GT-2 diam. 0.3 8,16 — 22 100 — 4000 290 — 800 1962/1978
T-120 diam. 0.15 4-10 200 — 14000 290 — 980 1964/1973
T-121 diam. 0.2 4-9 200 — 9000 290 — 960 1958/1970
0.03x0.18 48
T-122 diam. 0.08 —0.15 48-78 200 - 1000 up to 5000 1964/1981
diam. 0.02 - 0.08 1-7 up to 5000 up to 4000
T-123 diam. 0.3 7-20 up to 20000 up to 5000 196411976
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Table 4 (continued)

Test section Range of Mach Stagnation Stagnation
Wind tunnel dimensions, numbers; velocities, pressure, temperature, Year of constr./
index m m/s kPa K modermization
Large size wind tunnels
T-116 1x1 1.8-10 60 — 8000 290 - 1070 1960/1972
T-117 diam. 1 10 - 20 up to 16000 1100 — 3000 1978/1984
UT-1 diam. 0.3; 0.4; 0.5 5-15.5 up to 150000 up to 2200 1959/1972
IT-2 dam 030300 | CoThn% | 12000150000 | 1500 - 5000 1960/1980
Note: All the wind tunnels are of blowdown type
Table 5
Vacuum wind tunnels
Test section Range of Mach Stagnation Stagnation
Wind tunnel dimensions, numbers; velocities, pressure, temperature, Year of constr./
index m m/s kPa K modernization
VAT-3 diam. 0.15; 0.3; 04 12; 18, 20 500 — 6000 290 — 2000 1967/1982
VAT-102 | diam. 0.18; 0.25; 0.38 02-1.0,58 1-30 290 — 1800 1980
. 7,
VAT-103 diam. 0.1 4000 — 8000 10 -40 3000 - 6000 1968/1979
VAT-104 diam.0.05 22_0%’ 3-40 5000 — 8000 1983/1989
Table 6
Experimental facilities to study wind tunnel elements
Test section Range of Mach Stagnation Stagnation
Facility dimensions, numbers; pressure, temperature, Purpose
index m velocities, m/s kPa K
T-03* 04x06 5-70 Atmosph. Atmosph.  |Study of nozzles, test sections,
diffusers of subsonic wind tunnels
T-02** 0.12x0.18 01-13 20 - 300 Atmosph. |Study of transonic wind tunnels
with ejector drives
T-04** 02x02 0.1-1.15 110 - 600 100 — 300 |Study of cryogenic wind tunnels,
their elements and systems
Uvs** 0.18x0.18 02-17 100 - 200 Atmosph.  |Study of elements of transonic
wind tunnels
UGSD** diam. 0.15 5-12 2 -200 MPa | upto2000 [Study of high stagnation pressure
diam. 0.3 13-20 wind tunnels
SMGDU** {from 0.025 x 0.025 8-15 Study of wind tunnels and their
©025x025 | 2500-9000 | UP1018000 | upto 9000 ljements by magnetic and
hydrodynamic gas acceleration
Note: * — wind tunnel of continuous action; ** — intermittent wind tunnel
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SUMMARY

Requirements for obtaining reliable and meaningful data in
most wind tunnel test situations are addressed from an
aircraft industry user's perspective. Factors considered are
Reynolds number requirements, tunnel flow quality
requirements, and tunnel wall and support system effects.
Factors which are important in satisfying timeliness and
cost effectiveness requirements are also identified.
Important flow quality imperfections which exist with
less-than-perfect wind-tunnel circuit aerodynamic design
are considered, together with a review of the existing
knowledge base for assessing the likely/potential effects
of variations in these imperfections on the resultant test
data. The need to have a thorough knowledge of the
important flow physics features which are controlling the
aerodynamic, aeroacoustic, and/or propulsion charac-
teristics of the vehicle or flow situation under invest-
igation at the associated test conditions is stressed in order
to adequately understand and identify wind-tunnel flow
quality requirements and effects on data quality, accuracy,
and adequacy. The importance of not limiting the
identification of potential data errors and measurement
uncertainties to just those which can be currently
quantified with existing analytical and computational
methods is also stressed, as is the importance of
understanding the aerodynamic design and validation
process in which the data is being used, and the risk
involved in the particular design being investigated.
Additional considerations which need to be given
attention when conducting some specialized types of tests
(icing, semispan, open throat, etc.) are addressed.
Examples of observed and easily-envisioned flow-quality-
variation effects on measured aerodynamic characteristics
are presented. Lastly, prospects for improving tunnel flow
quality through application of current advanced CFD
capabilities are highlighted, as well as prospects for
incorporating advanced test-section wall ventilation
concepts to enable more reliable and cost effective high
Reynolds number testing capabilities.

1. INTRODUCTION

Outstanding progress has been made in the development
and effective application of advanced CFD methods in the
aerodynamic design process, thereby enabling significant
reductions in the aerodynamic design cycle time for most
aircraft categories!»2. This is especially true for cruise
configuration development3#, and this role will be
expanding in the relatively near future to more complex
geometries and flow situations such as high lift systems,
control surfaces, etc. However, CFD is not about to

replace the wind tunnel as some have predicted, because
their roles in the design process are truly complementary
and unique. As illustrated by Rubbert?, CFD is a very cost-
and time-effective means of providing important config-
uration-setting simulations, since these relatively few
simulations can be obtained in significantly less time and
for less cost than it takes to build a wind tunnel model.
But, as he also showed, wind-tunnel testing is much more
effective (i.e., practical) in obtaining the additional,
orders-of-magnitude greater number of simulations required
to provide all the data needed in the total design process.
So, even if future development of CFD capabilities
achieves the accurate prediction of the wide range of flow
conditions for which reliable data are needed, CFD will not
replace the wind tunnel in any realistic design process.

Virtually all wind-tunnel-imposed constraints on the
aircraft design process have their origin in the obvious,
but often overlooked fact that wind-tunnel testing is only a
simulation of flight. In flight, the air stands still (more or
less) and the aircraft moves through it. In the wind tunnel,
the aircraft model stands still (more or less) and the air is
forced past it. The implied simple translation of reference
frame misses the extremely important fact that the vast
bulk of the air remains still, and only a comparatively
small stream (compared to flight) can be forced past the
model. This seemingly minor, but inescapable distinction
is really the "root of all evil" in the simulation of flight
commonly called wind tunnel testing.

Obtaining reliable and meaningful data in a timely and
cost-effective manner are the normal overriding user
objectives when conducting almost any kind of wind-
tunnel test in almost any test facility. Principal
requirements for obtaining reliable and meaningful data in
most testing situations are an adequate Reynolds number,
representative or satisfactory tunnel flow quality, and
avoiding tunnel wall and support system effects which
either alter important flow characteristics on the model, or
cause effects which cannot be readily or accurately
accounted for5-8. The definition of an adequate Reynolds
number can be very different for differing applications®,
while the definition of satisfactory flow quality involves
several flow parameters and a multitude of potential
impacts on data adequacy and accuracy>’. Similarly,
tunnel-test-section design requirements vary widely for
different aircraft product categories, such as V/STOL versus
transport aircraft. Failure in any one of the three identified
requirements will likely preclude achievement of the
desired and needed results. For example, testing at full
scale Reynolds numbers is certainly attractive for
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minimizing risk, but much of this advantage may well be
lost if the tunnel flow quality is not representative of free
air flight conditions, or if the wall effects or support
system effects become too large in seeking these flight
Reynolds numbers, or if the testing costs are too high.

Factors which are important in satisfying the timeliness
and cost-effectiveness requirements include minimizing
the time required for model installation and configuration
changes, utilization of efficient data gathering systems,
effective utilization of test time (i.e., time per data point)
in data gathering/sampling!?, and the ability to use rapid
techniques to account for tunnel wall and support system
interference effects. These requirements have led to the use
of interchangeable carts and test section isolation
systems, as well as the use of global optical measurement
systems such as pressure sensitive paint (PSP), Doppler
global velocimetry (DGV), particle image velocimetry
(PIV), etc®. These capabilities are certainly major
contributors to achieving cost effectiveness and time-
liness objectives, but they are not, by themselves,
sufficient. ~For example, if the user has to wait a
considerable time for necessary data corrections to account
for significant tunnel wall and support system interference
effects, or poor tunnel flow quality effects (presuming they
are correctable), then the timeliness requirements will not
be met. It is also important to note that flow quality, in
terms of flow steadiness, is a factor in the ability to
effectively utilize rapid data gathering techniques such as
the global optical measurement systems. Hence, the
aerodynamic design of wind tunnel circuits, in that it has a
fundamental first order effect on tunnel flow quality, tunnel
wall and support system interference effects, and on tunnel
construction and operating costs, is of crucial importance
in meeting user objectives for obtaining reliable and
meaningful test results in a timely and cost effective
manner. However, it is essential to keep in mind that user
objectives and requirements can vary widely for different
aircraft or air vehicle types for a variety of reasons.

In order to adequately understand and identify wind-tunnel
flow quality requirements and effects on data quality,
accuracy, and adequacy, it is imperative that the user (either
researcher or industry product designer) have a thorough
knowledge of the important flow physics features which
are controlling the aerodynamic, aeroacoustic, and/or
propulsion characteristics of the vehicle or flow situation
under investigation at the associated test conditions (i.e.,
Reynolds number, etc.)’. Without this understanding, it is
not possible to properly identify and quantify the effects
of potential or known flow quality characteristics and
deviations on the quality or adequacy of the data being
obtained. Examples supporting this contention will be
presented. And, it is especially important that tunnel users
and operators not limit the identification of potential data
errors and measurement uncertainties to just those which
can be currently predicted with existing analytical and
computational (CFD) methods. Although this is a very
typical approach, it can be a recipe for disaster. It would
seem to be more logical to focus instead on minimizing
the flow quality defects which cannot be adequately
addressed with computational methods rather than those
that can.

Another important prerequisite for establishing wind
tunnel flow quality requirements and priorities is a

thorough understanding of both the aerodynamic design
and validation process being utilized as well as the types
of advanced aerodynamic technology (i.e., risk) being
incorporated in the particular design being investigated.
The design and validation process being employed
typically depends on many factors including customer
requirements, the skill and background of the aerodynamic
designers, and upper management insights and require-
ments. For example, if the choice or purchase of an
aircraft depends upon whether the customer has confidence
in drag characteristics derived almost exclusively from
wind tunnel measurements, then flow quality parameters
which have the greatest effect on drag uncertainty are of
utmost importance. However, if absolute drag measur-
ements from the wind tunnel are not the cornerstone of the
aircraft drag assessment, or if the focus is instead on
minimizing the risk associated with the introduction of
advanced aerodynamic concepts, then other flow quality
parameters are of highest priority.

Tunnel flow quality characteristics, which are a result of
the aerodynamic design of the wind tunnel circuit, can
influence and alter the data being gathered in many ways.
Obvious influences are the effects of freestream turbulence
and background noise on the boundary-layer transition
process, the existence (or absence) of laminar separation
bubbles, and possible relaminarization phenomena. In
addition, there are the freestream turbulence effects on the
development of transitional boundary-layer charac-
teristics, on skin friction and heat transfer levels, on
separation onset/progression tendencies of turbulent
boundary layers, and on the spreading characteristics of
jets, merging wakes and shear layers. These effects in
turn, have a major impact on almost (if not) all detailed and
integrated vehicle aerodynamic, aeroacoustic, and
propulsion characteristics or basic flow situations of
interest, including the establishment of appropriate
viscous scaling criteria, determination of drag charac-
teristics, identifying separation onset in interference /
juncture flow regions, establishing the viability of
natural-laminar-flow-control concepts, determining con-
trol surface effectiveness characteristics, determining
buffet onset/progression characteristics, in establishing
the maximum lift and drag characteristics of candidate high
lift systems at both takeoff and landing conditions, and in
establishing airframe and jet exhaust noise levels. There
are also other non-uniformities in the onset freestream
flow which can have significant adverse effects on the
value of the test data being gathered. For example, flow
angularity and uniformity variations and gradients have
very measurable effects on drag characteristics, and can
also alter the (spanwise) development of separated flow
characteristics, which, in turn, directly impacts buffet
onset/progression and stall characteristics. In a similar
manner, wall interference effects can drastically alter
crucial aerodynamic characteristics, especially at subsonic
and transonic conditions. Consequently, it is mandatory
that the wuser thoroughly understand the possible
ramifications which can arise from all of these potential
modifications to measured aerodynamic characteristics,
etc. This is true whether the test is being conducted for
aircraft/vehicle configuration development and validation,
to gather the large quantities of data needed in the detailed
design process, for CFD calibration and validation, to




obtain data to guide CFD development effects, to establish
empirical-type methods, or for any other purpose.

In order to provide some basis for assessing the relative
importance of the various flow imperfections which are
likely to exist with any relatively conventional wind
tunnel due to less-than-perfect circuit aerodynamic design,
important flow quality parameters are considered first in
section 2 of this paper, together with a review of the
existing knowledge base for assessing the likely/potential
effects of variations in these parameters on the resultant
test data. Additional considerations which need to be
given tests, such as icing, semispan, 2-D, open throat,
etc., are addressed in section 3. Following this, some
examples of observed flow-quality-variation effects on
measured aerodynamic characteristics are presented in
section 4, along with some other easily-envisioned effects
of tunnel- and wall-induced flow imperfections that users
should be aware of. Lastly, prospects for improving
tunnel flow quality and minimizing wall interference
effects in future tunnel designs or modifications are
addressed in section 5, with a special emphasis on
application of current advanced CFD constrained-
optimization methods (developed for aircraft design) to the
design of some wind tunnel circuit components.
Throughout this paper, due to practical limitations,
emphasis is placed primarily on the requirements for
continuous-flow subsonic and transonic production-
testing-type tunnels, since this class of facilities certainly
predominates in terms of number of tunnels and amount of
usage. However, most of the lessons learned apply almost
equally to other classes of facilities (i.e., supersonic,
hypersonic, and research).

2. FLOW QUALITY ASSESSMENT
Model-in-tunnel test section flow quality is obviously of
prime importance to the user, as compared to clear tunnel
test section flow quality, although clear tunnel flow quality
is an obvious (but not sufficient) prerequisite. The clear
tunnel flow quality is determined by the effectiveness of
the aerodynamic design of the non-test-section com-
ponents in the wind tunnel circuit (i.e., diffusers, fan
nacelles, heat exchangers, flow turning components,
settling length, contraction/nozzle, acoustic treatment,
etc.) in suppressing flow disturbances and subsequent
interactions, but model installation effects can also easily
impact the adequacy/performance of these components,
and must be considered. For example, it is well known that
onset flow conditions have a very strong influence on the
aerodynamic performance or adequacy of subsonic
diffusers. Therefore, possible flow disturbances emanating
from the test section, either from model support system
components, adverse flow interactions with the tunnel
wall (boundary layer), or model wakes, must be addressed
and accounted for in the design of the tunnel diffuser.
Some of these influences are especially important for
semispan and two-dimensional testing. = Many other
interactions are also likely and plausible, and must be
considered.

Several figures of merit are normally used to describe and
quantify wind tunnel flow quality characteristics. The most
significant ones include:

e Test section turbulence characteristics (levels and
spectral properties) - both axial and cross components
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* Background noise levels/static pressure fluctuations
(levels and spectral properties)

* Flow angle gradients - both axial and cross com-
ponents

* Mach number uncertainty and gradients

* Total temperature - reference value, distribution, and
rate change

* Tunnel steadiness - total and static pressure, total
temperature.

In addition, the absence of small (hard) particles in the
tunnel flow is important to avoid sandblasting the leading
edges of models, and the absence of humidity in the flow is
crucial for cryogenic tunnels to prevent problems with ice
forming on the model or on components in the wind tunnel
circuit. While all of these figures of merit are normally
used in defining clear tunnel test section flow quality
characteristics, many of them are, or can be, modified to
various degrees by model installation effects.  For
example, in addition to the aforementioned effects on
diffuser performance, with the subsequent effect on
turbulence levels, flow gradients, and tunnel stability and
control, wall interference can alter test section flow angle
and Mach number levels and gradients, as can semispan
model installation effects. Hence to be meaningful to the
tunnel user, test section tunnel flow quality characteristics
must be evaluated for the range of model installations
likely to be utilized.

2.1 Turbulence and Background Noise

Test section turbulence (i.e., relatively high frequency,
small scale velocity fluctuations in both axial and
transverse directions), above the relatively low values
which are believed to exist at normal inflight conditions,
can have a most significant impact on a wide range of
viscous characteristics typically encountered on wind
tunnel models>7. To start with, elevated turbulence levels,
especially at lower frequencies, are known to cause
premature boundary-layer transition (upstream of where
transition would occur if turbulence levels were below
threshold values) on the model aerodynamic surfaces,
although the tunnel background noise environment also
plays an important role in triggering this premature
transition. Knowledge of where boundary-layer transition
occurs is always important, but it is particularly crucial in
establishing appropriate viscous scaling criteria for any
testing at less-than-full-scale flight Reynolds numbers,
and it is certainly of great importance for any wing designs
trying to incorporate natural laminar flow (NLF) benefits.
Although the qualitative effects of elevated freestream
turbulence (and background noise) on boundary-layer
transition are well known, the current knowledge base for
quantitative assessments of these effects accounting for
both spectral content and amplitude of disturbances, is
certainly not at an advanced state of readiness. In fact,
transition predictions on swept wings at flight conditions
(i.e., low freestream turbulence levels) are not yet very
reliable with existing methods, let alone at elevated
freestream turbulence (and background noise) levels.
While an integrated effect of elevated freestream turbulence
and background noise levels is often judged by transition
measurements on a 10° cone, this indicator is not at all
conclusive or reliable since it only addresses T-S wave
instability, but does not address many of the other modes
which can trigger transition on a swept wing. Considering
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the range of model geometries and test Reynolds numbers
which need to be considered, much additional research
clearly remains to be done before it will be possible to
either reliably specify threshold turbulence characteristics
and background noise levels, etc. necessary to avoid
premature transition, or provide meaningful quantitative
predictions of the effects of a broad spectrum of turbulence
and noise levels and characteristics above the threshold
values on the transition process. One current school of
thought has specified an RMS turbulence amplitude of 0.05
percent for axial (u'/Uso) and cross components (v/Uso and
w/Us) as being sufficiently low to avoid premature
transition!!.  Unfortunately, corresponding values for
current production-type transonic wind tunnels are several
times higher than this level. A threshold level for static
pressure fluctuations of 0.6 percent has likewise been
specified for transonic conditions, but, again, levels
present in current production-type transonic tunnels are
significantly higher than this (see Figure 1).
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Figure 1:Noise Measurements in Major
Transonic Wind Tunnels

Consequently, if these threshold values are at all realistic,
then premature transition (at a given Reynolds number) due
to elevated turbulence and background noise levels has
existed for at least all transonic testing conducted in
production-type transonic tunnels to date. Knowing (i.e.,
measuring) where transition is occurring under these
circumstances is clearly mandatory for any intelligent
interpretation of test data.

Although not gaining the notoriety that premature
transition effects have, turbulent boundary layer charac-
teristics are also modified in important ways by elevated
freestream turbulence levels”-!2. In particular, boundary
layer (thickness) growth rates, momentum thickness (and
shape factors), skin friction and heat transfer levels, and
propensity to separation are all altered. Elevated
turbulence levels do lead to increased skin friction levels,
and, in turn, thicker boundary layers. The mechanism
which results in the higher skin friction levels is just the
opposite of that which has been employed to reduce
turbulent boundary layer skin friction levels. Riblets are
an excellent case in point. In that case, riblets reduced
skin friction levels by reducing near-wall turbulence
levels. Hence, any increases in near-wall turbulence levels
brought about by elevated freestream turbulence levels do
result in higher skin friction levels. The higher skin
friction levels and reduced shape factors, together with the
attendant thicker boundary layer (which leads to reduced

adverse pressure gradients), result in a reduced tendency for
boundary-layer separation onset in many flow situations.
Again, as was the case for premature transition, these
effects are well known qualitatively, but any quantitative
predictions of these effects are not currently reliable.
Much research needs to accomplished in developing
appropriate turbulence models to represent a wide range of
separation onset/progression situations, especially with
strong spanwise viscous components, before reliable
quantitative estimates of these effects are possible. Model
surface condition (i.e., smoothness) effects need to be
quantified as well.

Elevated freestream turbulence and background noise levels
can also influence many other aerodynamic, aeroacoustic,
and propulsion flow characteristics which impact measured
integrated vehicle characteristics. At low-speed high-lift
conditions, the formation and bursting of laminar
separation bubbles on leading-edge components, possible
relaminarization on the main element of multielement
designs with the leading-edge device extended, and the
merging shear layers and wakes which often control the
maximum lifting capability of multielement high lift
systems, are all influenced to some degree by elevated
freestream turbulence levels, and, in some cases,
background noise levels. In a similar manner, the
spreading characteristics of propulsive jets are also
influenced. In every case, the direction or qualitative
nature of the influence is known. For example, elevated
turbulence and background noise levels can keep
destructive laminar separation bubbles from forming, and
will promote the harmful merging and spreading of the
shear layers and wakes of multielement high lift systems.
However, in every case, it is again not yet possible to
provide meaningful quantitative predictions, and extensive
research will be required before this situation will change.

Freestream turbulence also implies both dynamic angle of
attack and time-varying dynamic pressure which provides a
time-varying excitation of model and model-support
system structural modes, which in turn translate into
balance dynamics which affects the time required (i.e.,
tunnel productivity) to integrate/extract data of
sufficiently low uncertainty.

2.2 Flow Angle Gradients

The evaluation of flow-angle gradient effects, either clear
tunnel or model-installed values, is an area where the
specification of allowable limits, and the identification of
potential data errors and measurement uncertainties,
typically tends to be established by what can be currently
predicted with existing analytical and CFD methods. For
example, the consequences of flow angle gradients along
the span of the wing are normally evaluated in terms of an
induced twist affecting lift, drag, and rolling moment at
unseparated flow conditions. What is rarely considered is
the potential impact on the stall- or buffet-onset
characteristics of the wing, which are often the biggest
unknowns requiring wind-tunnel testing due to limitations
of current 3-D CFD capabilities. Flow angle gradients due
to tunnel wall effects with large models are a major concern
for these higher angle-of-attack conditions.

The same assess-what-you-can process is also normally
used in evaluating the effects of axial flow angle gradients,
again either clear tunnel or model-installed. In this case,




the typical assessment process addresses an induced
camber and tail angle increment as they impact lift, drag,
and pitching and yawing moments. Based on this
approach, a typical limitation on axial flow angle
gradients turns out to be around 0.03 deg/chord over the
length of the model to keep the impact of these effects
within target measurement uncertainties. However,
additional analysis is needed as a minimum to determine
the impact of such gradients on the flow characteristics of
representative multielement high-lift wing designs at stall
conditions, and for modern transonic wing designs at
conditions where the flow development is very sensitive
to small changes.

2.3 Mach Number Uncertainty and Gradients
Accuracy in establishing the reference Mach number is of
utmost importance in minimizing drag level uncertainty.
At typical transonic cruise conditions, it can be shown
that a 0.003 uncertainty in Mach number by itself results
in a one-drag-count uncertainty. However, since Mach
number uncertainty is not the only contributor to drag
level uncertainties, a realistic requirement is that a 0.001
Mach number increment must be recognizable at transonic
cruise conditions in order to meet appropriate drag level
uncertainty requirements!?.

Allowable axial Mach number gradients in the test section
are often established by trying to restrict the buoyancy
correction, with a typical goal being one drag count for
most model configurations.  However, an additional
consideration which should be examined in establishing
such limits is the impact of axial Mach number gradients
on the ability to validate shock-free design concepts
(wings, nacelles, etc.). Cross-stream Mach number grad-
ients must also be considered, as these could be very
important in determing the acceptability (or lack thereof),
of buffet onset/progression characteristics at transonic
conditions.

2.4 Total Temperature Uncertainty,
Distribution, and Rate Change

Accuracy in establishing tunnel reference total temperature
is necessary in that it influences the reference Mach
number and Reynolds number, and affects skin friction
levels, propulsion system characteristics, etc. Imposing
typical criteria such as limiting Reynolds number
uncertainty to no more than 0.2 percent, and (laminar)
skin friction level uncertainty to a maximum of 0.1
percent, leads to establishing a maximum uncertainty level
tolerable for the mean value of total temperature of
approximately + 1° F throughout the Mach number and
total pressure envelope of the tunnel.  These same
considerations also lead to the requirement that the
temperature deviation from the mean value in a plane
normal to the flow (i.e., along the span of a wing) should
not be any greater than the uncertainty of the mean
value!!, Tunnel control is also important along with
stability, since rate change of stagnation temperature is
needed for infrared transition detection systems.

3. UNIQUE TESTING CONSIDERATIONS

The flow quality characteristics just described are critical in
almost all kinds of wind-tunnel testing conceivable. There
are, however, various additional considerations which need
to be addressed for some specialized types of wind-tunnel
testing.
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3.1 Icing Tunnels
Testing in icing tunnels is normally undertaken for any
number of reasons, including:

¢ Determining ice-catch characteristics of unprotected
areas of the vehicle

* Development/validation of more cost-effective anti-
icing systems

* Development/evaluation of advanced deicing system
concepts

* Calibration of ice-catch prediction methods

* Development of ice detectors

Providing representative onset flow conditions in the test
section is important for all of these. For example,
elevated onset disturbance levels impact the boundary
layer characteristics on the leading edges of wings,
empennages, nacelles, etc., which, in turn, influence the
heat transfer rates achievable with anti-icing systems, etc.
Consequently, it is important that the disturbances
emanating from the apparatus dispensing the water
droplets just upstream of the test section, and from other
special components in the icing tunnel circuit, be
minimized. ~However, a much more important con-
sideration is a growing concern that the typical icing
tunnel simulation of inflight water droplet “kinematics”
may not be representative. The cause for this concern is
the icing tunnel results (and corresponding analytical
methods) for multielement high-lift airfoil/wing systems
showing ice accretions on downstream elements such as
the main element and flap (see Figure 2) which have not
been observed in flight icing conditions. Likely culprits
are the significant horizontal velocity component given
to the water droplet, combined with the absence of any
vertical velocity component for larger droplet sizes.

Figure 2: Icing Tunnel Measurements of Ice

Accretion on Multielement High
Lift Airfoil

3.2 Open Jet Tunnels

Testing wind tunnel models at atmospheric pressures in
open jet test sections with a surrounding anechoic chamber
is considered in much of the acoustics community to be a
"proven, universally accepted technique” to provide the far
field data needed to estimate flyover noise levels (even
though the effects of sound propagation through the open
jet shear layer must be dealt with). This position seems to
be applicable for jet exhaust and large-scale rotorcraft
noise testing. Similarly, the same is true for the normal
specification of significantly higher allowable RMS
turbulence levels for this kind of testing (as compared to
aerodynamic high-lift development testing). However,
both of these positions appear to be subject to challenge
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for the determination of non-propulsive or airframe noise
characteristics, including jet exhaust/airframe inter-
actions. It is somewhat difficult to comprehend how test
results obtained with poorer flow quality and at lower
Reynolds numbers, with likely inadequate flow physics
representation for establishing reliable quantitative high-
lift performance trends, can properly represent the airframe
aerodynamics from whence the airframe noise charac-
teristics originate (i.e., doesn't anything matter?).
Unfortunately, there is not yet a proven alternative method
to the conventional, single-traversing far-field micro-
phone measurement in an anechoic environment.

Major limitations that currently exist for open-jet testing
are the maximum usable Mach number (~0.25) due to the
onset of unacceptable flow and/or structural dynamics with
increasing Mach number, and being limited to atmospheric
test conditions. Acoustic testing up to a Mach number of
0.6 is being requested for future high-speed transport
aircraft applications.  Unfortunately, sufficient data or
information .does not exist to permit the basic
understanding of the individual and interactive effects
causing this Mach number limitation, including
fundamental factors such as nozzle-to-collector spacing
and area ratio, nozzle exit Mach number and Reynolds
number, nozzle exit boundary layer characteristics,
coupling of jet instabilities with surrounding plenum and
duct resonances, etc. Development of an appropriate data
base and understanding would increase prospects for
perhaps using active control to suppress these limiting
instabilities.

On the other hand, great interest exists in developing
closed test section/phased microphone array testing
techniques for the future so that good quality, quantitative
acoustic measurements for product development (including
identification of noise source locations) can be obtained in
conjunction with performance testing. Two of the several
technical issues which need to be pursued include the
required positioning of the phased microphone arrays in
order to get adequate signal to noise ratio for the resultant
near-field measurements, and the potential need for
acoustic treatment in the test section walls. Regarding the
positioning of the phased microphone arrays, one concern
is the possibility that a unique array design may be required
for each test article in order to satisfy noise source
measurement requirements in terms of resolution and upper
frequencies.

3.3 V/STOL Tunnels

V/STOL aircraft using powered lift systems generate large
downwash angles in the flow. The relatively thin layer of
moving air between the model and the flow boundaries can
easily be penetrated by the downwash, resulting in a
strong interaction of the boundaries with the primary
flowfield. V/STOL tunnels were developed to overcome
this constraint by allowing a much larger test section for a
given size model to reduce the interaction between powered
lift systems and the tunnel flow boundary. The problem is
particularly severe in transitional flight (i.e., the trans-
ition to forward flight), and moving ground boards or
sophisticated wall boundary-layer conditioning systems
are sometimes required.

3.4 Two-Dimensional Testing

With the advent of effective CFD methods (i.e., Navier
Stokes), there has been a significant lessening of the need
to conduct two-dimensional single-element transonic
airfoil tests. This is particularly true for attached flow
cruise conditions, but also holds as well for higher-angle-
of-attack separated flow conditions, especially since the
prime interest currently lies in understanding/predicting
three-dimensional separated flows (i.e., flows with
significant spanwise viscous content). However, this is
certainly not the case for low speed multielement-high-lift
airfoils where we still have quite a ways to go before CFD
will be considered reliable enough to provide the
understanding and guidance needed for overall and
individual component optimization.

A major requirement for effective two-dimensional airfoil
testing has always been in providing effective sidewall
boundary-layer control so as to not contaminate the test
results or cause downstream (diffuser) problems due to
sidewall boundary layer separation. This is even more
important for multielement high-lift airfoil testing, since
the adverse pressure gradient experienced by the sidewall
boundary layer is much greater. Whereas the (upper
surface) adverse pressure gradient on each of the forward
elements of the multielement airfoil is reduced by the so-
called "dumping” phenomena, and the boundary layer
history largely starts over on each of the downstream
elements, the sidewall boundary layer is subjected to the
total multielement airfoil adverse pressure gradient.
Several types of sidewall boundary layer control have been
attempted or utilized such as slot suction and blowing, but
distributed suction in close proximity to the model is the
most effective.

3.5 Semispan Testing

This type of testing which, at one time, was not looked
upon very favorably, has received greatly renewed interest
and use in the last several years for both subsonic and
transonic testing, as it is a means of providing a
significant increase in test Reynolds number for wing,
high lift system, and propulsion integration develop-
ment!3, At the same time, semispan models tend to be
simpler and cheaper, especially for configurations
requiring power simulation. On the other hand, there are a
number of additional tunnel flow quality and model
installation requirements that must be carefully addressed
to ensure that the test results obtained are representative.
Included amongst these are the following:

* Flow quality requirements extend to the perimeter of
the test section

* Need for an appropriate/representative (fuselage)
standoff design accounting for the boundary layer on
the "image" plane.

* Controlling/minimizing wind tunnel wall effects with
the larger (chord) models needed to achieve high test
Reynolds numbers.

» Presence of rear sting support strut.

» Ensuring representative onset flow conditions.

The latter is potentially a major issue with tunnels where
the cross section of the test section is not rectangular,
thereby necessitating the installation of an artificial
reflection/image plane surface which has tunnel air
passing below it. Adjustable control surfaces will likely




be necessary on this surface in order to provide appropriate
(uniform) onset flow conditions.  Success with this
particular concept has not yet been demonstrated for large
semispan models, although CFD predictions do justify
some optimism. However, reducing wall effects to an
acceptable/correctable level with large semispan models
may well be the greatest challenge, necessitating some
advanced test-section wall treatment/ventilation concepts.

3.6 Other

Other specialized types of tunnels with their own set of
tunnel circuit aerodynamic design problems include
propulsion tunnels, stability tunnels, and spin tunnels.
Testing of aircraft engines at flight conditions requires
simulation of flight velocity and the variation of
atmospheric pressure and temperature. These propulsion
tunnels must have means of scrubbing the engine exhaust
gas, while controlling speed, pressure, and temperature - -
a formidable challenge. Stability tunnels were developed
since the conventional wind-tunnel simulation of flight
doesn't model the characteristics of maneuvering flight
crucial to aircraft stability. Two types of simulations are
used, one utilizing rotating vanes to create a swirl, and the
other a curved circuit to simulate turning flight. Similarly,
spin tunnels were developed because the conventional
simulation of flight in a wind tunnel cannot correctly
model the unsteady and dynamic phenomena that are
crucial to spin recovery. This led to the development of
vertical wind tunnels with air moving upward, where
dynamically similar models are inserted into the tunnel in
a spinning attitude. It is important to note that each of
these special types of wind tunnels, as well as some of the
others, were developed to reduce the limitations imposed
directly, or indirectly, by various constraints on the
simulation of flight. Although successful to some extent
in overcoming these limitations, they all generated new
constraints in the process, thereby limiting their general
applicability.

4. EXAMPLES OF FLOW QUALITY
VARIATION EFFECTS

There are numerous recorded and easily envisioned
examples of where less-than-desired tunnel flow quality
has or could lead to non-representative and misleading test
results, including cases where testing was conducted at full
scale Reynolds numbers. Although some of the most
intriguing cases cannot be discussed due to data restriction
guidelines, the following three examples provide a
glimpse of the type of data reliability issues due to tunnel
flow quality variations that can arise from elevated
freestream turbulence and background noise levels, onset
flow angle gradients, and test-section-wall-induced
gradients.

4.1 Transition Process on a 2-D Airfoil

More than one aircraft program has been beset by
problems with high stall speeds and undesirable stall
characteristics caused by the existence of laminar
separation bubbles at flight conditions that did not appear
during wind tunnel testing. A comparison of test results
obtained for a two-dimensional airfoil design at low speed
(M(=0.2) conditions in two wind tunnels with different
turbulence and background noise levels clearly illustrates
how this can occur. The particular airfoil tested in this
case was an 11.55-percent thick, aft-loaded-type airfoil,
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while the two tunnels utilized were the Low Turbulence
Pressure Tunnel (LTPT) at NASA Langley and the 5-Foot
blow-down facility (with 2-D inserts) at JAR in Ottawa,
Canada. Of the two tunnels, the latter is known to have
higher freestream turbulence and background noise levels.

A comparison of the measured maximum lift characteristics
for this airfoil from the two tunnels is shown in Figure 3
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Figure 3: Effect of Freestream Turbulence and
Background Noise on Single
Element Airfoil Maximum Lift

for a range of (chord) Reynolds numbers. Of interest is the
large drop in maximum lift capability observed at the
lowest Reynolds number in the LTPT. This substantial
reduction in maximum lift capability is due to the
existence of a laminar separation bubble, indicated by the
bulge in the chordwise pressure distribution seen just aft of
the suction peak in Figure 4, which is not present at either
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Figure 4: Turbulence Level and Reynolds
Number Effects on Laminar Bubble
Formation

the next highest Reynolds number in the LTPT or the same
Reynolds number in the IAR facility. In this case, the
acceleration of the transition process, brought about by
higher freestream turbulence and background noise levels,
effectively hides what could be a serious stall speed and
characteristics problem due to the existence of laminar
separation bubbles that can then catch the aircraft
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developer by surprise in the flight test program.
Furthermore, starting with this example, it is not difficult
to envision how acceleration of the transition process in
other ways due to elevated noise and turbulence levels
could yield non-representative results for multielement
high lift systems, winglet installations, etc.

4.2 Flow Angularity Effects on Installed
Nacelle Characteristics

The aerodynamic design of low drag, cost effective nacelle
geometries for large wing-mounted high-bypass-ratio
(HBPR) engines is a high priority matter for transport
aircraft developers. Even though modern CFD capabilities
(i.e., 3-D Navier Stokes), especially constrained inverse
applications, are the principal factor in establishing the
aerodynamic lines for the nacelle, wind tunnel testing (and
corresponding tunnel flow quality) still play an important
part in the total design process. Typical roles for wind
tunnel testing in this design process include calibration
and validation of the CFD methods, validation of the
effectiveness of the resulting external nacelle designs (and
inlet lines), determination of aerodynamic loads, and
determination of installation effects on nozzle
performance characteristics. Unfortunately, poor tunnel
flow quality can thwart the accomplishment of more than
one of these test objectives.

Nacelle pressure data obtained from the test of a large
HBPR (engine) nacelle installed in a representative
underwing location on a full-span model of a M=0.85
transport wing/fuselage help illustrate this adverse effect
for the case of a spanwise (wing) onset flow angularity
(and Mach number) discrepancy/variation (which was not
known to the industry users at the time of the test). The
pressures measured on the top and both sides of the nacelle
fan cowl are shown in Figure 5, compared to two sets of
CFD predictions, the first assuming no flow angularity
discrepancy, and the second using an average spanwise
flow angle (i.e., sideslip) of 0.6° to approximate the effect
of the (nonuniform) flow angularity discrepancy. It can be
seen that, as expected, the spanwise flow angularity
variation has essentially no effect on the predicted
pressures on the top of the nacelle where, incidentally, the
predictions match the test data quite well. Further, on the
inboard side of the nacelle, where the measured pressures
reflect velocities barely above sonic conditions, the
pressures predicted using the indicated average onset flow
angle also match the data quite well. However, on the

outboard side of the nacelle, the pressures predicted using
the average onset flow angle did not match the measured
peak velocities as well, likely indicating that using the
average onset flow discrepancy for a more critical (i.e.,
sensitive) flow situation does not adequately represent the
nonuniform onset flow discrepancy, which, incidentally,
cannot be realistically modeled. Hence, in this case, due to
the poor tunnel flow quality, it was not possible to either
completely validate the CFD methods utilized nor the
effectiveness of the resulting nacelle design.
Consequently, the test objectives were not met. This
example again illustrates why it is important for the user
to thoroughly understand the flow physics features
involved, since the average correction worked well for a
non-critical flow situation, but not for a more critical
(sensitive) flow situation.

4.3 Wall Effects on High-Lift Characteristics
The desire/need to attain high test Reynolds numbers at
low-speed takeoff and landing conditions in order to reduce
the aerodynamic risk associated with the development of
more cost-effective multielement-high-lift systems for
transport aircraft is leading to the use of large semispan
models in subsonic tunnels which have solid test-section
walls. One of the potential risks with this testing concept
that needs to be addressed is the possibility that test-
section wall effects may alter critical aerodynamic
characteristics in ways that can not be adequately
accounted for. An example of this type of effect would
involve the reduction of suction pressure peaks on the slat
(and an increase in the lift on the main element) at a given
total lift, which could result in an underdeflection of the
slat and/or an unrealistic delay in the onset of adverse
compressibility effects on the stall speeds.

In order to visualize how these changes can occur, it is
helpful to examine the pressures measured on a close-to-
optimally-rigged 2-D three-element high-lift airfoil®, with
a slat and single-segment flap, at conditions approaching
maximum lift at 0.2 Mach number that are illustrated in
Figure 6, and the panel-method-predicted reduction in slat
peak suction pressures on relatively large 3-D semispan
transport aircraft high-lift model installations in solid
wall wind tunnels® shown in Figure 7. For the slat rigging
corresponding to the pressure distributions shown in
Figure 6, the maximum lift level attainable is not
controlled by any flow breakdown on the slat, even though
the slat experiences significantly higher peak suction
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Figure 5: Spanwise Flow Angularity Effect on Installed Nacelle Pressures
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pressures ?. Instead, the maximum lift is limited by a flow
breakdown brought about by rapidly spreading and
merging shear layers and wakes above the flap. However,
it does not take much of a reduction in slat deflection
(increased peak suction pressures), or increase in Mach
number (reducedcritical pressure coefficient), before a flow
breakdown on the slat is limiting the maximum lift
achievable. In these situations, the (predicted) reduction
in slat peak suction pressures dueto wall interference on
large 3-D semispan models can become quite important.
And, the real reductions in slat peak suction pressures are
undoubtedly greater than the panel-method predicted values
since the peak velocities on the slat at maximum lift
conditions typically exceed sonic velocity values, a
situation where panel methods are notorious for
underpredicting peak suction pressures. This situation
requiring testing of large semispan high-lift models
strongly  suggests that ventilated wind-tunnel wall
concepts should be seriously considered for subsonic wind
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tunnels in order to minimize these adverse tunnel-wall
interference effects encountered with solid wall test
sections. This particular situation provides even further
testimony in support of the need for the tunnel users to
have a thorough knowledge of the important flow physics
features which are controlling the aerodynamic charac-
teristics under investigation in order to adequately
understand and identify wind-tunnel flow quality
requirements and effects on data quality, accuracy, and
adequacy.

5. TUNNEL CIRCUIT DESIGN CHALLENGES

In view of current and expected economic realities in
aeronautics, justification for the construction of any major
new wind tunnels for production-type testing will have to
be based on a combination of many factors including
improved Reynolds number capability, tunnel flow
quality, and productivity, plus reduced operating costs.
Minimizing tunnel construction costs will also be critical.
Considering these requirements, two of the most important
aerodynamic challenges which should be energetically
pursued in order to enable any viable new tunnel design are
the application of modern advanced CFD capabilities to
provide more effective aerodynamic designs for several of
the components in the tunnel circuit, and the development
of more effective test-section wall ventilation and control
concepts. The former is needed to concurrently enable
significant improvements in both tunnel construction and
operating costs, and, very importantly, test section flow
quality. The improved test-section wall concepts are
needed in order to enable more cost effective high
Reynolds number testing capabilities.

5.1 Improved Tunnel Circuit Design via CFD

Current state-of-the-art CFD capabilities play a very major
role in the aerodynamic configuration design process for
air vehicles. For instance, the aerodynamic design of
transport aircraft cruise geometries can now be confidently
established using CFD methods before the first wind-
tunnel test is ever undertaken. Initially, the use of standard
direct CFD methods involved a repetitive process similar
to the typical experimental process. However, with the
subsequent introduction of inverse CFD design methods,
and, more recently, constrained-optimization techniques,
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the role of CFD in the design process has expanded
dramatically. Inverse CFD methods, i.e., designing the
shape to achieve engineering objectives, was a major
breakthrough which enabled solutions to many design
problems which were heretofore unaddressable by either
experimental or direct CFD methods. But, effective
application of these inverse methods still required
numerous iterations, and obstacles were often encountered
in dealing with complex 3-D flow situations because of the
difficulty involved in specifying achievable target
pressure distributions in these situations. Now, however,
the introduction and broadening use of constrained-
optimization  techniques essentially avoids these
obstacles, and is allowing complex aircraft aerodynamic
design problems to be addressed and solved in short time
periods while simultaneously imposing manufacturing,
structural, and other constraints on the geometry. A well
known application of this technique is the design of
subsonic transport aircraft wings accounting for the
presence of large, wing-mounted engine installations'-4,

Adaptations of this constrained-optimization process to
the design of more effective components in the wind
tunnel circuit could well provide large rewards in terms of
improved flow quality and reduced tunnel fabrication and
operating costs. Obvious potentially-beneficial appli-
cations include an integrated contraction/nozzle design,
diffuser designs, flow turning components, and model
support systems. For the contraction/nozzle design,
application of this approach should result in a shorter
(cheaper) contraction section which provides a velocity
field at the nozzle exit that has minimal deviation from
uniformity and a minimal amplification of cross-stream
turbulence quantities. Similar improvements should be
forthcoming from improved diffuser designs, etc.
Improving component designs, by suppressing flow
disturbances and subsequent interactions, should also
permit reducing the number of turbulence screens (i.e.,
power) required.

5.2 Advanced Test-Section Wall Ventilation
Concepts

As indicated previously, reducing test-section wall
interference effects to acceptable and readily correctable
levels with the large semispan models needed to achieve
higher test Reynolds numbers is a high priority
requirement at both subsonic high lift and transonic
conditions.  Accomplishing this in a cost-effective
manner represents a significant challenge. The alternative
of increasing tunnel size is certainly not cost effective,
and the cryogenic option has some drawbacks for a
production-testing-type tunnel. Various CFD studies have
clearly indicated that wall effects with solid wall subsonic
facilities are excessive for (floor-mounted) semispan
model spans approaching 80-percent of the test section
height, as are wall effects with fixed porosity walls at

transonic conditions for similarly sized models8:14.
However, some of these same CFD studies have indicated
that a spatially variable resistive (controllable variable
porosity slots) wall can substantially reduce wall
corrections at transonic conditions to levels where
corrections may well be possible with a high degree of
confidence!4. A successful development and cost-effective
implementation of this concept would represent a
significant breakthrough in the pursuit of a practical high

Reynolds number testing capability. Key issues which
need to be addressed for this proposed controllable
variable porosity slot concept include the determination of
the best placement and minimum number of control
segments in the slot, establishing an appropriate active
wall control strategy, and controlling noise generation
sources. Furthermore, control of side wall angle is an
important issue here as well, since it can play a significant
role in reducing wall interference

6 . CONCLUSIONS

Normal overriding user objectives when conducting almost
any kind of wind-tunnel test in almost any test facility are
obtaining reliable and meaningful data in a timely and
cost-effective manner. Principal requirements for ob-
taining reliable and meaningful data in most testing
situations are an adequate Reynolds number, representative
or satisfactory tunnel flow quality, and avoiding tunnel
wall and support system effects which either alter
important flow characteristics on the model, or cause
effects which cannot be readily or accurately accounted for.
Factors which are important in satisfying the timeliness
and cost-effectiveness requirements include minimizing
the time required for model installation and configuration
changes, utilization of efficient data gathering systems,
effective utilization of test time in data gathering, etc., and
the ability to use rapid techniques to account for tunnel
wall and support system interference effects. Since the
aerodynamic design of wind-tunnel circuits has a
fundamental first order effect on tunnel flow quality, tunnel
wall and support system interference effects, and on tunnel
construction and operating costs, the adequacy of the
circuit design is of crucial importance in meeting the user's
objectives.

Both known and potential data discrepancies resulting
from less-than-perfect circuit aerodynamic design (in-
cluding test section wall effects) have been addressed from
an aircraft industry user’s perspective in order to provide
some basis for assessing the relative importance of
various flow quality parameters. Conclusions arising from
this review include the following:

* In order to adequately understand and identify wind-
tunnel flow quality requirements and effects on data
quality, accuracy, and adequacy, it is imperative that
the user have a thorough knowledge of the important
flow physics features which are controlling the
aerodynamic and other characteristics of the vehicle
or flow situation under investigation at the test
conditions, the design and validation process being
utilized, and the level and type of risk involved in the
technology being incorporated in the design.

» It is also especially important that tunnel users and
operators not limit the identification of potential data
errors and measurement uncertainties to just those
which can be currently predicted with existing
analytical and CFD methods. It would seem to be
more logical to focus more heavily instead on
minimizing the flow quality deficits which cannot be
adequately addressed with computational methods
rather than those that can.

e Special efforts should be made to minimize freestream
turbulence and background noise levels since they can




have very significant, but, unfortunately, unquanti-
fiable effects on critical viscous characteristics.

Reducing test section wall interference effects with
large semispan models is necessary in both subsonic
and transonic tunnels if test Reynolds number
requirements for transport aircraft are to be met.

Minimizing tunnel flow quality defects which
contribute to measured drag inaccuracy and uncertainty
continues to be a very important consideration for
some product categories and design/validation
processes.

The correctness and/or adequacy of the current icing
tunnel simulations of inflight icing encounters which
do not introduce any vertical (downward) velocity
component for the water droplets is somewhat in
doubt, and needs to be sorted out.

Applications of current state-of-the-art CFD cap-
abilities to the design of more effective components
in the wind tunnel circuit could well provide large
rewards in terms of improved flow quality and reduced
tunnel fabrication and operating costs, and should
hence be energetically pursued.

Advanced test-section wall ventilation and control
concepts offer substantial potential for enabling more
reliable- and cost-effective high Reynolds number
testing capabilities, and should also be energetically
pursued.
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General Design Aspects of Low Speed Wind Tunnels

F. Jaarsma
National Aerospace Laboratory NLR
Voorsterweg 31, 8316 PR Marknesse, The Netherlands

SUMMARY

Since the sixties NLR was considering conceptional
layouts and airline diagrams for the next generation low
speed wind tunnels. This has resulted in the construction
of a multi-purpose pilot facility in the early seventies.
Based on the experiences gained from this facility, three
major wind tunnels have been realized and are in full
operation to great satisfaction of the operators and users:
namely the DNW (1980) and LST (1983) facilities in
the North East Polder in The Netherlands and the ILST
(1987) near Jakarta in Indonesia.

In this report the general design considerations in terms
of aerodynamic and testing requirements are reviewed
and are compared with the actual achievements. Also
other operational aspects, such as logistics, acoustics,
local constraints, and model supports are considered.
From these aspects some lessons learned are concluded
and recommendations made.

LIST OF SYMBOLS

A Area
b width
c cord
cp pressure coefficient
k pressure loss coefficient
L length
p static pressure
q dynamic pressure
r, R radius
U axial velocity
u axial velocity perturbation
X, Y, Z axial, horizontal, vertical axis
o pitch angle
B yaw angle
subscripts

0 test section, entry diffuser
w entry Wide angle diffuser

1. INTRODUCTION

In the last decades NLR has been involved in the design
and realization of a few major atmospheric subsonic
wind tunnels which have found their place in the
aerospace development business. These wind tunnels
involved in chronological order, the king size German

Netherlands Windtunnel DNW, the smaller Low Speed
Tunnel LST of NLR, both located in the Northeastpolder
near the former fishing village of Vollenhove, and in
Indonesia near Jakarta (at Serpong) the interim size
Indonesian Low Speed Tunnel ILST.

All three tunnels are based on the earlier aerodynamic
design and development work done at NLR as presented
at the AGARD Symposium on *Windtunnel Design and
Testing’ in October 1975 (ref. 1). This work was based
on the earlier plans at NLR to realize a large size low
speed tunnel of 8 x 6 m test section (WxH) dimension.
This project was then merged with simultaneous plans in
Germany for the GUK (Gross Unterschall Kanal) with
a specification of two test section sizes, namely 9.5 x 9.5
m and 6 x 6 m, for respectively low and high speeds.
The combination of these specifications resulted in the
present DNW with three exchangeable test sections and
an open test section of 8 x 6 m size for aero-acoustic
testing as well.

Tests in the available 1/10th scale model tunnel revealed
that the initial circuit design of the 8 x 6 m test section
configuration could also accommodate the 9.5 x 9.5 m,
6 x 6 m and open jet configuration meeting all
requirements on flow quality as put forward for the
GUK and initial NLR plans.

This result could be obtained thanks to a conservative
circuit design. More background information on the
aerodynamic design aspects of the DNW has been
published by Mr. van Ditshuizen in *Construction book
of DNW’ (ref. 2).

During the realization of DNW, NLR decided to replace
its two small low speed tunnels in Amsterdam by a so-
called 3 meter tunnel in the Northeastpolder based on
the same circuit design as referred to in ref. 1 for both
aeronautical and non-aeronautical testing. Non-
aeronautical testing also contains wind-hindrance testing
and this type of research requires some type of
simulation of the earth natural boundary layer for some
surface conditions (e.g. being a flat free field, urban
environment etc.). This requires some distance
downstream of the contraction to generate and develop
the simulated boundary layer before the test article is
struck by the wind. Hence arelatively long exchangeable
test section arrangement was drafted and realized in the
LST.

Paper presented at the FVP Symposium on “Aerodynamics of Wind Tunnel Circuits and their Components”,
held in Moscow, Russia, 30 September - 3 October 1996, and published in CP-585.
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After completion of the DNW, NLR was approached by
the Indonesian authorities for the assistance in the
realization of an advanced low speed tunnel at the
PUSPIPTEK site near Serpong, West-Java. Size and
complexity to be less as the DNW but sufficient for the
near and long term needs for the envisaged Indonesian
aerospace industry (now IPTN) in development by that
time. This tunnel, the ILST, came on stream in 1987 and
has since then been in full use for the CN235 and N250
programs. The circuit was slightly modified from the
existing well proven design and the 4 x 3 m
exchangeable test section arrangement can provide four
different combinations for different test purposes and
set-ups (ref. 3).

This paper reviews the various components and general
aspects of low speed tunnel design and realization, not
only from the aerodynamic point of view but also from
the users and operations point of view and states, where
appropriate, the lessons learned.

2. GENERAL CONSIDERATIONS

For the tunnel user an important parameter is cost vs
quality. The cost factor is governed strongly by tunnel
productivity and this factor in turn depends, amongst
others, on tunnel logistics for interchangeability of
model support and test section components. The quality
of the wind tunnel data (defined as the degree of
simulating free flight) can be expressed in four
categories:

- Reynolds number

- Flow quality

- Interference effects (supports, walls)

- Instrumentation and data systems.

This paper deals mainly with the second issue.
Interference effects are also linked with logistics and
will be considered herein for the wind tunnel
configuration concerned (classic, atmospheric). The
needed Reynolds no. capability is not considered here. It
is usually set beforehand based on aerodynamic
considerations, available budgets and other requirements
associated with the envisaged usage scenario, such as
helicopter testing, noise testing, propulsion simulation,
non-aeronautical testing etc. Sometimes, also the
available space and/or other provisions dictate the tunnel
size and/or type.

When large Reynolds numbers and variations thereof are
required for aerospace use as the prime objective a
pressurized, close return-tunnel is a good choice as is the
DRA 5m tunnel and the ONERA F-1.

Similar characteristics can also be achieved going
cryogenic, such as the DLR KKK or use of heavy-gases
as was planned in the US recently, but in the latter case
Re-variation is problematic. However, the majority of
low speed tunnels are atmospheric meaning that either
the total pressure or the static pressure in the test section
is atmospheric. The test section size then determines the
Reynolds number capability.

The maximum speed for low speed wind tunnels for
aerospace use is related to the landing, take-off, and
climb-out phases of airplanes and therefore should be at
least 80 m/s but preferably in excess of 100 m/s. For
high-lift systems duplication of the Mach number is of
importance to simulate properly the compressibility
effects on the wing surfaces. So this prefixes the air
speed and hence unit Reynolds number.

The type of atmospheric tunnel for new developments
are presently only of the closed-circuit return type what
is called in Germany the Géttinger type. Open return
tunnels, either via the outdoor environment (such as the
added 80 x 120 ft leg to the NASA Ames 80 x 40 ft
tunnel) or internally inside a building (DA/Bremen) are
hardly considered anymore, because precise and
predictably flow conditioning in the test section is not
optimal and/or inhouse nuisance. Besides the test section
is at sub atmospheric pressure causing sealing and
operational problems or at least inconveniencies.

3. FLOW QUALITY SPECIFICATION

The design of the airline diagram (internal shaping) of
a wind tunnel and its inserts into the flow results from
flow quality optimalization in the test section versus
construction and operational costs. In reference 1 flow
quality requirements are defined based on acceptable
mean flow variations. Compatible with this general
requirement is a flow angularity better than 0,1 degree
and a turbulence level of less than 0,1 percent.

In a more recent AGARD FDP effort (ref. 4) similar
requirements were derived mainly based on the objective
to measure drag with a repeatability of one drag count.
From this requirement it is necessary to measure overall
incidence with an accuracy of 0,01 degrees, local
incidence variation along the wing span can be one order
of magnitude larger.

In the past the majority of attention to flow quality was
directed towards turbulence level with an uniform flow
(speed, total head). In the last decades, also requirements
are given for flow angularity, static pressure distribution,
especially in longitudual direction (buoyancy) and noise
level. To this end various older wind tunnels have been
equipped with flow rectifying honey combs in the
settling chamber and longer and closed test sections to
better meet the additional requirements.

4. DISCUSSION OF AIRLINE COMPONENTS

4.1 General airline lay out

The airline used for practically all new low speed wind
tunnels is depicted in figure 1. It consists of moderately
expanding diffusers, contraction ratio’s close to 10 to 1
and a wide angle diffuser in front of the settling
chamber. The fan is usually located opposite to the test
section arrangement after the flow has passed twice a 90
degrees corner. Somewhere between the test section and
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the fan a fan blade protector is installed in the form of
a screen or honeycomb grid to catch pieces travelling
with the flow in case of a mishap with a model in the
test section. Wind tunnel fans are practically solely of
the axial type and low speed wind tunnels have only one
stage with 4 to 10 blades. The combination of the
rotating fan with the pre- or aft stator blading provides
practically uniform flow to the second (fan) diffuser
entry.

Turning the flow around the corner is now-a-days solely
done using a cascade of vanes of 90 degrees. In the wide
angle diffuser the flow is stabilized by one or two
screens to promote uniform spreading. The settling
chamber is used to install a heat-exchanger when
deemed necessary and here the flow is conditioned as
good as possible by installing honeycombs and/or
screens.

The circuit is essentially closed but for an atmospheric
wind tunnel the interior should be in contact with the
environment to equalize pressure at one particular
station. A good place for such a breather is at the
downstream end of the test section so that it does not
disturb the flow around the model but it allows some
minor open penetrations in test section walls. This means
that the remainer of the circuit is at over pressures and
therefore shall be air tight for .good efficiency and to
prevent flow entry at the breather/test section locations.

4.2 Circuit losses, power requirements

The losses in a wind tunnel circuit, expressed as a
decrease in total pressure, have to be compensated by the
pressure rise to be generated by the fan. So, in order to
establish the necessary power of a wind tunnel, estimates
have to be made of the total pressure losses of the
various components along the circuit. By adding the
individual losses in terms of the dynamic head in the test
section the total loss is obtained. Early work by
Margoulis, Wattendorf, Parkhurst and Bradshaw should
be mentioned in this respect. In a recent study by Wolf
an excellent survey is given of the application of this

General Airline Diagram of modern Low Speed Tunnel

method for compressible flows as generated in transonic
wind tunnels (ref. 5). This method is not elaborated
further here since it is well established and it has proven
its use in practice. In ref. 1, 2, and 5 examples are given
of calculating the circuit losses and hence calculating the
necessary power to drive the tunnel.

4.3 Diffusers

Diffusers in a wind tunnel are used to recover part of the
kinetic energy of the flow in the test section in the form
of potential energy finally leading to excess pressure in
the settling chamber. To reduce fan drive power,
efficient recovery without generating separation is
needed. The basis for judgement whether separation may
occur is depicted in fig. 2 and is valid for conical
diffusers starting from a flat velocity profile at the
diffusor entry (ref. 6). With increasing cone angle above
a certain value the diffuser will exhibit increasing
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transitory stall causing vibrations and unsteady loading
to the fan. At very large cone angles the flow will be
continuously separated and the issuing flow can be
distinguished as jet flow. Figure 2 also shows the
boundary as presented by Wolf (ref. 7). For rectangular
diffusers the equivalent cone angles should be 0,5 to 1,0
degrees smaller.

It is essential for the test section diffuser that it is
designed very conservatively since the flow downstream
of a heavily loaded model may trigger separation earlier
then envisaged. In the NLR wind tunnel designs the test
section diffusers have an area ratio of about 2 and a
cone angle of about 4 degrees. It has been shown that
this gave sufficient margin to introduce (insert) a 6 x 6
m test section into the 8 x 6 m test section although with
this smaller test section the diffuser is more prone to
instabilities.

Rectangular diffusers show strong thickening of the
boundary layer in the corners. Therefore it is
recommended to use circular, or as a compromise
octagonal cross sections where applicable to eliminate
unwanted flow phenomena.

Relative to turbulent pipe flow, the total head profile is
usually more peaked at the center on leaving the
diffuser. Therefore it is wise to make the corner sections
cylindrical (parallel) so that some recovery to pipe flow
is accomplished. This may allow some additional
diffusing action between the first and second corner (in
the thin cross leg) but this diffuser shall never be
considered as being independent from the test section
diffuser. Practice at the ILST has shown that a small
diffuser having a 1.1 area ratio can be applied without
causing separation problems in this cross leg.

The other item is pressure recovery of the diffuser.
Calculations at NLR for the LST 8 x 6/DNW project
revealed that optimum pressure recovery (90 - 95%) is
obtained for diffuser opening angles close to the upper
limit for attached flow as is shown in figure 2 (ref. 2).
Besides, it was concluded that the opening angle for
optimum pressure recovery decreases with increasing
Reynoldsnumber; about one degree (of cone top angle)
per one order of magnitude in the Reynoldsnumber.

Since the diffusers cover the majority of the circuit
length their crossectional shape is also determined by the
construction material. For example, when steel is used it
is easy and convenient to make a circular cross section
(LST), but when (ply)wood or concrete is used

flat surfaces are the more logical choice. At DNW and
ILST prefabricated flat concrete slabs were used to
construct the circuit having an octagonal cross section.
In both cases the experiences were very good because
good surface quality and precise and fast surface
alignment were possible.

4.4 Corner vanes

The aerodynamic design of corner vanes of the wind
tunnels in which NLR has been involved are based on
the earlier work of Mr. Zwaaneveld of NLR (ref. 8).
Older wind tunnels elsewhere have been modified with
these turning vanes showing considerable performance
improvements. Turning vanes should be designed for
optimal turning effectiveness, rather than for minimal
pressure loss.
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Fig. 3 General lay out of corner vanes

The turning vanes used by NLR consist of metal sheets
bend circularly over 90 degrees with both straight
leading and trailing edge extensions of 0.1 times cord
length. Pitch/cord ratio is 0,2 and the average angle of
incidence should be .5 degree. See figure 3. These vanes
give room for acoustic treatment at the vane inner corner
without sacrificingperformanceson turning effectiveness
and pressure loss (as far as has been observed). To

Insertion
loss
(dB) » > estimate from scaled exp.

15} /
7N

.-Q:
A7 \

with treatment ..
\‘:P *

1 \ #

’._*_d...q-..—*\---o---w--o; j-'"

’ ¥ \ A £
¥ full scale DNW

without

treatment
11 1
100 20(\] 500 1k 2k W4ksk 10k

Frequency
Insertion loss of lined 15t corer and unlined
2nd corner: no flow

C146-01N

Fig. 4




prevent air to flow through the lining material, strips
normal to the vane surface should be installed. The noise
reduction (insertion loss) due to such a lining is 8 to 13
dB depending on cord/wave length ratio, see figure 4.
Such acoustic lining also improves the working comfort
within the tunnel because it strongly suppresses
reverberation.

One practical remark. From strength point of view the
vanes could be made from relatively thin sheets. But
from manufacturing, stability point of view a sheet
thickness of 8 to 10 mm is recommended with pitch
values large enough to pass through. Usually horizontal
splitter plates are used to further improve stability to the
vane structure.

Diffusing or contracting corner vanes are not or seldom
used. Recent work at Boeing showed that both types can
be used successfully in their particular application for
transforming an existing tunnel into an icing tunnel and
to provide additional cross sectional space in between
the third and fourth corner (ref. 9).

4.5 Wide angle diffuser

Since efficient and stable diffusion (recompression) of
the flow is only achievable in diffusers with limited area
ratio’s, as has been explained in section 4.3, and since
basically only two diffusers are available (the test
section and the fan diffuser), a wide-angle diffuser is
needed to reduce the airspeed to the level as required in
the settling chamber for achieving the desired
contraction ratio. In ref. 2 it is argued that by increasing
the area ratio of this wide diffuser the turbulence level
will also increase at the entry of the settling chamber
and this may ultimately increase the turbulence level in
the test section with increasing contraction ratio. Figure
5, as taken from ref. 2 and based on empirical
computation, clearly illustrates this effect.

A large cross sectional area of the settling chamber will
also increase the construction costs considerably because
of the large span to cover the (pressurised) chamber and
the inserts (heat exchanger, screens, honey combs) to
cover the cross section. So, there is a limit to the area
ratio of the wide angle diffuser.

The design of this diffuser is based on empirical rules.
Without a stabilizing screen the flow will be fully
separated (jet flow). However, local separations can not
be avoided but are acceptable as long as they are of a
steady nature.

The early work of ref. 10 can be used as a guideline to
design the screen/diffuser shape combinations. The aim
will be to achieve zero pressure efficiency or in other
words: the ideal gain in static pressure is used as
pressure loss across the screen. It is recommended to
confirm the design solution by a scaled model test when
possible.
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The drag from the heat exchanger and screen package in
the settling chamber will also help to stabilize and
spread the flow over its entire cross section. It has been
experienced in the model tunnel thdt when this drag is
too large (in that particular case the pressure loss across
all inserts was in excess of 6,5 times the local dynamic
head) the flow spreading is overcompensated, meaning
that the total pressure at the walls in the test section is
larger then at the tunnel axis.

4.6 Contraction

For low speed wind tunnels the contraction ratio to be
selected will usually be close to 10. With the modern
means to condition the flow in the settling chamber in
terms of total head, turbulence and flow angularity, a
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smaller contraction ratio can be selected than was
thought of in the early days. As explained in ref. 2, a
contraction ratio of 9 to 1 for the 8 x 6 test section of
DNW was selected. Therefore, the 9.5 x 9.5 m and 6 x
6 m test section have contraction ratios of 4.8 to 1 resp.
12 to 1.

In principle the design of a nozzle is easy, because
essentially the flow goes down hill to lower pressures.
The reality is different because:

- there are two potential areas of flow separations,
namely at the nozzle entry and downstream of the
inflection point;

- cross flow may occur in the boundary layer
because of crosswise pressure gradients which may
cause large vortices in the test section flow;

- it is desirable to have an uniform velocity and
hence static pressure field at the entry of the
effective test section;

- it is usually desirable to make the contraction short.

In case of the DNW the design of the contraction was

even more difficult because it had to accommodate the

three test sections with different cross section sizes and

shapes (rectangular and square) starting from a 24 x

18 m settling chamber. Therefore, a special 3-D potential

flow code was developed at NLR (ref. 11) to optimise

for:

- short nozzles; equal length for all test sections;

- a common interface (as much downstream as
possible) for the exchangeable contraction parts to
be used;

- prevention of flow separation using the 2-D
Stratford criterion.

y/L

0.4

z/L

02

fixed «—}— exchangeable

Use was made of the Borger approach for contraction
development (ref. 12). Fig. 6 gives a comparison of the
initial 9,5 x 9,5 m contour design (as used with the
model tunnel) and the final design in relation to the axial
symmetric Borger contour. In recent work at T.U.
Darmstadt, Mr. Wolf also used similar methods to cope
with his space limitation problem (ref. 7).

An interesting discovery during the development of the
DNW nozzle was that the wall pressure distribution in
the vertical and horizontal plane of symmetry for the 8
x 6m test section turned out to be almost equal for the
width to height ratio along the contraction that was
needed to accommodate the 9.5 x 9.5 test section (see
figure 7). It is thought that this would have a beneficial
effect on the suppression of secondary flows in the
boundary layer. Therefore, at the ILST the same
contours with varying width to height ratio were selected
as well, scaled down from the DNW contour. At ILST
the boundary layers at the test section entry were
measured during the tunnel calibration program and it
was observed that the velocity profiles were non-uniform
but very symmetrical along the periphery; see figure 8.
The thin boundary layers in the (x-y and x-z) planes of
symmetry indicate that there is a secondary flow in the
boundary layers from the centers towards the corners.
One would estimate that the boundary layer thickness is
of the order of the values as measured except for the
planes of symmetry.

Contrary to the ILST, the LST has a nozzle with a
constant width/height ratio. At the LST nozzle exit this
phenomenon is not observed.

final contours DNW
"Bdrger" contour (axi symm)
————— Initial model tunnel
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For both methods of Borger and NLR, the nozzles show
at the exit a parallel part with a length of about the
nozzle height/width in order to arrive at a sufficiently
constant static pressure distribution (acp<, 0.003) at the
test section entry. This parallel part gave the opportunity
to install faired inserts in the 8 x 6 m DNW nozzle
along the side walls to attain the 6 x 6 m exit for the
smallest test section. In this configuration the static
pressure field is within specification 3 m downstream of
the contraction exit, but this is acceptable because the

smaller test section will accomrodate also smaller
models.

It is recommended to execute some contraction flow
computations with modern N.S. codes in order to better
understand the viscous flow along the walls and in the
corners and to observe in how far secondary flows
and/or even separations are a problem, and if so, how
improvements can be made. This is even more opportune
for designing transonic nozzles. There the shaping is
inherently complex since part of the nozzle is two-
dimensional in the sonic adjustable throat area. Maybe
more data and experiences will be presented later in this
symposium.

4.7 Settling chamber

In the settling chamber the flow is preconditioned to

obtain the desired flow quality in the test section. Here

the following inserts are usually placed into the flow

- heat exchanger, (when deemed necessary)

- flow rectifier,

- anti-turbulence screens and

- (as recently needed) smoke/seeding generator(s) for
laser flow visualisation.

It is recommended to place first the heat exchanger in
the flow (in downstream order). This device consists
usually of finned tubes. For low speed tunnels a single
row with about 10 ¢cm long fins is usually sufficient. In
the LST no heat exchanger is applied because the power
level (or max. speed) is low (80 m/s). Since the steel
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circular shell is mainly outdoors no running limitations
are experienced except at hot, sunny days.

In order to limit the total pressure loss inside the settling
chamber (below about 6,5 times local dynamic head),
the tubes used in the DNW and ILST have an elliptical
cross section.

The heat exchangers fins basically will have a (lateral)
turbulence and flow angularity damping effect but the
heat exchangers tubes will cause vortex shedding and
when the fins are not placed fully parallel (and
horizontal) new stable vortices will be generating behind
the heat exchanger. Since the commercial production
method of finned heat exchanger pipes is not intended
for making perfectly straight fins and fins exactly
normal the pipe axis, one should not strive to combine
the flow rectifying and cooling function into one device.

Studies at NLR in the model tunnel have revealed that
it is very effective to suppress vortex shedding of the
heat exchanger pipes by placing the leading edge of the
flow rectifier close to the heat exchanger. At DNW and
ILST the same configuration was selected with only a
gap of 5 mm between the fins and honey comb of the
flow rectifier.

The design of the flow rectifier was mainly based on the
early work by Humley (ref. 13). It was recommended to
select a cell length to diameter ratio between 5 and 10.
When the cells are short the flow rectifying function and
lateral turbulence suppression function decrease, whereas
for long cells the merging of the internal cell boundary
layers causes new turbulence.

In all three tunnels, similar flow rectifying panels of
about 1 x 2 m size (H x W) were used containing 115
mm deep honeycomb mesh of 2" cells. The cells are
made of 0,2 mm aluminium sheet produced by an
industrial expansion process. It is experienced in the
model tunnel that both the leading and trailing edges of
these honeycombs should be completely free of damages,
blurs etc., because these minor deficiencies have a
measurable effect on the flow in the test section and will
not be damped by the downstream screens. It is, of
course, also extremely important to inspect, install and
align the honeycomb panels very carefully. The
honeycomb panels were attached to the heat exchanger
structure (DNW and ILST) and it was observed that the
wakes from the extruding bolt heads and nuts
(downstream from the flow rectifier) could not be traced
back in the flow in the settling chamber.

Whereas a flow rectifier has a strong damping effect on
lateral flows, screens have this effect on imperfections in
the axial flow direction. Three to four anti-turbulence
screens are applied in between the flow rectifier and
contraction with an open area ratio of 0,57. Ref. 2 gives
more details. Since much has been published in the past
on screen turbulence damping (see also ref. 1) nothing
will be said here about the specific screen characteristics
(mesh, wire diameter, open area ratio, etc.).

Instead some practical remarks will be made.

- Since the screen weaving machines do not allow full
width screen weaving in one cloth, seams have to be
made. Modern plasma welding (wire by wire) or
brazing techniques are sufficient (see fig. 9 of
plasma welding example).
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Fig. 9 Screen cloth with welded seam

- It has been shown that deviations in ideal flow
direction (flow angularity) in the test section in both
ILST and LST in pitch (aat) direction is larger than
in yaw direction (af), see fig. 10. This may be
attributed to the weaving direction of the screens.
Therefore it is suggested to position the screens such
that the waving direction is horizontal. In the on-
going upgrading program of the NLR-HST, the new
screens will be placed horizontal. The effect hereof
will be published when the results are available,
probably in 1997.

- During the commissioning process of the ILST the
screens were (apart from being fixed and stretched
somewhat to the ceiling and floor) fixed and
stretched as well to the side walls. This had the
effect that the maximum flow angularity in pitch
decreased somewhat from 0,15 to 0,10 degrees (see
fig. 10). This finding supports the previous
statement on weaving direction. So, screens should
be fixed and (slightly) stretched all around its
periphery.

- Screens shall be completely free of kinks, sharp
bends or other inhomogenities because such
imperfections can be traced back in the flow and in
particularly for flow angularity.

- The weaving direction of one screen shall be the
same; e.g. on both sides of a seam the weaving
shall be from left to right or visa versa.

- The distances between the screens shall be large
enough to prevent vortex (turbulence) interaction
and to allow human entry in between the screens
for screen cleaning.
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The turbulence levels in the DNW and LST test sections
are very low (0,03 to 0,06 percent), as was established
with special measuring techniques during the calibration
programs. Since these values are so low, this special
effort was not done in the ILST. In a comparative test
campaign in the DNW and in free flight it has been
shown that the turbulence level in the DNW is below a
threshold value for affecting transition of a laminar
boundary layer (ref. 14). This shows that the design
efforts for the inserts in the settling chamber have been
successful and no further optimizations are needed in
this respect. This will also be valid for the two other
tunnels, LST and ILST.

Recently a fourth item is occasionally introduced into
the settling chamber: a smoke or seeding generator for
laser flow visualisation studies. In order to pinpoint a
certain streamline or streamtube, a traversing device
and/or spatially distributed smoke/seeding injector can be
used. Exploratory tests in a model tunnel at NLR have
revealed that, for stability reasons, injection upstream of
the heat exchanger is the most suitable place. Besides,
the flow disturbances from these devices are best
damped by the downstream heat exchanger, flow
rectifier, and screen package. Similar experience is also
attained at DNW. Therefore in the NLR’s high speed
tunnel, HST, a traversing smoke/seeding mechanism will
be installed in front of the heat exchanger and whether
this device will have to be removed when flow seeding
is not needed, has still to be determined in practice by
observing flow quality during a calibration campaign.

5. TEST SECTION

The flow within the test section and the test capabilities
count for the aerodynamic researchers. Therefore,
although the test section is part of the airline, it will be
discussed here separately. The following topics will be
discussed in this section:

- Test section shape

- Provisions in the walls

- Model supports and logistics.

These topics are interrelated but nevertheless it will be
tried to describe them separately.

5.1 Test section shape

Modern wind tunnels have either a square- or a
rectangular cross section. It is thought that for high lift
testing such as for helicopters or for V/STOL planes,
square shapes would be better then the rectangular ones.
Experience in DNW has shown for the past 15 years of
operation that the rectangular 8 x 6 m test section is
used by far the most for aerospace testing relative to the
available square 6 x 6 m and 9.5 x 9.5 m test sections,
also for helicopter work and high lift devices.

Corner fillets are rarely used anymore. It will disturb the
routinely applied wall correction methods and with
properly designed contractions, flow separation in the
corners can be prevented. Besides, without those fillets
the full side walls height and floor/ceiling width are
available for easy access and instrumentation.

The test section length should be at least about three
times the average of width and height (or V'A.) (to
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prevent buoyancy effects from the test section diffuser)
with the model center at approximately one third from
the test section entry under the conditions that the
contraction is designed according to the Bérger/NLR
approach.

One set of walls should be parallel to accommodate a set
of axially aligned turntables in these walls (in the three
tunnels considered herein the floor and ceiling). The
other set should be diverging somewhat to compensate
for displacement due to boundary layer growth along all
four walls.

In all three tunnels a value of 0,2 degrees divergence
(relative to the test section axis) was selected but it was
found that in all three tunnels this resulted in some
overcompensation as is shown in table 1.

Table 1 Static pressure gradients at T.S. axis for
DNW, LST and ILST

without
DNW LST ILST BL
8x6 6x6
closed slotted closed
dep 0.004 0.0032 0.0046 0.003 0.0012 0.014
dx/bg

It may be concluded that a value of divergence of 0,18
or 0,17 degrees would have been a better average choice.
Nevertheless, the effect of this buoyancy on drag
measurements is only of the order of one drag count or
less and therefore can be disregarded for most tests.

5.2 Provisions in the walls
Low speed aerodynamists want to watch their model
during tests. Also modern flow visualization techniques
require good access to the flow field by passing laser
_ light bundles inside the flow. Therefore all four walls
should be equipped with removable windows where
possible. Depending on the optical demands various glas
qualities may be used. At DNW the windows consists of
three sheets glued together to prevent scattering at
accidence whereas in LST and ILST plexiglas panels are
used. Special glass is to be used when high power laser
light bundles have to pass the windows. Window panels
are usually removed when necessary to stick probes or
traversing mechanisms into the floor. The side walls are
further provided with entry doors for human access and
at DNW also to enter a cherry picker to reach the model
for adjustments or checks.

At ILST and LST a removable test section part is
provided with a set of synchronous and axially aligned
turntables in the floor and ceiling. Both tunnels also
have a similar turn table at the downstream end of the
test section for wind hinderance testing.

At LST and DNW sets of almost full test section length
rulers with static pressure ports can be installated along
the test section walls to measure the wall pressure
distribution. They are used for wall interference
assessment using methods based on measured boundary
conditions. Having available such devices turns out to be
very handsome and practical.

Wind tunnel walls are also often used to install a fast
acting g-stopper in the form of fast opening doors or
protruding panels. The walls of the tunnels under
consideration herein are not designed to accommodate
such devices. Instead, at DNW an extremely fast g-
stopper was developed and designed consisting of a 1 m?
pressure vessel on the tunnel axis at the entry of the test
section diffuser. At trigger a small fast acting valve is
opened initiating a set of retro airjets opposing the flow.
This causes a weak upstream travelling shockwave that
passes over the model. See fig. 11."Model tunnel tests in
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Fig. 11 Q-stopper design for DNW




the DLR MUK have shown that the q value can be
reduced 10% or more within 0,2 seconds after trigger.
Jet braking is only required for a few seconds when
simultaneously the fan drive is turned of as well.
However the g-stopper has not been realized yet because
no use has shown up so far, but the interfaces with the
first part of the test section diffuser have been included.

All four walls of the 8 x 6 and 6 x 6 test sections of the
DNW are equipped with remotely adjustable slots (max.
12% open) at a pitch of 1 m in order to reduce wall
interference. This provision was made in the seventies
because it was assumed at that time that within the
foreseeable future methods will become available to
assess the residual wall interference. Although it has
been demonstrated that the wall interference reduces
with a slotted wall, the residual interference is still hard
to determine. Therefore the slotted wall arrangement is
not much used. Maybe future developments will change
this picture. In the 9.5 x 9.5 m DNW test section and in
the ILST provisions for a slotted wall arrangements are
made, but not yet realized and it is felt that this was a
good decision. Work is still going on in a joint effort at
NLR, DNW and DLR to better understand and assess
wall interferences with slotted walls. It should be
remarked here that slotted walls consume much energy
and that special reingestion measures have to be taken to
prevent strong axial pressure gradients (and hence
buoyancy) in the test section (ref. 2).

<<

convertible 8 x 6/6 x 6 test section

~

multi-purpose,
heavy-duty turntable

underfloor balance
turntable with struts

slotted floor section

Fig. 12 Test section floor interchangeability at DNW
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In the DN'W test sections, the floors can be interchanged
with a variety of floor hatches containing either
turntables, slotted wall arrangement or a (moving)
ground board provision for ground proximity testing (see
fig. 12). In the smaller and less complex ILST and LST
some of these provisions are fixed to the test section and
for exchangeability the entire test section part is
exchanged. It is felt after many years of testing
experience that it has been a good decision, for reasons
of costs and complexity, to provide the (large) DNW
with exchangeable hatches and the smaller tunnels with
exchangeable test section parts.

In all tunnels provisions are made to install an axial
blowing slit for boundary layer energizing in front of a
test object when needed. Every low speed wind tunnel
should have such a provision. At DNW also boundary
layer scooping is used.

5.3 Test section and model logistics

The last paragraph of the former section already refers
to test section component exchangeability. To plan a test
section, its provisions in and around it and the associated
testing hall and related building arrangement, a clear
view must be developed on the tunnel usage in the
envisaged market segment. For example the predecessor
of the DNW at NLR, the LST 8 x 6 was planned
initially (late sixties) for V/STOL aircraft development
testing. Then environmental issues became a hot item
and noise testing at model scale was requested aiming

=

9.5 x 9.5 test section
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for an open test section. The DFVLR (now DLR)
brought in high speed helicopter testing giving the 6 x
6 m test section arrangement and full scale component
testing asking for the 9.5 x 9.5 m test section. So the
DNW was set up for a multi purpose atmospheric test
facility with many testing capabilities including
extensive propulsion simulation. Studies between a
tandem test section arrangement and a exchangeable test
section arrangement soon revealed, for aerodynamic
(possible flow separations)and productivity (preparation)
reasons, that an exchangeable test section arrangement
should be preferred. This has the additional advantage
that a (removable) model support, can be installed of a
fixed location to the foundation.

Feasibility studies showed that the 8 x 6 m and 6 x 6 m
test sections could be combined in a single arrangement
by moving the sidewalls inward and having at the
downstream end the last 6 m hinged forming a steep but
short diffuser.

Model tunnel tests further showed that for the open 8 x
6 m test section, the 13 m long 9.5 x 9.5 m transition
piece to the test section diffuser could be used as a flow
collector for the open 8 x 6 m test section arrangement.
In total this required 6 pieces to be interchanged
(2 movable contractions, 2 test sections, 2 transition
pieces with the diffuser). Having this interchangeability
done by a rail system, would require a complex system,
huge halls and would give little flexibility. This was the
reason why a transport system based on aircushions was
selected. Although it was risky at that time for such
large and heavy applications, the system has shown its
value in practice. The (concrete) floor should be very
flat, horizontal and air tight (cracks may cause problems

rail
-

tests with sting support

support interference non-aeronautical testing

Fig. 13 Possible test section arrangements at ILST

because air pressure then penetrates the concrete and
may separate layers). The same transport system was
selected for the LST. The selected ILST test section
arrangement could be easily handled by a rail system
and to ensure trouble free operations this system was
selected in Indonesia (fig. 13).

Model entry into the test sections is relatively easy for
exchangeable test sections either from downstream or
from upstream. This can also be done when the test
section to be used is in situ in the circuit by removing
the adjacent component (e.g. the contraction at the
DNW).

Whereas the model supports of the DNW are fixed to
the foundation, at the LST and ILST these devices are
fixed to a particular test section component. This gives
the advantage at DNW to use the model support for any
test section and also in the open test section
arrangement. This requirement was not present at the
other two smaller tunnels having both a single test
section size. To this end at both tunnels the test section
is split in an upstream and downstream part and at both
tunnels the wupstream part is executed in two
configurations of which one configuration carries an
external six component balance (see fig. 14a) on top of
the turntable in the ceiling. The other upstream test
section part of the LST contains a set of turntables in the
ceiling and floor (for 2-D testing for example) and at the
ILST this is simply an empty box. At ILST the
downstream end is also executed in two fold of which
one part carries a sting support mechanism (see fig. 14b)
and the other part a turntable for industrial testing,
similar as at the LST. So at the ILST by combining the
two upstream and two downstream parts four test section
configurations can be made for particular test purposes
(see fig. 13).

At both DNW and ILST two model preparation rooms
are available. Models can than be brought into the test
section at DNW with the use of a movable (on
aircushions) elevator. For the ILST an overhead crane is
used either when these test sections are in situ or
removed from the circuit. At the LST the test section
parts can be moved in front of a workshop at the same
floor level for easy model preparation, mounting and
check-out prior to movement into the circuit. From
experiences these three systems for model preparation,
mounting and check-out are satisfactory for efficient use.

5.4 Model supports

All three tunnels have an external 6-component balance
and a sting support mechanism for model support via an
internal balance.

For multi-use requirements the DNW external balance is
a floor balance (fig. 15). Although easy for use for floor
mounted half models and full-scale cars and trucks the
support of full airplane models is cumbersome because
only strut supports can be used. In particular the tail
strut (and especially the wind shield thereof) gives a
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substantial aerodynamic interference. Since the test
section and the external balance are essentially
uncoupled (both separately fixed to the foundation) the
yaw and pitch movements have to be carefully
synchronized. Since the external balance can be moved
on aircushions as well, the balance can be calibrated in
a special calibration hall, assuring that the (usually long-
lasting) calibration process does not interfere with wind
tunnel tests.

The LST and ILST have a similar overhead balance
allowing both strut (wing and central) and wire
suspension (see fig. 14a). Although wire suspension does
not give accurate drag data, the other aerodynamic
interferences are minimal and therefore it gives a good
basis for interference free testing with the other model
support systems. Pitching can be done either bij a pre-
loaded pitching wire or by an internal pitch mechanism.
Both at ILST and LST the external balances showed to
be real work horses and proved to be very stable in
course of time. The external thermal covers and
temperature controls of the ILST and DNW balances
further improve stability in read-out.

The work horse at DNW is the sting support mechanism
(fig. 16). DNW has developed an elaborate method for
sting support interference corrections for the various

parking position

im / Lodod
| DS—

C146-01N

Fig. 16 Sting support mechanism of DNW

stings (dorsal, tail, ventral). The DNW sting support
mechanism consists of a streamlined strut, that can move
up and down on vertical rails in a 14 m.deep pit. This
strut supports an articulated boom for yaw and incidence
movements. As a consequence the center of rotation
moves back and forward. Because all movements are
independent the system can also be used to position
models just above the moving belt ground plane at the
floor level. All movements are powered hydraulically
and in the early phase it ‘was problematic to take-over
from. the stationary brake position to live hydraulic
power control without shaking the model and hence
possibly damaging the balance. Now this phenomenon is
well under control.

This last phenomon was the main reason to select for the
ILST an electromechanic drive and control and besides
to have for pitch and yaw each only one single drive. By
linkages and torsion tubes it was possible to transfer
external movements to the sting movements such that the
center of rotation remains at place. The vertical strut is
moving laterally when yawing the model keeping the
boom in flow direction (fig. 14b). This requires the use
of rolling doors in the ceiling and floor of the
downstream test section. The boom is relatively of
similar size as the DNW boom that so it may be
expected that interference effects are similar as well.
Although it was planned to execute an extensive
support/sting interference exercise in the ILST, this has
not been done yet and LAGG (the ILST owner) mainly
uses the external balance with strut supports, applying
now and then a wire suspension for baseline data.

Recently the LST was equipped with a simple sting
support mechanism by placing a segment pitch
mechanism in the upstream turntable (fig. 17). From
studies at DNW it was concluded that for models of
transport aircraft, use of ventral stings is a good solution,
for interferencereasons, often better than tail stings. The
LST sting support mechanism can be easily combined
with ventral stings giving a good and cheap solution.
However not much experience is available yet.

turntable centre

six-component batance

Fig. 17 Sting support mechanism of LST




6. CONCLUDING REMARKS
It has been tried to give an overview of the experiences
gained since the mid seventies during the realization, and
operation of three low speed wind tunnels in which NLR
was strongly involved. Some explanations and
backgrounds have been given on aerodynamics and
operational issues and where possible experiences and
recommendations stated. A selection has been made of
topics without going into depth nor having the pretention
of being complete. The following general conclusions
can be drawn from the above:

- The airline as developed at NLR is a conservative
but solid basis for subsonic wind tunnels giving
data which are close to what the aerospace industry
is aiming for. Of course further refinements will
always be possible and certainly will come up in
the symposium where this paper will be presented.

- It is wise to design a low speed facility for multi-
purpose use. It is difficult to predict which testing
capability will ultimately make the tunnel
successful in operation and this will change in
time. For example the aero-acoustic testing
capability is one of the high- lights of DNW. The
car industries used this facility extensively until
they built their own facilities. Who would have
thought that full scale truck testing would be a
major application of the 9.5 x 9.5 m test section of
the DNW?

- Great care must be devoted to the manufacture and
installation of the inserts in the settling chamber.
Almost non measureable deviations to the ideal
screen properties have measureable effects on the
flow angularity.

- It is believed that the sequence and relative
distance of the inserts on the settling chamber as
described in this paper contribute to high flow
quality.

- More theoretical and experimental work should be
done to better understand whether and how
secondary flows in the contraction may effect the
flow in the test section and which improvements
may be useful.

- Tunnel operators and users have a tendency to stick
to a model support system in which they have
gained confidence by building up a data base. This
is the case at DNW for the sting support system
whereas in Indonesia the external balance is
primarily used.

- Little has been said herein on the open test section
of the DNW, because in a subsequent paper this
item will be treated extensively.
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THE AERODYNAMIC AND STRUCTURAL DESIGN
OF THE DRA 5-METRE AND ONERA F1
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Abstract

This paper describes the aerodynamic and structural demgn of two pressurised low-speed tunnels
built in the 1970’s to achieve a Reynolds number of 6x10° and, at the same time, to enable the effects
of compressibility and scale to be studied independently in tests of aircraft models in take-off and
landing configurations. Despite being designed to similar specifications and providing comparable
levels of flow quality, productivity and customer confidentiality, the tunnels differ significantly in
several important aspects of their design. The principal features of the two designs are reviewed and
a few examples of the compressibility and scale effects that have emerged from the test programmes
in each tunnel are presented.

List of symbols
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pressure coefficient

total pressure

reference Mach number

static pressure

pressure perturbation, r. m s. value
dynamic pressure, 1/sz

Reynolds number

streamwise velocity component
streamwise perturbation velocity, r.m.s. value
lateral perturbation velocity, r.m.s. value
normal perturbation velocity, r.m.s. value
reference velocity

mean streamwise velocity component
density

loss or power factor, Ap/q

Suffices:

orer  reference values
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1 INTRODUCTION

In the late 1960s, many voices were raised in favour of building a number of new low-speed wind
tunnels. Those whose imagination had been fired by the possibility of city-centre to city-centre
V/STOL transports argued for much larger atmospheric tunnels in order to reduce the wall-constraint
on the path of the lifting jets. On the other hand, those who saw the future remaining with CTOL
aircraft were becoming increasingly aware that the existing atmospheric wind tunnels - typically
around 3m square - were unable to give reliable data on the max1mum lift and stalling behaviour for
the then current generation of swept- wmg civil transports For these people, the results of the
AGARD studies on large wind tunnels® indicated that the most cost-effective way of achieving the
desired levels of Reynolds number was by smaller pressurised tunnels. (While the concept of a

Paper presented at the FVP Symposium on “Aerodynamics of Wind Tunnel Circuits and their Components”,
held in Moscow, Russia, 30 September - 3 October 1996, and published in CP-585.
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cryogenic wind tunnel had been put forward,™® the possibility of a practical implementation6 had not
yet been considered.) Thus, while the Lockheed Aircraft Company, the Canadian Government and
the German and Dutch Governments in collaboration chose to build atmospheric-pressure tunnels
approximately 10m square, the UK and French Governments opted to build pressurised facilities of
roughly a quarter of this size - Sm square.

With the passage of time, V/STOL city-centre to city-centre transport has been found to be
impracticable due to noise and other environmental constraints. As a result, the large atmospheric
facilities have been forced to diversify into non-aeronautical fields to absorb their excess capacity. In
contrast, the pressurised facilities have remained in demand and have needed regular enhancement
and updating. This demand stems from the continuing desire to improve take-off and landing
performance: for civil transport aircraft, the rewards for achieving higher take-off weight for a given
runway length, and/or lower drag levels (with one engine failed) during climb-out from an airfield,
are at least as significant as improvements in the high speed portion of the flight envelope. When
combined with the requirements for approach and landing, these aspects of performance translate into
a range of exacting targets for lift-to-drag ratio and maximum lift coefficient. For almost all civil
aircraft and many of the military CTOL aircraft designed in the last two decades, it has been
necessary to employ complex systems of slatted and slotted flaps in order to meet these targets.
Optimisation of the flap design and schedule continues to be beyond the capability of CFD codes.

Although the flight Mach number is low under take-off and landing conditions, the high lift
coefficients involved generate high local velocities, particularly near the wing leading edge. These
may result in significant compressibility effects on maximum lift. Hence, it is important that tests are
conducted at the correct Mach number. Moreover, when testing scaled models, extrapolation to full-
scale performance may only be made with reasonable confidence if the effects of compressibility and
scale can be isolated in the test data. This requires that a pressurised wind tunnel should be used for
such investigations.

In the UK, one such facility - the 8ft High Speed Tunnel at DRA (then RAE) Bedford - already
existed. However, its low speed Reynolds number capability was thought to be insufficient for testing
models of the larger aircraft that were emerging at the time. Moreover, this tunnel was already
heavily utilised on other projects. Therefore, the case for a new low-speed pressurised facility was
made. First submitted to the UK Government in 1967, approval to proceed with the design of the 5m
tunnel at DRA Farnborough was originally granted in 1969. This approval was renewed in 1971 after
a review necessitated by cost increases and Government re-organisations. The shell was
pneumatically pressure tested in 1975 and air was driven round the circuit for the first time in
November 1977. The corresponding French tunnel, the F1 tunnel at ONERA Le Fauga Mauzac, was
designed between 1971 and 1973. Construction started in January 1974, as soon as approval was
given. Pressure tests were conducted in May and June 1976 and the first rotation of the fan occurred
on July 30th 1976. External views of the two tunnels are presented in Figure 1.

This paper describes the aerodynamic design of both tunnels, together with some of the key aspects
of their structural and mechanical design.

2 DESIGN REQUIREMENTS

The main requirement for both tunnels was the same - testing of models in take-off and landing
configurations, with a good representation of complex shapes, at a significant Reynolds number. In
detail, this was expressed as:-

a. At a Mach number of 0.2, the Reynolds number must be at least 6><106, based on a
conventional reference length of 0.1x(test section area)m', a measure of the maximum
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permissible mean chord for a complete model of an aircraft with wings of high aspect ratio.
This is roughly a quarter of the flight Reynolds number for a typical 300-seat transport
aircraft.

b. The maximum stagnation pressure must be sufficiently high as to provide a significant
variation of Reynolds number at constant Mach number consistent with the needs to avoid a
hydraulic over-pressure test of the shell, limit the aeroelastic distortion of the model when
testing at maximum dynamic pressure and prevent excessive over-sizing of stress-critical
model components like slat and flap supports.

When combined with the need to ensure that the constraining effects of the tunnel walls were small
enough to be predicted with adequate accuracy on models of sufficient size to allow small but
significant details of the high lift system to the properly represented, these requirements were
translated into the following design parameters:

DRA 5m ONERA F1
Working section size 5m x 4.2m 4.5m x 3.5m
Pressure and Mach Number | Hy,,, = 3atm; Myx = 0.27 Hp.x = 4bar; Uy = 70m/s
or speed requirements Hppin = latm; My, > 0.31 Hpin = 1bar; Upa = 120m/s
Maximum temperature 35°C <40°C

These working section sizes were large enough to permit actuators to be installed inside models,
allowing adjustments to be made to certain parameters - the tail setting, for instance - remotely,
without requiring direct access to the working section. For F1, the pressure of 4bar was the maximum
allowed by the pressure vessel regulations. Also, although strictly speaking, a smaller tunnel would
have given7the specified Reynolds number - its size was increased in order to be closer to that of the
UK tunnel.

The following stipulations were also made:

a. The stagnation temperature should be as close as possible to ambient, without employing
expensive cooling plant.

b. The flow quality in the working section should be uniform in space and stable in time,
with low noise and turbulence. In order to prevent the variations in flow quality with speed
and operating pressure from becoming significant (and therefore introducing additional
effects that cannot be separated from the genuine effects of scale and compressibility), the
following targets were set for the 5m tunnel: maximum permissible variations in dynamic
pressure of +0.1%; zero longitudinal static pressure gradient and longitudinal turbulence
levels no greater than 0.1%.

c. The time required to access the working section should be comparable with that in large
low-speed tunnels operating at atmospheric pressure. (This precluded normalising the
pressure throughout the circuit when operating above atmospheric stagnation conditions; in
the 5m tunnel, a provisional target of 10 minutes was set.) Provision should also be made to
allow for the complete preparation of the model mounting and instrumentation outside the
tunnel.

d. Various model mounting arrangements should be accommodated - complete model on a
sting supported by a quadrant, or on several types of struts connected to a wall balance; half
model on the same wall balance - and provision should be made for future improvements.
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Models should also have access to suction plant and a high pressure air supply for suction or
blowing.

e. Optical access to the working section should be provided at all test conditions.

f. Control of the facility and tunnel conditions (pressure, temperature and wind speed) should
be computerised and enable constant Reynolds number and Mach number conditions to be
produced automatically. The data acquisition system should be versatile and capable of
measuring the force and moment outputs from several balances and large numbers (>1000)
of pressures simultaneously. For efficient management of the test programme by the
customer, the data should be reduced and the corrected results displayed on-line.

3 GENERAL DESCRIPTION OF THE DRA 5Sm TUNNEL
3.1 Air circuit

A cutaway drawing of the facility is shown in Figure 2. The tunnel has a conventional closed-return
circuit with 5%2° diffusers throughout, except for the passage surrounding the main drive fan and the
more rapid expansion between the fourth corner and the cooler. The pressure shell, a one-piece
welded steel structure with no sliding or bellows-type joints, is everywhere circular in cross-section.
Internal liners are incorporated throughout the settling chamber, contraction and working section to
make the air-swept surfaces rectangular with corner fillets. The fillets were introduced as a
convenient means for reducing the likelihood of problems being encountered with corner-flow
separations in the contraction and working section, reducing wall interference effects on model lift®
and, more importantly, accommodating the streamwise growth of the wall boundary layers in the
working section. This is achieved by tapering the fillets in the working section. In order to reduce the
possibility of secondary flows being established in the working section, the octagonal cross-sectional
shape of the liners is kept almost constant from the settling chamber to the entrance of the working
section.

Compressors, coolers and driers in the auxiliary plant room deliver air at 4.5bar to a manifold
situated under the main drive unit. “Blowdown” valves used to control the pressure in the tunnel are
connected to the other end of this manifold. Air is admitted into (or allowed to escape from) the
circuit via chordwise slots in three of the straightener vanes aft of the fan. As the compressors operate
at constant mass flow, their output is not always matched to the tunnel demand. Surplus compressed
air, together with any exhausted from the circuit, is discharged to atmosphere via a silencer (not
shown in Figure 2). Additional plant (also not included in Figure 2) provides a high pressure air
supply to the working section. This may be used to provide boundary layer control, direct jet-blowing
or input to TPS units on complete or half models.

The cooler, shown in Figure 3, is made from two rows of elliptic tubes with closely-spaced flat
rectangular fins and can dissipate the whole power input of the fan drive whilst maintaining an air
temperature of 40°C or less. The pressure drop across the cooler makes possible the use of a rapid
diffuser upstream, with a consequent shortening of the return circuit and reduction in cost of the
pressure shell. The transition from circular to octagonal internal cross-section is also made within this
diffuser. It was originally intended that the cooler should act as a fine-mesh honeycomb which, when
followed by two 1.5q screens, would enable the specified flow uniformity to be achieved within the
working section. However, in this part of the tunnel, a sequence of events has produced significant
changes between the initial design and what is installed in the tunnel today.

Firstly, the pressure drop of the screens was reduced from 1.5q to 1.1q for the reasons described in
Section 4.2. Secondly, due to faults in the construction and assembly of the cooler bundles, it was
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necessary to insert an additional conventional honeycomb between the cooler and the screens in order
to meet the specified flow uniformity. Finally, after about a year of operation, severe corrosion was
discovered in a large number of the brazed joints at the “crossover” points of the individual wires in
the stainless steel screens, thus reducing the strength below the required safety level. To prevent
future recurrence of the corrosion problem, phosphor-bronze replacement screens were chosen and,
for practical reasons, these were selected to have a pressure drop of slightly less than 1.0q - which the
investigations described in Section 4.2 show to be acceptable. These proved to be the only
modifications to the circuit that had not been anticipated during its design.

3.2 Main drive system

The main drive motors are housed inside a nacelle of 6.1m diameter within the return leg of the air
circuit. The drive consists of an a.c. motor of 11000kW continuous output, controlled by a liquid
rheostat, together with a 1640kW d.c. motor controlled by thyristors.

The fan system, shown in Figure 4, comprises 21 cambered and twisted pre-rotation vanes, a 10-
bladed single stage rotor and nine symmetrical straightener vanes. The use of a fixed-pitch fan
ensures a uniform velocity distribution to the main diffuser at all tunnel speeds. The fan has an
outside diameter of 10m. Each blade is 1.95m long and has a chord of 0.92m, with the thickness-to-
chord ratio varying from 10% at the tip to 20% at the root. The blades are made from glass fibre
reinforced Araldite and are bonded in a special way9 to steel root fittings. Strain gauges have been
installed on three of the fan blades so that the local dynamic loading can be monitored while the
tunnel is running.

3.3 Access to the working section

One of the distinctive features of the tunnel is the arrangement incorporated to ensure rapid access to
the model. The basic principles of its operation are illustrated in Figure 5. Two concentric spheres
surround the working section. Parts of the working section walls at the upstream and downstream
ends can be rotated, so that pressure doors on the outside of the inner sphere can be swung across the
air passage and closed on to the inner sphere. This can then be de-pressurised to give personnel
access to the working section. A period of about 6 minutes is needed to stop the fan, move the
pressure doors into position and obtain access to the model. A similar time elapses from finishing a
model change to being back on-condition and ready to acquire data.

This “double-sphere” access arrangement is one of the key structural aspects of the design, because
the outer pressure shell is continuous and stresses in it are not affected by access to the model. The
tunnel is fixed to earth at the base of the double-sphere and all the other attachments allow
longitudinal and lateral displacement due to expansion under pressure and temperature variation.

The model, together with all the instrumentation needed for the test, is mounted on a “cart” which
forms the floor of the working section. The working section can be rotated about the vertical axis of
the spheres until it lines up with the main access tube, as shown on Figure 6. The complete cart can
then be driven electrically along a railway on to a turntable and parked in one of the four bays in the
rigging area, as shown on Figure 7. In this way, the cart in the working section may be replaced and
another model made ready for testing in less than an hour - although, in practice, it is rarely necessary
for a model changeover time to be so short.

3.4 Outline of aerodynamic performance

The operating envelope of the tunnel is shown in Figure 8, where it is compared with that of the
ONERA F1 tunnel. Here, Reynolds numbers are based on 1/10 of the square root of the cross-
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sectional area of the working section (0.46m for the Sm tunnel; 0.397m for the F1 tunnel). Complete
models of transport aircraft with high aspect ratio wings may achieve values of Reynolds number
about 10% greater than those shown; military aircraft models of lower aspect ratio, some 80 to 90%
higher. The use of half models can increase the Reynolds number by about 50% relative to that
attained with a corresponding complete model.

4 AERODYNAMIC DESIGN OF THE DRA 5m TUNNEL

Since the design was initiated in the late 1960s, it was not able to benefit from the sophisticated CFD
codes that exist today. Instead, an approach utilising a combination of the empirical design rules and
analytical methods available at the time was taken. As two previous low-speed tunnels designed by
the then RAE had suffered from significant flow problems during commissioning, it was decided to
support the design decisions with tests on 1/15th scale models of individual parts of the circuit. Some
of these individual models were also assembled to form a complete model of final design of the
working section leg of the tunnel - running from the start of the rapid diffuser to downstream of the
first corner. A bell-mouth entry to this model was designed to produce a uniform entry flow.
Alternatively, a long pipe upstream of the rapid diffuser section could be used to produce a fully-
developed turbulent pipe-flow at entry.

The design methods and assumptions appropriate to each part of the tunnel circuit will now be
described in some detail, alongside a selection of experimental results from the model.

4.1 Design of the rapid diffuser

The rapid diffuser, located between the fourth corner and the cooler, was employed to minimise the
size (and thus the cost) of the pressure shell whilst enabling an acceptable contraction ratio to be
obtained ahead of the working section. An area ratio of 1.53:1 was selected to provide an appropriate
balance between the rise in air pressure associated with its diffusion and the subsequent fall in
pressure resulting from its passage through the cooler so as to ensure satisfactory flow within the
diffuser. The rapid diffuser was also designed to provide the desired transition in cross-sectional
shape from circular to octagonal.

The initial design used a simple straight-line generation and was totally unsuccessful in model tests,
the flow separating completely on entering the diffuser and proceeding to the cooler virtually
unretarded. The second design was based on a scheme for diffusers at the inlet to aerodynamic
coolers suggested by Kiichemann and Weber.'® The profile and wall pressure distribution of a so-
called “streamline” diffuser are compared with those of a more conventional “sine-wave” design in
Figure 9a. Note the smaller adverse pressure gradients on the walls of the streamline diffuser. The
significance of this is illustrated in Figure 9b. A recent paper by Seltsam'' shows similar behaviour
and supports the general shape chosen for the diffuser.

A three-dimensional diffuser shape was derived on the basis of information similar to that presented
in Figure 9a. The resulting design was as close as possible to the specified variation of cross-
sectional area and wall shape, whilst still providing a smooth transition from circular section at inlet
to octagonal at outlet. Both square and pipe-flow inlet velocity profiles were studied during model
tests of this diffuser. The cooler was simulated using a 2q screen - see Figure 10. Pitot-static traverses
were made at several stations inside and downstream of the diffuser, wall static pressures were
measured and the surface flow was examined with tufts. These tests indicated that the diffuser
performed acceptably. However, its walls were made entirely of double-curvature plates. Therefore,
in deference to future manufacturing difficulties, it was decided to modify the design to include large
areas of single-curvature and to increase the size of the fillets at the diffuser exit so that the
maximum angle through which the flow was required to turn was reduced from about 50° to 30°.
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The results for this third design were very similar to those of the second and showed a very even
distribution of dynamic pressure (and total head) downstream of the cooler for pipe-flow at inlet -
better in fact than for the case of square inlet flow. This data, a sample of which is presented in
Figure 11, indicated that the flow in the working section would be within the specified uniformity.
(Assuming that the velocity variations in the settling chamber downstream of the cooler remain
quantitatively the same whilst the velocity increases through the contraction, the maximum
permissible percentage variation in the settling chamber will be approximately C? times larger than
that in the test section, where C is the contraction ratio. For a contraction ratio of 7.64 and an
allowable dynamic pressure variation of +0.1%, the maximum variation in velocity in the settling
chamber downstream of the cooler is approximately £6%.)

In order to reduce the manufacturing difficulties even more, the remaining areas of double-curvature
were transformed into a series of single curvature sections by utilising the surfaces of truncated
cones. The resulting geometry and developed surfaces are shown in Figure 12. At the same time, the
height of the settling chamber was reduced by about 2ft to suit the maximum length of continuous
cooler tube which could be supplied. The attendant flattening of the roof and floor of the diffuser is
clearly visible in Figure 3.

4.2 Design of the settling chamber and screen positions

The settlin% chamber is 15ft long and contains two smoothing screens. Following the work of
Bradshaw,'* screens with a 1.5q pressure drop were selected in preference to the theoretically
optimum value of 2q. In the original layout, shown in Figure 13, the second screen was placed at the
exit of the settling chamber (i.e. at the start of the contraction), with the first screen 6ft further
upstream. This left 8ft between the downstream side of the 1ft-wide cooler and the first screen. The
rapid diffuser described above was then tested in combination with this arrangement of smoothing
screens, contraction, and working section; the cooler being represented by a 2q screen with the
addition of a honeycomb. The results indicated a total head distribution in the working section which
was 2% lower in the centre than at the sides. It was quickly realised that this “dishing” was caused by
the proximity of the final smoothing screen to the contraction - the flow on the centre-line starts to
accelerate before the flow near the walls. Therefore, tests were undertaken with additional lengths of
settling chamber inserted downstream of the second screen.

Figure 14 shows that the settling chamber would need to have been extended by 12ft in order to
produce a total head variation of +0.1%. For the reasons outlined below, this was not an acceptable
solution for the real tunnel. However, by reducing the gap between the screens to 1ft and re-
positioning the first screen, it seemed possible to increase the distance between the second screen and
the contraction to 6ft. With this spacing, a second investigation was conducted in which the total
pressure drop of the two screens was varied - producing the results shown in Figure 15. From this
figure it is clear from the results at Aq=0 that the exit flow from the cooler had a total head
distribution which was high in the centre. This was to be expected since the flow at the edges of the
cooler had to turn through about 50° as it passed through the cooler into the settling chamber. Thus,
the variation in the total head distribution entering the working section could be controlled by
arranging the “dishing” from the screens to counteract the distribution imposed by the cooler. The
results in Figure 15 show that the desired variation of = 0.1% could be achieved by reducing the total
screen pressure drop from 3.0q to 2.4q and accepting the small consequent increase in the turbulence
level. Later, further re-design increased the distance between the second screen and the contraction to
7.5ft and the total pressure drop across the screens was reduced to 2.2q. The final configuration is
compared with the initial one in Figure 13.

It is quite clear from the above that the quality of the flow in the working section is largely
determined by the constraint on the length of the settling chamber. This was determined by an early
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decision on the length of the working section leg of the tunnel, driven by the need to constrain the
constructional costs. This experience therefore provides a cautionary tale for the design of future
tunnels: the overall length of the tunnel should be sufficient to allow a settling chamber of adequate
length. It also points to the importance of model tests, since it is unlikely, for the foreseeable future,
that CFD methods will be capable of successfully balancing the total head variations coming from
the cooler and the screens. Figure 26 demonstrates that the solution derived from the model tests has
been successful in the real tunnel.

4.3 Design of the contraction shape

An axi-symmetric contraction was designed by the method described by Cohen and Ritchie'® to have
a contraction ratio of 7.64. This was then transformed, by the method described below, into an
octagonal section contraction with the required dimensions.

43.1 Axi-symmetric design

Cohen and Ritchie propose to solve the axi-symmetric incompressible irrotational flow equation

QZ%+Q%Q-1@=0 (1
Ox o’ ror

for a specified axial velocity distribution on the centre line, and then to use any streamline of this
flow as a candidate contraction shape. They note that the simplest solution to (1), representing a
uniform cylindrical flow, is

y=05Ur ()
and suggest that this can be generalised to give:

Y =" fp ). " 3)

If this relation is substituted in (1) and coefficients of *™ are equated, the following recurrence
relationship is obtained:

2m 2m+2) £y (x) = - £, (x) form>0 4)
Thus, a complete solution to (3) can be generated in terms of an arbitrary function fj(x) and its
successive differentials of even order. The function fj(x), which prescribes the axial velocity
distribution along the centreline, needs to satisfy the following criteria:

1. as x— + o, 2 f; (x) — Contraction ratio, C

2. asx—>-0,2f(x)—> 1

3. asx—> oo, £, (x) >0
Cohen and Ritchie suggest that a suitable function satisfying these requirements is:

(Wm0 =2 f; (x) = A + b, tanh (k; x) + b, exp (-k, X)) (5)

Within this equation, the parameters “A” and “b,” are not entirely independent as they are both
linked to the contraction ratio, C, thus:

A=05(C+1) b, =0.5(C-1) (6)
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The independent parameters are k;, k, and b,. These can be chosen to produce a suitable shape and
acceptable pressure gradients on the walls. Cohen and Ritchie found the best values to be

k] =0.707 b2 =0.8 k2 =0.3 (7)

but they limited themselves to 5 terms in the series (3) and experienced convergence problems with
the shorter contraction shapes - which of course was the mam mterest here. For this reason, a new
computer program was written, using Hosenthien’s method'* for the derivation of high order
derivatives of “tanh(x)”. This program was able to utilise up to 32 terms of the series, if necessary, to
obtain convergence, and produced a solution for the radius of the contraction by iteration. It was run
with 30 different combinations of values of the three independent parameters in the ranges given
below:

09>k, >0.6 04>b,>0.15 0.8>k,>-02

The non-dimensional length, L/D, of the contractions produced is plotted against k; in Figure 16. The
parameters yielding the shortest contraction in this study were:

k] =0.8 b2 =04 k2 =0.2 (8)
Therefore, the contraction was generated from the initial function:

26,(x) = (C + 1)/2 + (C - 1)/2. tanh (0.8x) + 0.4 exp(-0.2x") ©)

4.3.2 Octagonal section design

Although the axi-symmetrical design selected produced the shortest contraction this still had an
equivalent length of just over 50ft whereas the required contraction length was a little under 44.5ft.
Thus, a first transform was used to reduce the axi-symmetric contraction length by 11%. A linear
transform was not used as this would have increased the adverse pressure gradients on the walls at
the entrance and exit of the contraction. A cosine transform was therefore constructed which reduced
the contraction length mostly over the centre region.

The transformation from the original streamwise ordinates, X;, was defined as:
-0.5(50.014 - 44.83) { 1 -cos (7 .x;/50.014) } (10)

A second transformation was then used to construct an octagonal section with an area equivalent to
that of the axi-symmetric design, that is

A(x) =ab - 2¢7 (1n

where A(x) is the area of the axi-symmetric design; “a” is the width, “b” the height, and “c” the fillet
side length of the octagonal section - see Table 1.

[ 1]

A linear relationship, using a dummy parameter “y”,
end conditions, i.e.

was constructed between a, b and c to satisfy the

a(y)=a,+(@ai-a)y b(y)=bot(bi-b)y and cy)=cot (ci-c)y (12)
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The area B(y) is then given by:

B(y) = a(y) b(y) - 2 [e(y)]’

We require A(x) = B(y). Hence for a given A(x) from the axi-symmetric design we have

AX) =a(y) by) - 2 [e(y)] ® )
= [a, + () - 2,)y] [bo+ (b; - bo)y] - 2 [co + (c1 - Co)y]

i.e. a quadratic equation for y. From the resulting solution, a(y), b(y) and c(y) can be found using
Equations (12).

The dimensions of the contraction so generated are listed in Table 1. Figure 17 compares the wall
shapes of the octagonal, and circular axi-symmetric, contractions and Figure 18 gives the pressure
distributions on the walls and a fillet. It may be seen that there were no adverse pressure gradients on
the walls. In view of this it seems probable that an even shorter contraction with acceptable pressure
gradients on the walls could be generated by a modern CFD-based design method using constrained
optimisation."

4.4 Design of the corner vanes

The design of the corner vanes in the 5m tunnel follows, almost exactly, that of the vanes used
successfully in the DRA 8ft High Speed Tunnel, and supported by the investigations of Dimmock.'®
Dimmock’s results are sufficiently interesting to justify reviewing here. Viewed as an infinite
cascade, it is difficult to imagine why the vanes should be spaced in any way other than equally.
However, Dimmock’s results (and a little thought) reveal that the finite extent of the cascade has a
major effect on the flow through it. Figure 19 shows that it requires few vanes to produce turning
with low loss on the outside of the corner, but that it requires considerably more vanes to achieve
low-loss turning on the inside of the corner. The concept of turning vanes whose separation increases
as an arithmetic progression from inside to outside is consistent with this observation.

Dimmock’s results show that vanes of a parabolic camber shape have significant advantages over
circular arc vanes. Despite this, experience with the 8ft tunnel indicated that circular arc vanes would
give an acceptable flow uniformity and would be considerably easier to manufacture. Hence 90°
circular-arc vanes with straight trailing-edges were chosen, set with the leading- and trailing-edges
aligned with the axes of the tunnel. The final design is shown in Figure 20.

In order to perform a convincing test on the performance of the corner design, it is important to
provide a representative inlet flow. It was found to be difficult to do this for an isolated corner, so the
tests were done by attaching the corner to the outlet of the first diffuser on the model of the complete
working section leg - rapid diffuser, settling chamber and screens, contraction, working section and
first diffuser.

The measurements consisted of static pressures on the walls upstream and downstream of the corner,
and total head rakes placed at the “inlet” and “exit” planes defined in Figure 20. The rakes also
included static probes which, although not providing a detailed exploration of static pressure, did
indicate sensibly constant static pressures across the measuring planes. The total head readings could
thus be converted conveniently into velocities. More detailed measurements of total head were made
downstream of the corner, towards the inside, with a small boundary layer probe. Although no
measurements of the flow angles were made, brief explorations with a yaw-meter showed only small
angles (<5°) relative to the axial direction and so the readings of the total head rakes can be
considered as the maximum values.
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Figure 21 compares the velocity contours at the inlet with those recorded at the exit plane. These
show two main features. Firstly there is a noticeable re-distribution of velocity downstream of the
corner. Secondly the worst velocity distribution occurs between +45° from the inside - reflecting both
the difficulty of guiding the flow round the inside of the corner noted previously, but also the
inelegant junctions between the vanes and the elliptic corner ring. Even here, though, there is not the
loss in total head which others'® have found. It is possible that secondary flows occurring near the
ends of the vanes are responsible for this re-energisation of the flow.

4.5 Design of the main drive, fan and pre-rotation vanes

The balancing arguments between a fixed pitch, variable speed fan, and a variable pitch, constant-
speed fan are set out in Section 5.3. For the Sm tunnel, its designers came to the opposite conclusion
to those at ONERA, and the 5m tunnel has a fixed pitch fan. The speed control is achieved by:

a) an a.c. motor controlled by a liquid rheostat,
b) a d.c. motor for fine control, which can add to or subtract from the power of the a.c. motor.

The power requirements and capabilities are set out in Figure 22.

The fan and pre-rotation vanes were designed according to the method described by Mair.'® In this
method, the fan and the pre- and post-rotation vanes are treated as infinite cascades so that the effects
of trailing vorticity are ignored. Simple relations based on assumptions of uniform velocity and total
pressure rise through the fan are used to obtain preliminary estimates of the number of fan blades and
their chord. For the 5m tunnel, the following additional constraints were imposed:

1. the tunnel power factor with a high drag model was assumed to be A = 0.42

there was to be no increase of area (i.e. no diffusion) between the 2nd corner and the fan

the drive motor was to be inside the nacelle, thus fixing a minimum diameter for the

nacelle

4. the maximum tip Mach number was to be M = 0.50; since the outer diameter was fixed
by (2) & (3), the maximum fan speed was determined by this condition.

W

These preliminary assessments led to a fan design having:

Nacelle diameter =6.2m Fan blade chord =0.924m
Fan diameter =10.06 m No. of blades =10
Mach no. through fan =0.14 Max. fan speed =306 rpm

Design power factor = 0.408

Central to the method for the more detailed fan design is the “rotational interference factor”, a, such
that the angular velocity of the air at radius 7 is ©a at the fan (where o is the rotational speed of the
fan), and 2wa far downstream. The design condition for the pre-rotation vanes is then that they
introduce an angular velocity to the air of 20a, in the opposite direction to that of the fan rotation, so
that the velocity far downstream is axial. It then follows that the velocity of the air relative to the fan
blades is : '

W2 =u’ + 0 + a)2 where u = axial velocity of air approaching the fan
and it can then be shown that the increase in total head through the fan is given by:

AH(®F) = 2p0*a
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Model tests showed that static pressure was uniform across the plane just prior to the fan, but that the
axial velocity (and therefore the total head) varied approximately as shown in Figure 23. Values of a
were then calculated as a function of r so that total head was constant at the fan exit. These were then
used in the design of the fan and the pre-rotation vanes - as indicated above - so that the designs were
consistent with each other.

Following this, a more detailed design was carried out using more realistic assumptions about the
axial and circumferential velocities through the fan, and introducing the real lift and drag
characteristics of the aerofoils used for the pre-rotation vanes and the fan blades. However, this
detailed design process involved a degree of iteration and intuition: it is not appropriate to give a
more detailed description of the method here - Mair’s report18 should be consulted. However, to
show the kind of variations that are likely to be encountered in future designs, the initial and final
values of some of the key fan parameters are given in Table 2.

Despite this detailed design process, it was found during tests on a model of the pre-rotation vanes
that:

(a) there were significant areas of separated flow over the vanes;
(b) the required distribution of the angle of flow downstream was not achieved; and
© the fan would experience large variations of velocity as it rotated.

As a result it was decided to reduce the lift coefficient of sections towards the nacelle which
exhibited regions of separated flow towards their trailing edges. Also the number of vanes was
increased from 11 to 21 in order to even out the velocity variations between the vanes. The
magnitude of this increase in the number of pre-rotation vanes was also selected to minimise the
likelihood of fan-blade passing frequency resonance problems being encountered: 21 is one more
than twice the number of fan blades (as opposed to 11, which is one more than the number of fan
blades). These vanes were tested in a similar manner to the previous design and no areas of separated
flow were detected. Also the circumferential variations of velocity were found to be very much
smaller than previously.

4.6 Design of the nacelle and the outer passage

The design of a nacelle shape within an exterior duct severely taxed the capabilities of the designers
in the late 1960s, and they went through six design iterations before a suitable pair of shapes was
found. This was because they clearly wished to avoid significant adverse pressure gradients on either
the nacelle or the outer passage wall and also because modifications to the geometry of one imposed
significant changes in the pressure distribution on both. The initial nacelle design consisted of an
elliptical nose and a straight portion followed by a parabolic tail. The diameter of the nacelle was
determined by the diameter of the main drive motor which was to be housed in the nacelle. For this, a
set of possible outer passage shapes was generated by directing a high-pressure water-jet at a model
of the nacelle and measuring the shape of the outer, constant-pressure boundary of the perturbed jet:
the length of pipe through which this jet passed before emerging was altered until the correct total
head profile was obtained in the jet; the jet was aimed at both the nose and tail in order to get suitable
outer profiles over the complete nacelle; the jet shapes were photographed with and without the
nacelle model immersed in the jet; the resulting pictures were digitised and differences obtained.
Having obtained this data, a 1/15th scale model of the nacelle and passage was made and equipped
with pressure-plotting.

The pressure plotting data showed a suction peak and severe adverse pressure gradient on the nacelle
where the elliptic nose joined the parallel section. It was not possible to relieve these by manipulating
the shape of the outer passage without imposing unsuitable pressure gradients on the outer passage.
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As a result, the nose shape of the nacelle was made more blunt and the curvature change near the
maximum diameter was reduced. A new outer passage shape was also derived. Figure 24 shows the
pressure distribution on the nacelle and outer passage for the final design. Whilst this is acceptable,
there is little doubt that a better design could be achieved more rapidly with modern CFD-based
design methods.

4.7 Other design aspects involving aerodynamics

The design of the cooler and the stressing of the pressure shell depend not only on the heat input from
the power expended in the motor, but also to a significant extent on that input from the surrounding
air and solar radiation. The area of tunnel surface exposed to solar radiation was estimated by
photographing a model of the tunnel from a set of typical sun elevations and measuring the area of
the tunnel shown on each photograph. These were then combined with estimated inputs from the
surrounding air/wind and from the power input from the motor to give:-

a) estimates of the heat load to be removed by the cooler and
b) estimates of the longitudinal and circumferential temperature distributions for stress

analysis.

Over-pressure in the working section due to an emergency shutdown of the fan is a design case for
the breather slots at the aft end of the working section. The build-up in pressure is influenced by the
volume into which the air is discharged through the breather slots - in this case the volume of the
inner sphere. This volume is sufficient for the over-pressure to be accommodated without needing
special strengthening of the working section walls.

A massive rupture of the pressure shell would cause significant damage to surrounding buildings
purely due to the blast wave produced. However, there is also the probability of damage due to flying
debris from pieces of the ruptured pressure shell. Estimates suggested that the maximum range of
30cm diameter pieces of pressure shell, 3cm thick, was in the region of 400m. As can be imagined,
this raised some interesting obstacles that had to be negotiated during commissioning.

4.8 Aerodynamic performance of the tunnel

The final design, from the rapid diffuser through to the first corner, was implemented on the 1/15th
scale model tunnel and the working section flow explored. The resulting velocity and total head
variations are shown in Figure 25. On this basis the design was approved as meeting the
requirements.

For the actual tunnel, a typical distribution of dynamic pressure in a cross-section of the working
section at the centre of rotation of a model is shown in Figure 26. These results indicate that
throughout a rectangular vertical plane of approximately 3.2mx2.0m, encompassing the central
portion of the test section, the dynamic pressure varies from -0.16% to 0.06% of the value at the
centreline, i.e. the variation is within +0.1% of the mean value. The streamwise variations in dynamic
pressure lie within similar bounds throughout the tunnel’s operating envelope. The pitch of the mean
flow, as judged by the integrated effect on a 1/13th scale model of an Airbus A300 sting-mounted
upright and inverted on the tunnel centreline, is also very low. Routinely checked at the same time as
the twice-yearly velocity calibrations, typical values of the resulting pitch correction are shown
below.
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REYNOLDS NUMBER PITCH CORRECTION
6.45x 10 -0.004°
5.00x10° -0.002°
235x10° -0.003°

Measurements of the turbulence have been made using a DISA miniature ‘X’-probe hot wire. The
results for longitudinal and lateral turbulence are shown in Figure 27. These exhibit the roughly 2:1
ratio between lateral and longitudinal turbulence that is characteristic of many tunnels and
demonstrate that the desired levels have been achieved. The figure also shows that the turbulence
intensity is essentially independent of Mach number at a given Reynolds number and that it varies
only very mildly with Reynolds number. Thus, tests in this tunnel should be free of any spurious
scale and Mach number effects arising from changes in flow quality with increasing pressurisation.
The variation of turbulence intensity across the working section in Figure 28 still shows some
evidence of the problems with the flow through the cooler but the average intensity is essentially
constant across the span of a typical model.

Perspectives on the repeatability of the test data are presented in Figures 29 and 30. Figure 29 shows
the typical repeatability of the velocity calibration, indicating an uncertainty in the region of +0.15%.
Figure 30 shows that the repeatability between tests on the mechanical balance is better than 0.008 on
the lift coefficient, C;.

5 GENERAL DESIGN OF THE ONERA F1 TUNNEL

The general drawing of Figure 31 shows the main parts of the F1 facility.7’19 The air circuit is
adjacent to the main building, a 300m” reservoir for pressurisation of the tunnel, the fan drive and the
atmospheric cooling towers. Two other buildings house the compressors and the high pressure
reservoir.

The pressure shell is mostly made of pre-stressed concrete, with the exception of the cart constituting
part of the test section, the fan envelope and the two conical bulkheads supporting the gate valves on
each side of the test section. The concrete also acts as the aerodynamic surface, except for the
contraction, the test section, half of the first diffuser and some liners which cover space devoted to
the (external) mechanical fixations of elements in the flow, such as honeycomb, screens, the cooler
and corner vanes.

5.1 The tunnel circuit

The aerodynamic circuit is of conventional closed-return design, with 72m and 18m between the axes
and the four right-angled corners. Perpendicular to these axes, the cross-sections are circular, linked
to the rectangular test section by the contraction and the upwind part of the first diffuser, where shape
transformations occur.

The first diffuser has a mean total angle of 5°, with a maximum of 6° in the vertical plane at the test
section outlet due to the width of test section (4.5m) being larger than its height (3.5m). The surface
is made up of four triangles and four quarters of a cone in the upstream metallic part and a truncated
cone in the downstream concrete part. Corners 1 and 2 are of the same size, so that the first cross-leg
is cylindrical; it has a catchnet for fan protection and contains the air inlet for pressurisation. The
variable pitch fan is located after the second corner. A small contraction takes place between the end
of Corner 2 and the plane of the fan in order to reduce flow distortion.




4-15

The second diffuser is conical with a total angle of 6.1°. The cooler uses the same type of elliptical
finned tubes as the DRA 5m, but with 3 rows. It is located between the end of the diffuser and Corner
3. It provides losses at the end of the diffuser and gives a distance before the settling chamber large
enough for a primary reduction of the turbulence generated by the tubes.

The cross-section is constant through Corner 3, Corner 4 and the settling chamber, which is equipped
with a honeycomb and three fine screens. The shape of the channel is transformed from circular to
rectangular within the contraction. For simplicity of construction, this is made of single curvature
surfaces - one cone and four cylinders, as shown in Figure 32. The contraction ratio was limited to
7.2 owing to cost constraints.

5.2 Pre-stressed concrete shell

At the end of the first studies to provide an estimate of the tunnel cost, it was suggested that pre-
stressed concrete should be considered as a material for the pressure shell. Experience was already
available in France from the design of confinement enclosures for nuclear power plants. This kind of
construction for the wind tunnel shell appeared to be much more economic than steel construction.
The air tightness was sufficient not to require any metallic membrane inside the concrete and the
casting process of developable surfaces in plywood moulds was able to give the shape within the
required accuracy. Obviously, many steel parts had to be matched with the concrete to get a closed
surface, including the fan envelope, the bulkheads and all the access holes for people, the fan shaft,
pipes, wires and various internal features to be incorporated during construction.

The concrete structure, called “the tube”, is a ring, the pressure end effects at the fan and the
gatevalves being transmitted by horizontal beams. After the first calculations to choose the main
dimensions, a finite element code was used to check the stresses and deformations under pre-
stressing loads, pressure and thermal loads, for which the structure is statically indeterminate. With
320 iso-parametric volume elements and 2320 nodes, it reached the limits of one of the largest
computers available in 1974. “Pre-stressing” is done in fact after the curing of the concrete, but
before removal of the scaffolding supporting the formwork and the weight of concrete during
construction, Figure 33, by putting under tension two sets of longitudinal and transverse cables
(Figures 34 and 35). For gravity loads, the system is designed to be nearly statically determinate.
Vertically, the 11000-ton structure is supported on 4000 tons of foundation. The foundations consist
of three main blocks (under the working section, the Corner 2/drive area and the cooler/Corner 3
area) and four secondary blocks (under Corner 1, Corner 4 and the two diffusers). The main blocks
carry most of the weight and apply a 2bar pressure on the ground. The pressure under the secondary
blocks is twice this value to ensure that they follow any sinking of the main blocks. When the weight
of the shell was first applied to the foundations (on removing the scaffolding), the secondary blocks
sunk a little more than the main blocks. However, at Corner 1 and under the second diffuser, the
secondary blocks are completed by elastic supports which are designed to supply a constant support
load. This load is checked periodically with a hydraulic jack. Horizontally, “the tube” is fixed to the
ground under the test section and guided under the first diffuser; everywhere else it is free to move on
rubber supports.

The horizontal displacements between the tube and foundations associated with temperature, pressure
and time have been measured. The separate effects are shown in Figure 36: in more than 20 years, the
mean shrinkage due to the action of concrete creep under the pre-stressing loads is 300pm/m and the
test leg axis has stayed straight within 2mm on 72m. Aerodynamically speaking, these deformations
are negligible, the waviness is inside the tolerances and the surface is aerodynamically smooth. A
thin epoxy coating, finished with paint, was used to get a good surface finish, and keep the airflow
free of dust.




4-16
5.3 Drive

During the design, some major fan manufacturers were consulted. They offered either a fan with
fixed blades and variable speed d.c. motor, or variable pitch blades with constant speed a.c. motor.
The final choice was in favour of the latter system because:

- the speed is higher at maximum pressure, the limit of the domain being defined by :-

pV? ~ constant (proportional to maximum power) for a constant speed fan,

pV? ~ constant (proportional to maximum torque) for a variable speed fan.
- the response time of the blade pitch actuator is fast for control purposes, with the capability
of a full stroke in 30s.

These arguments were balanced against:

- a lower efficiency at low air speed, and
- a less uniform speed profile at the entrance of the diffuser.

The residual rotation behind the fan was measured by the manufacturer on a model, and considered
as small enough to be cancelled by the cooler and the honeycomb.

The drive system is shown on Figure 37. The 9500kW/1500r.p.m. a.c. motor is fed under 5.5kV from
the 63kV grid through a transformer which limits the starting current to an acceptable value. This
direct start lasts around 30 seconds. The motor, the gear reducing the speed and the bearing with
rotating seal are located on a platform horizontally linked to the concrete shell and resting on the
same foundation block as the fan, with the same kind of supports for horizontal displacements. The
mass of concrete acts as a horizontal foundation for the fan structure, with no fixed points on the
ground. The shaft goes through a short cylinder (not shown) delimiting a passage in the vanes of
Corner 2.

The fan has 14 straight vanes holding the bearing of the overhung wheel, with 16 cambered and
twisted blades, 1.8m long with a chord varying from 0.89m to 0.6m. Variations of camber, twist and
chord were calculated to give a constant circulation across the span at the design point. A 17-blade
straightener is located behind the wheel. The main dimensions (outer diameter 7.4m, inner diameter
3.8m) and speed (360r.p.m., producing a tip speed of 140m/s) were chosen from an existing family of
fans with operating diagrams: (pressure rise vs. flow rate) known from measurement on models or
actual fans. The final selection was done by matching these diagrams with the operating points
defined for the tunnel: 120m/s at 1bar, 70m/s at 4bar, with a loss factor, A, for the tunnel with model
equal to 0.49. (X is defined as the ratio of the pressure rise at the fan, Ap, to the dynamic pressure in
the test section, q.) This value is the sum of A = 0.42 for the empty tunnel and A = 0.07 for a large
model at high incidence. The former value was defined from estimates of different sources, including
tests performed on a small pressurised tunnel at CEAT (Centre d'Essais Aéronautiques de Toulouse).
These tests gave an estimate of the reduction of losses with increasing pressure, but this was kept as a
safety margin.

Fortunately the losses, measured by rakes of Pitot probes in front of the wheel and at the rear of the
downwind fairing, were smaller than forecast. For instance, the maximum value of A for the empty
test section was 0.33 (leaving a minimum margin of A = 0.16) - see Figure 38. For the commissioning
of the fan, it was necessary to add some losses to the empty tunnel. This was done initially using a
parachute mounted in the first diffuser, then by a disk of 1m diameter bolted on the quadrant
perpendicularly to the wind. The margin was used for tests on models larger or at a higher incidences
than forecast during the project (for example, a model of Rafale induced a AL = 0.11), and for an
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extension of the domain of the tunnel, tested in 1979 after the first year of operation. Now one can
reach 79m/s (M = 0.232) at 3.85bar, and 1.57bar at M = 0.36, as shown on Figure 8.

There were in fact two designs for the fan blades. For the first, the manufacturer had chosen to
extrapolate his usual design of cast aluminium, with cambered profiles having a relative thickness of
13% at the root but only 2% at the tip, in order to limit the centrifugal loads. During a commissioning
test in November 1976, the blades suddenly broke at 1.6bar and 20m/s. A thorough analysis was
undertaken, involving the manufacturer and nearly all the departments of ONERA. The conclusions
were that the failure was probably induced by the combination of several factors. The material had an
acceptable ultimate strength under normal circumstances, but this had been lowered by the casting of
pieces longer and thinner than usual. At low speed, the outer sections of the fan work at negative
incidences and the thin profile had a strong stall, inducing high fluctuating loads. Also a harmonic of
the rotation speed was not very far from a vibration mode of the wheel + blades system, in which the
blades participated strongly, leading to additional vibrations and stresses.

It was then decided to build a new set of blades, made of steel, with a skin welded on a frame
consisting of a longitudinal spar and transversal ribs. The thickness was increased to 16% at the root,
and 12% at the tip. Several finite element calculations, confirmed by vibration tests on the blades
alone, then on the complete fan at rest, predicted a better vibrational behaviour. The tests resumed in
1977 with careful monitoring of vibrations on the bearings and on the blades, one of which was
equipped with strain gauges. In 1984, a spare set of blades was purchased which embodied some
minor modifications deduced from the experience of SIMA wind tunnel at Modane test centre and
some more refined finite element calculations.

Tests with varying pressure produced some insight into the aerodynamic loads on the blades. For
example, the moment on the blades was deduced from the pressures measured in the axial hydraulic
jack, carried by the wheel, which is used to set the pitch of the blades with an accuracy and stability
of 2.5x10™ of the range. At lbar, the aerodynamic moment is small in comparison with the
mechanical moment due to centrifugal forces. However, at 4bar, this is no longer the case and the
original counterweights were not heavy enough to balance the moments: their weight was increased
after the first test at 4bar.

5.4 Access to the test section and exchange of models

The main objectives of the concept were high productivity and confidentiality. It is necessary to have
quick access to the test section for changes to models where many surfaces which move on the
aircraft, such as slats and flaps, cannot have actuators to move them on the model. The large size of
the tunnel produces times for pressurisation and de-pressurisation measured in hours - these are not
acceptable for high productivity. It was decided to isolate the test section from the rest of the tunnel
by two cylindrical gate valves (“the doors™), running through the beginning and the end of the test
section. When they are closed, they rest on conical bulkheads. When opened, the continuity of the
walls through the rectangular openings of the doors is provided by fixed wooden plates. The gaps
remaining between these plates, the fixed walls and the inflatable joints required to avoid air
recirculation through the plenum, were designed to have small dimensions (a few millimetres for
depth and width): they do not disturb the flow. The use of fixed wooden plates in this way replaces
the need for moving flaps. This feature of the design required precise machining of large
components, and careful mounting and hand-fitting of the wooden plates, all of which was achieved
within tight tolerances.

For model exchange, the system was designed to allow the complete preparation of a test before
entering the test section and to ensure confidentiality of the tests. The system consists of a cylindrical
cart, four interchangeable pallets and five closed preparation cells with protected access in the
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building. The cart carries the three fixed walls forming the upper part of the test section. The bottom
wall is a structural part of a pallet. The cart can move on rails perpendicular to the wind axis. In the
test position, the cart is locked on a concrete beam of the circuit and sealed to the flanges of the
bulkheads by inflatable joints. When the cart is in front of a preparation cell, the pallet can be
transferred as shown in Figure 39. Each pallet has a different model support and a complete data
acquisition unit, which allows runs for one test to be performed simultaneously with the preparation
for three others. In practice, this system allows up to ten runs per day to be made at maximum
pressure with manual change on the model between each run, and to change over from one test to the
other in less than half a day.

6 SOME AERODYNAMIC DETAILS OF THE ONERA F1 TUNNEL
6.1 Test leg

After the contraction shown in Figure 32, the working section walls are flat plates, 11m long. The top
and side walls are made of laminated wood with a plastic coating so that new windows can be easily
installed when necessary. The walls are supported by the cart shell and a steel frame, with the
capability to vary the divergence of the side walls. Pressure equilibrium is ensured by slots at the end
of the working section. The divergence was initially set from boundary layer calculations and later
slightly corrected to produce zero static pressure gradient down the working section. Figure 40 shows
the static pressure distribution measured by an axial probe along the working section centre line; this
does not vary with pressure. Figure 41 shows that the values of noise and turbulence in the F1 tunnel
are slightly influenced by Mach number but, in common with the 5m tunnel, are unaffected by
pressure. These measurements were made by Bruel & Kjaer microphones and hot wires.

Figure 42 presents the values of transition Reynolds number obtained in the F1 tunnel on a 10° cone,
1.40m long, mounted on the quadrant in the middle of the working section. Transition was detected
by several means, all of which produced closely similar results:

a) the longitudinal variation of surface temperature detected by an infra-red camera

b) the increase in the r.m.s. value of the voltage on a hot-film produced by the increase in
local velocity that occurs as the transition front crosses the film

¢) the sublimation of acenapthene

The transition Reynolds number is seen to be essentially independent of the tunnel pressure.

Typical values of boundary layer thickness on the walls are 80mm at the start of the working section
and 100mm in the middle. These values decrease slightly with increasing Reynolds number. After the
working section there is a further increase in the first diffuser. Figure 43 gives the Mach number
profiles at the end of the working section, at the joint between the metallic and concrete parts, and in
front of Corner 1. The total head loss associated with the wall boundary layers is about 1/3rd of the
total losses in the tunnel.

6.2 Corner vanes

A study of two-dimensional cascades was performed in 1971-72 by the Aerodynamic Department of
ONERA, in order to determine profiles with specific constraints:-

a) turning angle of 90° b) limitation of peak suction
¢) small gradients to avoid flow separation d) low losses
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A computer version of the “hodograph” method of Legendre20 was used to give the shape of the
section and the pitch of the cascade corresponding to the input parameters:-

a) Mach number at the entry to the cascade
b) angle of the velocity vector to the plane of the cascade
¢) the required turning angle

The parameters of the conformal transformation in the method were varied in order to achieve the
desired characteristics.

The pressure distributions produced were used in boundary layer calculations (laminar and turbulent)
with the available criteria for transition and separation. The method gave “thick profiles”, as shown
in Figure 44, with a chord/pitch ratio near 2, varying slightly with Reynolds number. These profiles
have been used in F1 for Corners 1 & 2, and later in other ONERA wind tunnels. The large bending
stiffness provided by the thickness avoided the need for any splitter plates to support the vanes. Some
limited measurements made during commissioning are shown in Figure 45. Although not very
accurate they do provide some confirmation of the study. For Corners 3 & 4, thin profiles were used
for economic reasons. Initially these showed large amplitudes of vibration at the leading-edge
necessitating reinforcement by steel sheet which also allowed the nose radius to be increased.

6.3 Second diffuser and cooler

The cooler is an assembly of rectangular bundles of various lengths and widths. It has an outside
diameter of 13.6m, for a useful diameter of 12m. It is fitted in an annular groove in the concrete shell,
with a liner downwind, but nothing upwind: a vortex flow develops in the cavity, which contributes
to flow attachment at the end of the second diffuser. This groove is also a very good collector of dust
after maintenance works in the circuit. The fairing of the water pipes, along the horizontal diameter,
provided a support for Pitot tubes for total pressure measurement. :

Pressure distributions in front of the cooler and behind it at the entrance to Corner 4, are plotted in
Figure 46, showing the effect of the total head losses through the cooler. The water connections to the
tubes in the cooler are such that water is admitted along the horizontal diameter of the tunnel. It is
then dispersed vertically, upwards and downwards, to the outer edge of the section in half of the
tubes and returned to the horizontal diameter in the other half, before being transported out of the
tunnel. The mean temperature of the tubes is virtually constant, providing a temperature in the test
section that is uniform within +0.5K.

7 AERODYNAMIC RESULTS ON AIRCRAFT MODELS

As the purpose of these tunnels was to provide high Reynolds numbers, it is worthwhile to show that
their design met the objectives by a brief presentation of results obtained in both tunnels.

In 1919, Gustave Eiffel’’ wrote “it seemed to me that one cannot always extend to flight speeds the
conclusions of a test at low speed”. At that time, he had already tried to build-a tunnel of sufficient
size and speed, knowing experimentally from tests on spheres the risks of extrapolation. A
confirmation of his statement is given by the studies of maximum lift coefficient vs. Mach and
Reynolds number given in Figure 47 for an Airbus A300 model (scale 1/16th) in the ONERA F1
tunnel and in Figure 48 for a BAe Hawk (scale 0.3) in the DRA 5m. tunnel. These examples show
that increasing Reynolds number with Mach number held constant, leads to an increase in maximum
lift, whereas increasing Mach number at constant Reynolds number gives the opposite result.
Moreover the effects are non linear. These results demonstrate the impossibility of the transposition
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to flight scale of measurements from a model in an atmospheric tunnel, where Reynolds number
variation is concomitant with Mach number variation.

Many tests have been performed m the ONERA F1 tunnel on air intakes. A special support allows
angles of attack from 0° to 90°.** The internal flow is driven by the pressure difference between
tunnel and atmosphere. Mass flow is measured in the exhaust pipe and, even at its maximum value of
75kg/s, the test duration is short enough so that total pressure variation is negligible. First tests on a
1/6th scale model exhibited an almost linear variation, with Reynolds number, of the angle of the
flow separation which occurs at high incidence on the leeward lip of the intake (Figure 49). With a
1/3rd scale model, it appeared that, at high Reynolds number, a constant angle was reached, equal to
the one in flight.

The research programme in the DRA 5m tunnel has been concerned over many years with identifying
situations where unexpected scale effects can occur. Several mechanisms which can result in the
reduction of maximum lift with increasing Reynolds number have been identified by Woodward et
al.,” and feature strongly in a recent AGARDograph * Another aspect of these studies is the scale
effect on the lateral characteristics of alrcraft on which there is very little published data. This is
surprising since Peckham and Woodward® found large effects on the rolling moment due to sideslip
of a 53° sweep canard-delta (Figure 50), which could produce a very dangerous situation if the
aileron power were to be determined on the basis of low Reynolds number tests.

Last but not least, a proof of the overall quality of tests in both tunnels is given by the comparison of
results in the two tunnels of the same model of an Airbus A300, mounted on an identical three-strut
support. This comparison26 was performed within a framework of the Anglo-French Aeronautical
Research Program (AFARP) at the request of Airbus Industrie. Initial comparisons had shown
discrepancies on the lift coefficient (Figure 51). This led to a considerable effort from the teams of
the two organisations to improve the correction methods applied for flow distortion due to wall and
strut effects. The comparison of the finally corrected data (Figure 52) demonstrates that this effort
was worthwhile.

8 CONCLUDING REMARKS

This paper has described the aerodynamic and structural design of two pressurised low-speed tunnels
designed to address the same aerodynamic problems and to meet similar technical specifications. In
spite of this, it is clear that the two tunnels differ significantly in their detailed design - quite different
choices having been made for:

a) construction material

b) method of rapid access to the model when the tunnel is pressurised
¢) main drive and fan design

d) maximum pressure and working section size

e) working section layout

f) contraction design

g) diffuser angles

h) corner vane design

Although these tunnels were designed 25 years ago, when CFD methods were unable to make any
significant contribution to the design processes, the empirical and experimental methods used instead
have produced a good quality flow in each. Furthermore, the design concepts used still have
relevance today and have been employed to improve the performance of older facilities.””®
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Both tunnels have made significant contributions to the low-speed performance and handling of most
of the modern civil transport aircraft from both sides of the Atlantic, and will continue to be an
indispensable part of the spectrum of test facilities available to designers of subsonic and
supersonic29 aircraft - both civil and military - for the foreseeable future.
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Table 1 Co-ordinates of the contraction in the DRA 5m tunnel
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Non-dimensional Inflow Factors Lift Coefficients Thrust Gradings Torque Gradings Blade
Radius (Ratios to the value at the centre) Angle
(r-Ri/Ro-Ri) (a1 (@)2 CL1 CL2 tic CcD (dT/dR)1 (dT/dR)2 (dQ/dR)1 (dQ/dR)2 (deg)
0.00 0.1151 0.1200 0.7745 0.7277 0.1952 0.0170 1.0000 1.0000 1.0000 1.0000 23.37
0.13 0.0994 0.1028 0.7421 0.6919 0.1733 0.0130 1.0791 1.0843 1.0825 1.0755 21.90
0.29 0.0846 0.0873 0.7063 0.6519 0.1529 0.0110 1.1764 1.1854 1.1801 1.1700 20.51
0.45 0.0730 0.0753 0.6735 0.6147 0.1368 0.0100 1.2767 1.3067 1.2771 1.2666 19.18
0.61 0.0674 0.0699 0.6829 0.6159 0.1238 0.0100 1.4654 1.4867 1.3520 1.3486 17.20
0.76 0.0623 0.0645 0.6868 0.6113 0.1130 0.0090 1.6579 1.6826 1.3988 1.3977 15.29
0.92 0.0576 0.0600 0.6858 0.6016 0.1040 0.0080 1.8519 1.8830 1.4144 1.4223 13.48
1.00 0.0554 0.0580 0.6838 0.5951 0.1000 0.0090 1.9491 1.9833 1.4100 1.4239 12.61
Ri = Inner Radius Chord = 0.924m Suffix 1 = Initial Value Suffix 2 = Final Value

Ro= Outer Radius

a) Fan blades
Non-dimensional Blade
Radius Chord Angle
(r-Ri/Ro-Ri) (m) (deg)
0.00 1.059 7225
0.13 1.125 73.01
0.29 1.209 73.74
0.45 1.305 73.99
0.61 1.425 73.46
0.76 1.573 72.33
0.92 1.733 71.06
1.00 1.817 70.38

b) Pre-rotation vanes

Table 2 Details of fan and pre-rotation vane design
for the DRA 5m tunnel




a) DRA 5m tunnel

b) ONERA FI tunnel

Figure 1 External views of the two low-speed pressurised wind tunnels
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1 Working section 5.0m Horizontal x 4.2m Vertical
2 Working section pressure doors
3 Direct viewing tube

4 Model access tube

5 Observation room

6 Data room

7 Turntable

8 Model cart

9 Rigging bays

10 Lift
11 Loading Bay

12 Screens

13 Cooler

14 Cooling Tower

15 Auxiliary Plant Room
16 DC Main Drive Motor
17 AC Main Drive Motor
18 Fan

Figure 2 Cutaway drawing of the DRA 5m tunnel

Figure 3 Cooler and rapid diffuser
in the DRA 5Sm tunnel
(Item 13 on Figure 2)

Figure 4 Fan and nacelle
in the DRA 5m tunnel
(Item 18 on Figure 2)




Bridging
panels

Model access tube

Inner sphere

provsmi
Airflow

Outer sphere

Pressure doors parked

a Tunnel in running configuration
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moved to provide
Pressure doors
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b Tunnel in configuration for model change
Figure 5 Schematic drawing of the

operation of the model access systeimn
in the DRA S5m tunnel

space for pressure
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Figure 6 Working section rotated and cart
emerging from access tube in the DRA 5m tunnel
(Items 4 +8 on Figure 2)

Figure 7 Rigging bay area with sting cart parked
outside the DRA Sm tunnel
(Items 7.8 +9 on Figure 2)
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Figure 11 Total pressure distribution downstream of a model of the
rap