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(O r yaw) and roll . u8ed routinely in their 3 ft . 4 ft . and 16 ft transo nic . supersonic and supersonic Wifl dtunnels ’4 pair
of high-load (4000 11,). high angle-of-attack (45 ° ) forced oscillation mechanisms for roll and pitch (or yaw) is now under
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— Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence
posture;

— Improving the co-operation among member nations in aerospace research and development;
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field of aerospace research and development;

— Rendering scientific and technical assistance , as requested , to other NATO bodies and to member nations
in connection with research and development problems in the aerospace field;

— Providing assistance to member nations for the purpose of increasing their scientific and technica l potential;

— Recommending effective ways for the membe r nations to use their research and development capabilities
for the common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives fro m each membe r nation. The mission of AGARD is carried out through the Panels which are
composed of experts appointed by the Nationa l Delegates , the Consultant and Exchange Program and the Aerospace
Applications Studies Program. The results of AGARD work are reported to the member nations and the N ATO
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SUMMARY

This is the third in a series of reports on research related to windtunne l design and operation. The fi rst two were
written by MiniLaWs (AGARD AR-68 and AR-83). This report is written by the Windtunne l Test Techniques (TES)
Subcommittee of the AGARD Fluid Dynamics Panel. Current results and planned effort for 346 studies and research
investi gation s underway in nine countries are reviewed and commented upon in this report.

Part I describes the work of the TES Subcommittee and gives the rationale for the effort. Part 11 reviews the
research that is underway and gives comments and recommendations derived from that review. These comments and
recommendations are the principal contributions of the TES Subcommittee members. Part Ill summarizes the main
conclusions and recommendations. Part IV lists titles , investi gators’ names and locations for the research and studies
that are reviewed herein.

Four fields of work were given special treatment by the TES Subcommittee. In each of these four fields the TES
Subcommittee appointed two conveners , one from each side of the Atlantic. Through the auspices of AGARD , these
conveners brought together the foremost workers in each of the fields to discuss what needs to be done , how the work
should proceed and how it should be shared. Seventy-nine leading research workers from nine countries participated
in the work of the TES Subcommittee and made valuable contributions. Reports provided by the conveners are given
in Appendices 4 through~7. 
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The subcommittee i~ c.onvinced that resources devoted to research related to wind tunnel design and operation in
the NATO nations are barely adequate7This-repoH-slmw~ tha t low redundancy and high effectiveness is exhibited by
the program. As investigations discussed in this report come to fruition and the results are applied , there is an absolute
need for the resources thus reieased to be used for acquisition of additional improved windtunnel technology in order
to maximize the effectiveness of our limited resources. Needs for such advances and the possibilities for achieving the
further technology gains are developed in this report and technology gains requiring further research are specified in
Part I ll.

\

* TES - Technique d’Esuis en soufflerles, French equivalent of Windtunnel Testing Techniques.
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PART I

INTRODUCTION

This is the third in a series of reports on research related to windtunnels underway in the NATO nations. Brief
discussion s of the results cu rren tly being obtained from investigations on tunnel and model design concepts , test tech-
niques and instrumentation , and fluid dynamics related to windtunne l testing are included. Comments are made
regarding the adequacy of the efforts underway. Recommendations are made for further research method s of accom-
plishing needed work.

Reviews and evaluations of this nature to enhance the effectiveness of NATO technological efforts are considered to
he a continuing requirement. Present demands for more precise and more types of wind tunnel data by advanced aircraft
and weapon systems (AGARD-AR-60), major advances currently being made in instrume ntation , test techniques , and
tunnel design concepts (AGARD-CP I 74), and the necessity for win dtunne l  data for use in computational fluid dynamics
(AGARD VKI Confe rence of June 1976 , report pending) enhance the value of this particular review.

One of the me.~ns through which this report enhances the effectiveness of NATO wind tunnel research is by
providi ng a means through which everybody working in the field is informed about what everybody else is doing. The
reader may obtain additional information on any investig ation mentioned in this report by contacting the TES* member
i n his country . Information exchange has also been promoted by TES through the 1976 AGARD Symposium on Wind-
Tunnel Design and Testing Techniques and the 1977 AGARD Symposium on Laminar Turb ulent Transition which were
spawned by the work of the group. Add to this the cooperative study efforts , sta ndardized model suggestions , and
i nvestigative techniques generated by the work of TES and its worth to NATO comes into focus.

In addition to the review and evaluation efforts , TES has brought about active collabora tion between workers in
four selected f ields . I n eac h of th e four fi elds , TES selected t wo con ve ners , one from each side of the Atlantic. These
conveners brought together the fo remost workers to discuss what needs to be done and how the work should be done.
The four fields and respective conveners are :

( I )  Nuise measurements in ground based facilities. R.West ley. NAE and J.Wi lli ams . RAE.
(2) Model design and its imp licatio ns for the opera tion of pressu rized windtunne l s.  S.A.Griffi n , GD-Convair and

J. Brocard , SESSIA.
(3) Design of transonic working sections. T.W.B inion , Jr., AEDC and J.P.Cheval lier , ONERA.
(4) Transi tion in boundary layers. E.Reshotko , Case Institute and E.H.Hirsche l , DFVLR.

The conveners’ reports and recommendations are give n in Appendices 4 through 7. Names of the experts that
worked with the conveners are given in Appendix 3. Activities of the conveners have been extremely useful and produc-
tive a nd continued informal contacts between specialists initially brought together throug h this work is encouraged.

Titles of the investigations include d in the program of work discussed in this report are given in Part IV together
with thei r locations and the name of the associated princi pal i nvestigator. Three hundre d and forty-six investigations are
reported herein compared to 308 in AR-83. Sixteen investigations were completed since the last report and there are
fifty-four new inclusions. Current results , publishe d reports , and planne d effor t for each investigation were obtained by
i nquiry of industry , u niversi ties , and establishments in nine countries made by the members of TES during the spring of
1976 . Discussions of the research and comments on the recommendations from review of the research are given in Part
II of this report.

Formulation of the discussion , comments , and recommendations under the sø’veral headings of Part II was shared
out among the members. However , all content has been reviewed and reworked l~, all members so that the report
represents the collective views of the committee. Dates and places of the meetings held by the subcommittee are give n
in Appendix 2. Main conclusions and recommendations are summarized in Part I ll .

• Techniques d’Essa is en souffleries Windlunnel Test ing Techniques Subcommittee. Names of the members of TES and their coworkers
are given in Appendix I - 
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PART II

COMMENTS ON CURRENT WORK

I .  WINDTUNNEL DESIGN AND OPERATION

Design. As a consequence of current requirements for new facilities operating in the low-speed and transonic
regimes, studies continue to be concerned predominantl y with these speed ranges. Notable advance s are being made in
the construction programmes of large low-speed European tunne ls. The RAE (Farnborough) S m tunne l( 10.3) 9 and the
ONERA F I tunnel ( I  Ø~7)I * * have been pressure tested successfully; commissioning of both is scheduled to commence
late in 1976 with model tests starting during 1977 . Both tunnels use interchangeable model carts and can be depres-
sur i zed locally at the working section.

Two proposed large atmospheric-pressure low-speed tunnels , the DFVLR GUK (10.9) and the NLR LST 8 m x 6 m
( 1 0. 1 ), have now been merged into a single project known as the German-Dutch Windtunne l (DNW)(l0.29) .  The tunnel
w ill be sited at the North-East Polder where construction has now commenced; it will have interchangeable test sections
9.5 m x  9.5 m, 8 m x  6 m (closed and open jet) and 6 m x  6 m, and should be completed late in 1979.

After a ‘cost versus ca pabi l i ty ’ exercise ARC are now finalising the design of the modified 40 ft x 80 ft low speed
tunnel (1 0.24).2 The power of the drive system is to be raised to increase the maximum speed from 200 to 300 knots in
the 40 ft x 80 ft test section and to furnish 110 knot maximum speed in a new 80 ft x 120 ft test section. A new fan
with a low tip speed is bei ng designed to pass on the extra power without degrading the noise level.

Experimental effort on transonic tunne ls continues at ONERA (Toulouse) on the injector-driven tunnels T2 and T’2
(10.8),~’~ at RAE (Bedford) on the pilot Evans clean tunnel (~iECT)(l0.2) , 5 and at DFVLR on the Ludwieg tube ;6 the
flow q uality achieva ble with these drive systems is currently being assessed in the context of the requirements of the
proposed European transonic tunnel. The plan to build a larger ECT at Bedford has been cancelled on cost grounds . and
t he st u dies n the ~zECT will be concluded for the present with the validation of some further improvements in the wave
cancellation processes. Work on the pilot Ludwieg tube at AEDC has been terminated with the cancellation of the HIRT
project.

Operation of the ONERA injector-d riven tunnel T2 ( 10.8) was temporarily halted owing to structural problems but
t his facility was scheduled to be in commission again by the Autumn of 1976; a mass ratio of about 8 with a pressure
ratio of 3.5 has been achieve d at a test section Mach number of 0.9 . A new test section with self-adjusting walls will be
built in 1977. Injector performance studies continue at NASA Ames ( 10. 14) ’ where mass ratios of 10 have been
achieved at a test section Mach number of 1.0, with a pressure ratio of about 6. Further results are expected from tests
using a square porous working section and a centre-line injector.

The transonic insert for the DFVLR Ludwieg tube (10.6) is complete and has been calibrated. The problems
associated with the tube-wall boundary-layer growth have now been fully appraised8’9 and DFVLR predicts that
turbulent levels of 0.1% to 0.2% (well within the LaWs group specification) could be achieved by either using a diffu ser ,
screens and settling chamber upstream of the test section , or increasing the diameter of the charge tube to lower the tube
Mach number. The latter solution is to be preferre d as the former is likely to shorten the run time by increasing the time
for settling. Engineering studies on transonic tunnels to the LaWs specification , utilizing the three drive systems referred
to above , are bei ng evaluated under NATO auspices alongside a recently-completed study on a comparable fan-driven
cryogenic tunnel.

LaRC continues to use their cryogenic transonic tunnel (10.1 5)10 for validation experiments in support of the design
of the US National Transonic Facility ’1 which is based on the cryogenic concept and is scheduled to enter service in
1981. This facility will have a working section 2.5 m x 2.5 m and will operate at pressures up to 8.85 atmospheres.
Theoretical and experimental studies of real-gas effects suggest that local liquefact ion 12 can be avoided at the lowest
operating temperatures envisaged , by close control of tunnel environment , and that any inaccuracies likely to be
generated at cryogenic temperature s, by regarding the flow expansions and compressions as tak ing place in an ideal gas,
would at worst be of the order of normal experimental uncertainty; further information relevant to increasing confidence
on this important aspect is being exchanged between Europe and the USA in association with AGARD. FFA ( 10.23) in
completing a conceptual study for a cryogenic blowdown tunnel using a high pressure storage and a heat exchanger have

* Parenthetical numbers refe r to jobs listed in Part IV of thu Re port .
‘ Supersc ript numbers refe r to references listed at the end of each section of this part (Part II) of the report.
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shown that the project would be attractive from the viewpoint of the cost incurred to achieve a specific Reynolds
number. ULICA (l 0. 25) ’~ have made a study of 93 wide angle diffusers in an attempt to formulate design rules. Further
experimental work is proposed.

NAE (10.27) report failure by edge fatigue of the screens of the 5 ft x 5 ft blowdown tunnel. Redesign will call for
greater reinforcement at the settling chamber wall/screen boundary . Control of Mach numbers in this tunnel (10.28) is
the subject of an NAE design project with an intended Mach number accuracy of ± 0.00 1 up to a Mach number of 1.4.

Methods of Constructing Rigid and Elastic Models. With (i) low speed pressurized tunnels entering service shortl y at
RAE and ONERA . (ii) the start of work on the US National Transonic Facility and (iii) the continuing studies on a
European high Reynolds number transonic tunnel , emphasis continues to be give n to model design and its implications
for the operation of pressurized windtunnels. Useful progress is being made by a specialist Conveners Group on thi s
subject , working under the auspices of the Sub-Committee sponsoring this report and its conclusions and recommenda-
tions are summarized in Appendix 5. The design study ( 12.1) for a model of a medium-range transport aircraft, suitable
for the S m tunnel , was completed by HSA Hatfield in the Autumn of 1974. The detail design and construction followed
on and this complex model with slats , flaps , contro l surface s and 500 pressure measuring poin ts is scheduled to be ready for
testing in the Spring of 1977; this model is designed for use at total pressure s up to 3 bars. The 3 m span calibration
model designed and built jointly by RAE and ONERA , with blowing capacity and provision for engine simulators, is
approaching completion and will be tested in the RAE 3 m tunnel and the F l and SIMA tunnels at ONERA.

To the benefit of operators of atmospheric pressure tunnels , SSAB ( 12.3) have developed further and applied their
technique for manufacturing large semi-span low-speed models by the numerica lly-controlled milling of thick a luminium
plates glued directly to a honeycomb core . FFA ( 1 2.4) ( 1 2.6) have continued with their developm ent of design, manu-
facture and testing techni ques for scaled statically-aeroelastic models: results are to be published of tran son ic tes ts on a
1/ 30 scale model of an aircraft , showing good agreement with theory (panel method).

Flutter models, scaled in mass and stiffness , continue to be built at SAAB ( 12.7) IMF(L) ( 12.9) (12. 10) ( 12 . 1 1 )  and
ONERA (12 .12) (12.13). DORMER ( 12. 5), in cooperation with IMF (L) and ONERA Modane. have built and tested a
flu tte r model of the Alpha Jet .’4 The construction , particu larl y of the wing, is sim ilar to tha t of the fu ll size aircra f t and
combined techniques of chemical milling, fabrication and electron beam welding were used. Comparison of natura l
frequencies for model and aircraft showed that for the majority of modes studied , the model frequencies were at best
correct and at worst within 6% of the aircraft value. The problem of making dynamically-scaled helicopter blades
accurately continues to occupy RAE (12.8) who are now gaining some experience in the fatigue testing of model blades
made in carbon fibre .

The static deformation of several models with differing kinds of construction has been studied at RAE ( I  2. 16).
These represent combat aircraft configurations , have a range of sweepback angles , and were tested over a range of speeds
arid attitudes. The work is continuing with further models planned.

Revie w of Methods for  Supporting Modeis . The hig h acceleration and deceleration rates of models encountering
rapid incidence changes is likely to be of increasing concern with the trend towards larger model loads and shorter run
times. NAE (1 3~3) I5 have established for a sting-mounted missile configurations in the 5 ft x 5 ft blowdown tunnel that ,
wit h certain precautions. satisfactory force and pressure measurements can be made at pitch rates as high as IS degrees
per sec.

Experimental techni ques for the study of store s carriage and release are under development by BAC (13.8), who
are recordi ng the trajectory of store s released , using twin ejector guns , from a model parent aircraft ; by AEDC (13.4)
who are comparing, with free-flight measurements , results of windtunne l tests on external stores using internal and dual
stings ; by AEDC ( 13 . 6) 16  who have completed investi gations of tunnel constraints on stores separation which suggest
that there is general agreement between tunnel and calculated store trajectories.

ONERA is developing a six-degree-o f-freedom support for captive trajectory studies of stores in the vicinity of the
parent airc ra ft (S2MA windtunnel) and also a four degree of freedom vertical support with t i l t ing head for studying the
flight mechanics of conventional or V/STOL aircraft , with simulation of ground effects and gusts , in the SIMA wind-
tunnel (13.2).

Sting-model interference has been studied by JPL( 13.S) who have made sting and free-flight tests on cones in the
ARC 6 ft x 6 ft tunnel; free-flight base-pressure measurements failed however to explain the increase of d rag when the
cone was sting mounted and this project has been terminated. NLR ( 13 .7) have been concerned also with the analysis
and quantification of support influence on model characteristics and are preparing a report on the subject.

In connection with the development of cryogenic facilities, a feasibility study of magnetic suspension for large
scale testing was carried out at the University of Virginia. hl Superconductor techniques and refined design could result
in very low energy consumption e.g. less than 300 kW for a suspension system of appropriate size for the US National
Test Facility. Installation of a magnetic suspension system is planned in the research cryogenic windtunne l at LaRC. 

--~~ 
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1tlethods b r  Data Acquisition and Analysis. Standard facilities for the processing of windtunne l data are being
progressively extended and refined. A multi-channel system with quick-look facility (14.3) is now installed at FFA and
is being tested in the S4 tunnel; a program library is being assembled for it. RAE (14.4) reports the gathering of useful
performance figure s from a prototype of the data system designed for the S m tunnel. ’8 This prototype will continue to be
used for the 13 ft x 9 ft tunnel and the complete multi-computer system for the 5 rn tunnel , based on PDP 11/40
compu ters , is scheduled for completion by the time the tunnel is commissioned. ONERA ( 14.8) has improved the data
acquisition and reduction systems of the Modane Test Center , ’9 wi th on-line disp lay of reduced data in the control room ,
and test processing contro l by local minicomputers connected to the central one.

Unstead y data analysis facilities continue to be operated successfully at RAE (14.5) and by NLR( 14.9) 2 ° who are
developing a new system for their own use. Improvement and updating of the NAE data acquisition facilities is planned
by extending sub-routines ( 14. 10) ( 14. 11) to handle non-standard tests and by adopting a replacement data system based
on a PDP 11/55 for use in the 5 ft x 5 ft blowdown tunnel. Tunnel operating time to document the trimmed perfor-
mance of a model has been cut by a factor of 4 at AEDC (14.12) where a computer-controlled closed-loop trim system
has been installed and operates in 5 degrees of freedom.

AEDC is operating telephone line connections between its data processing computer and the computer and informa-
tion display equipment at three of its user installations. Data available in the control room can be communicated
promptly to the users in Florida and Ohio , demonstrating the efficient utilisation of .i single test center by a number of
users .

Uncon ventional Design of and Alternatives to Windiunnels . There appears to be very little activity either in
broadening the concept of the windtunne l or in adding to the known methods used to gain aerodynamic knowledge .
Howeve r , work continues on a large low speed tunnel for gust studies , using ca tapul ted mode ls, IMF (15.3) , and the sled
at the Holloman track ( 10. 18) has been used at sustained transonic speeds. The flow local to the model position in the
latter has now bee n checked for flow angularity and the model pressure distributions have been compared with wind-
tunne l data. The Aero-Train Bertin is being used for engine noise measurements with forward speed effects included
( I  5.4) . 21

Hottner (Technical University, Stuttgart) ( 10.26) has proposed a hy brid technique to save tunnel drive powet ,
uti lisi ng a model track. The model is propelled along this by a linear motor , thus reducing the flow velocity necessary
in relation to a conventional wind tunnel.

Investigation of Techniques for Managing Turbulence in Windtunnels. There is little to report although NAE
(16. 5) (16.6), in their endeavours to discover the reasons for the screen failure in the blowdown tunne l (10.27), have
exp lored the flow in the settling chamber just upstream of the screen positions. This revealed a level of turbulence
dependent on the position of the air control valve. The pilot tunnel is being used to establish ways of improving the flow
and reducing its destructive powers . NAE intends to carry out a flow check programme before and after the installation
of the redesigned screens. Research on turbulence is covered further in Section 6 (Fluid Motion Problems).

Design of Transonic Working Sections. This subject is covered by a specialists Conveners Group. Their assessment
of the current position is given , along with conclusions and recommendations , as Appe ndix 6. Special problems of testing
a t transonic speeds are covered more generall y in Section 5.

Design of Anechoic Windtunneis. Con ce rn over the external noise of aircraft and its alleviation con tinu es to
stimulate facility development work in several countries. The simulation of acoustic conditions at speeds up to 100 rn/s
with a 1.6 m diameter free jet will be possible in the new facility being built at CEPr ( 17.2);  two larger jets will be
avai lable also with lower speed ranges. Experiments are being conducted at NLR ( 1 7 . 3 ) 2 2  on a I / 10 scale model of the
LST (see 10.1 and 10.9) to determine criteria for the treatment of corner vanes and drive fans: more general aerodynamic
and acoustic behaviour stu dies are also in progress .

RAE continues ( 17 .1) 23 with their work aimed at increasing the usefulness of the 24 ft tunne l for acoustic testing.
Two small facilities are being used for experiments. The first , a 0.43 m diameter tunnel has been used to look at the self
noise of acoustic splitters , and the results of this work have been used to design the splitters for the second small facility ;
and 1/5 scale model of the 24 ft tunnel. In this model tunnel , pre dictions related to noise levels will be validated with a
view to the improvement of the larger tunnel .

Ai rcraft-noise model-testing in ground facilities is covered by a specialists Conveners Group, whose conclusions and
recomm endat ion s are sum marised i n Appen dix 4 .

In, ’estigation of Real-Gas Effects in Air Flows at Sub-Ambient Temperature. Apart from the work carried out by
LaRC using nitroge n as the flow medium ( 10.15) there are two more items listed of indirect relevance . ARC ( 1 . 12 .1 )  are
studying the feasibility of achieving high Reynolds numbers using heavy cases such as Freon 12 and argon whilst AFFDL
have completed a study on the effects of water vapour on wind tunnel flow parameters.

Conclusions and Recommendations. It is perhaps inevitable that emphasis continues to be placed on problems
requiring early solution. Design for new wind tunnels operatin g at high Reynolds numbers , the endeavours to ensure 
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t hat they have high flow quality, and the several projects to g u arant ee the i nt egrity of t he model , are all well established.
There remains concern however about the feasibility of making flutter models for use at high stagnation pressure s and ,
more generally, on the long fabrication lead time and hig h cost of the more complicated windtunne l  models. The deve-
lopment and updating of instrumentation and data processing continues also in a health y man ner at all majo r test centers .
However , there is reason for concern that effort is limited or non-existent in some areas , f o r  example : aco ust i c resonance
effects in large tubes; scaling laws for wave motion in non-uniform ducts. These can be recognized as fundamental
problems of importance to the design of future generations of wind tunnel , conve ntional or otherwise.

The influence of the supporting sting on the flow about three -dimensional models has long been regarded with
suspicion and the amount of work to quantify its influence is significant. This problem is of growing di fficulty with the
demand for high angles of attack in transonic testing for combat aircraft models. Endeavours to support models with the
maximum of safety and the minimum of constraint are of major importance , and attention needs to be paid to the special
requirements of those models having to contend with high dynamic pressu res.

It is gratifying that there is much international co-operation in evidence , and it is to be hoped that th is will con ti nu e -

to develop toward s the increasingly efficient deployment of effort in this important area.
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2. GENERAL TESTING TECHNIQUES

Techniques for Measuring Steady amid Unstead y Pressures and Forces.
(a) Pressure Measurements

Satisfactory instrume ntation for steady pressure measurements is well developed with various degrees of sophistica-
tion i n the transducer type and in the acquisition system at the diffe rent windtunne l s.

The technical proh lcm is more diffi cult  for unsteady pressure measurements. Two methods have been used in the
past:

piped systems with a single or very few transd u c e r s ( 2 l . l ) ,  and
mu lti ple “in-situ ” transducers (21. 3). 

I 

-

Piped transducer systems arc commonly used by NLR and DFVLR and the second method is established as a routine
at RAE and ONERA (2 1.3).

Tech n ological progress is repor ted in the development of subminiature transducers (2 1. 9), ma inly f or u se i n side
turbo- machinery . ’

Attention is being give n to the analysis of the flow inside air inlets with pressure measurements being used to obtain
the mass flow , pressures and distortion (steady and unsteady), and the drag. Refe rence 2 gives a detailed presentation of
various methods for making steady state measurements. An “on-line ” view of the pressure measurements during the tests
is needed to be able to modify the test program during a run. Equipment has been developed at ONERA3 and at FFA
(21.22)  which provide “on-line ”, a pic torial view of the pressure distributions for use in modifying the test program
during a run . A detai led map of the flow at the compressor face is also obtained by a movable automatic probe at Kil l
(2 1.20).

Unsteady engine inlet distortion is important , especially for highly maneuverable aircraft . A pressure map at the
compressor face (frequen cy of about 1 000 Hz at full scale) during about one second seems necessa ry to predict the engine
behaviour behind a given inlet .6’7 a rep resen ta t ive map req uir es abo u t 40 si mu ltaneo u s press ur e measure men ts , and such
equipment is already operational in US Laboratories and at ONERA/Modane Center and is under development at FFA
(2 l .6 ) .

ARA (21 .2 1)  has developed a system for determining the cowl drag from wake pressure measurements. A movable
pressure probe for use around inlet lips has been developed.

- -  .— — —.- -- -~~~~~~~ .— .~~~~~~~~~~~~ —-— . - - . - -~~~~~~~~~~ . -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Work is unde r way on several applicat ions of u n stead y pressure measurements in rotating machines for applications to
compressor blades (2 1.9), propellers (21.23) and helicopter rotors (29 .1).

(h) Force Measurement

Significant progress has been made on calculation methods for heavy duty balance design using finite element
computer programs. This is necessary for the increasingly severe environment encountered in new pressurized tunnels
and/or at high ang les of a tt ac k. This i m portant p roble m is well covered in a special TE S Conveners Gro up Repo rt on
Model Design 6 (Appe ndix 5),  a nd many laboratories are concerned with this activity (see 21 .14 for AFFDL).

Special rigs have been developed to analyze aircraft/weapon separation using the captive trajectory system (23. 1 7)
(23 .l 8).~ An AGARD FDP Working Group is studying store effects on aircraft performance.

Techniques f or  measuring and analyzing steady and unsteady f low f ields. Flow fi eld analysis ca n be m ade eit h er as a
survey of the complete flow field surrounding the model or a survey of the flow on the surface . Local measurements as
well as visualizations are used and supplement each other in both cases.

Considerable progress in recent years has been made on various “app lications of non-intrusive instrumentation in
fluid flow research” as reported during the AGARD/FDP Symposium at St-Louis in May 1976 (Ref .8).

The application of laser interferometry to analyze bounda ry layers , free jets and noise in shock tubes is described
by IS L (22.7). In particular a new method of double exposure streak-recording has been developed and used for studying
unsteady supersonic jets. A new phase coupling technique has been introduced to laser interferometry which provides a
local a nd absolute density and pressure record in the ultrasonic field near a free jet.

Laser anemometry has been rapidly developed during recent years and is widely applied in many aerodynamic
flows , such as windtun nels, jets , flames , compressors . Velocimete rs based on the interference fringe confi gurati on are
now into operation in several laboratories: AEDC , ISL, RAE, Imperial College , DFVLR , ONERA . etc.

At A EDC (22.24) two types of two simultaneous velocity component velocimeters have been built. One type is a
forward scatter , two moving fringes , single color device. The second type is a coaxial backscatter, static fringe , two
color device . Signals fro m the sensors are processe d by a computer counting techn ique.

At ISL (22.9) various studies used forward scattered light velocimeters with acousto-optic modulators for velocity
sign determination. Signals from the sensors are processed by a special counting techni que. The LDV data are fed into
computers which made possible correlations with measurements from other probes such as hot wire s, microphones , pi tot
tubes . etc.

At RAE (F ) (22 . 12 )  a two color velocimeter has been built to he used in general applications for windtunnels:  the
signals are processed by a photon correlator.

At DFVLR (P - W) (2 2 .1 3)  laser Doppler velocimeters were developed in a close cooperation with ISL for measure-
ments in transon ic and supersonic windtunnels .  A transient recorder stores the basic ~!ata which is then read by an
on-line digita l computer to process the signals. Velocity data have been compare d with the electronic counter system of
ISL. A laser dual-focus ve loc imet er has been developed for compressor applica tions and windtunnel  applications.

At ONERA (22.3 l ) a n  operational velocimeter has been developed for use in a wide range of applications: including
wind-tu nnels (subsonic , transonic , supersonic), free je t s , flames and compressors . Different components of the velocity
are successively measured with their sign , through the use of acousto-optic modulators . Signal processing is accomplished
by the counting te ch ni que developed by ISL.

At the Imperial College (22.20) various types of laser velocimeters have been tested. Integrated optical arrangements
are used to investigate fringe , reference-beam , or single beam models of LDV with either forward or back-scattered light.
Signal processing devices used by Imperial College include spectrum analysis , freq uency tracking demodulation and
counting.

At the University of Kent (22. 1 I )  the velocimeter measure s high velocities and turbulence by a direct spectral
a n al ysis of Doppler shifted laser li ght using a static cofocal Fabry -Perot lnterferometer. A single Fab ry-Perot inter-
ferometer is also used at Kent in a two component laser anemometer.

Boundary -layers and shock-wave-boundary layer interactions have been investigated at AEDC , ISL , ONERA , RAE ,
DFVLR , and the University of Kent through use of their LDV systems. Measurements of turbulence in cold free je ts and
in hot free j ets have been performed at AEDC , ISL , ONERA , and the University of Kent. 5

Laser anemometry has been applied to high temperature flows and flames at ISL. Imperial College , and ONERA.
ISL studies concern a combustion chamber. Studies at Imperial College apply the LDV to a plasma jet and to a 2 m.
square fu rnace. ONERA has established a map of mean velocities and turbulence parameters in an air-methane flame at
2200°K using LDV. 
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Satisfactory results have been obtained using LDV in compressors at DFVLR (map of the velocities between the
rotating blades) and at ONERA (detailed map of mean velocity and turbulence parameters of the wake downstream of
a compressor disc).

Imperial College is using its LDV in the development of turbulence models.

At ISL laser Doppler velocity measurements in flight are planned in which the flow in the vicinity of the trailing
edge of  an ai rfoil will be stu di ed .

A joi nt program of the US Army/NASA has been devoted to the study of helicopter rotor aerodynamics using an
L.V. system employing the two color dual-beam backscatter operating principal in the 7 x 10 ft Ames tunnel.  This LV .
syste m is capable of simultaneously sensing two components of the velocity around the rotor blade , and h as given the
rad ial distribution of the circulation around the blade and the tip vortex roll-up on the advancing blade.

A joint ONERA/ I SL program in the S-3 Modane Tunnel has been devoted to making operational an LDV system
which , after a final calibration study, will be used for transonic flow analysis around two dimensional airfoils (boundary-
layers , shock-waves, wakes. .

Thermodynamic characteristics of freon have been determi ned at ONERA by measuring velocities in a Laval
expansion nozzle , wi th a 0,5% precision using an LV.

Holographic interferometry has been extensively used to study shock-wave turbulent  bounda ry-layer interactions in
a t ransonic flow at ONERA (22.32) ; a great number of velocity profiles in the dissipative region have been measured from
th e processing of holographic interferograms giving precise density values. ’0

Laboratory work is under way at AEDC (22.27) on a video digitizing systeni for holographic interferograms , and it
appears that reflected diffuse light interferometry provides a uni q ue technique to obse rve flow fields in a cavity.

Two types of Raman effect instruments are under active development for aerodynamic flows and flames. ” One
type is Conven tional Raman scattering which is simpler to imp leme nt (AEDC 22.26) but of limited sensitivity if  stray
light is prese nt. The second type is Coherent Raman scattering which is more delicate and expensive. Research efforts
on this type are in progress in US (USAF/Aero propulsion Lab , WPAFB ; Naval Research Lab.. Washington DC; Sandia
Lab.) and at ONERA (22.33).

Well kn own t echni ques for flow visualization at low speed by smoke or bubble are now being tentatively applied at
high speed . The smoke technique is mainl y used at DFVLR (G) (22 .5)  to make visible the lee side vortices of bodies of
revolu tion for M = 0.5 to 2.2. The helium-filled bubble technique is used at Sage ( 2 2 . l 5 )  in a transonic tunnel  to obtain
both st reamlines and recorded bubble velocity information around models.

USAF laboratories have developed infrared techniques for measuring model surface temperatures. At AEDC and
NAE (22 .5)  (22.34) an infrared scanning camera is being used to determine bounda ry layer transition , hea ting data and
thermophysical properties of materials for aerodynamic heating models in transonic and supersonic tunnels.

At AFFDL (22.28), an i n f ra red py rome ter f o r mode l sur face te mpe ratu res is u sed in t h eir pebble bed hea ted
tunnels. Data are taken during model heating.

M~a.,urem,~nt of surface shear (skin friction) is obtained by Oxfo rd U. (22.14) with a floating element method in a
st udy of roughness effects. The Preston-tube method is used by FFA (22.23) for measuring skin friction with
miniaturiz ed probes. KTH (22.30) has also developed a flow direction probe used for low speed tunnel tests.

Hot-f ilm transducer technology , deve loped origi nally by USA VLAB (McCroskey) is now operational in several
laboratories. At the USA ARL-Ames and at ONERA (22.8: 22.22) this techni que is used on oscillating airfoils and on
helicopter blades for studying in real time the flow history (laminar turbulent , separated or reattached , dynamic stall ,
etc.), including shock-boundary layer interaction at transonic speeds ’2 . This latter application is also utilized at NLR
(22.29).

Dyna,nic Stabiliti Testing. As a result of the greatly increased interest in dynamic  stability problems in recent
yea&3 , several advanced windtunne l  techniques and new exp erimental arrangements are being developed by various
organizations in both Europe and North America. Among problems requiring immediate attention , probably the most
important is the occurr’ nce of large nonlinear variations with ang le of attack i n most of t he d y n a m ic stabi l i ty parame ters.
Th is ef fect , which occurs at angles of attack high enough to cause flow separation and asymmetric - often unsteady
shedding of vortices fro m long pointed bodies , is known to cause abrupt changes , sometimes of an order of magnitude
and often involving a change in sign , in many derivatives. This includes the important primary damping derivatives in
pitch , yaw and roll , and applies to both aircraft and missiles. Except for the forced-oscillation pitch , yaw and roll
apparatus in the LaRC Full Scale Windtunne l  (M <0.1) ,  no experimental arrangements existed until  recently for
measurement of dynamic stability derivatives at high er angles of attack. This situation is now being remedied at several
laboratories. At AEDC , in addition to an earlier developed pair of dynamic balances for force d -oscillation in pitch
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(or yaw)  and roll , use d routinely in their 3 ft . 4 ft . and 16 ft transoni c , supersonic and supersonic windtu nn els ’4 , a pai r
of high-load (4000 II,), high angle-of-attack (45 0

) forced oscillation mechanisms for roll and pitch (or yaw) is now under
calibration or in an advanced stage of construction , respectiv ely. Also at AEDC new test mechanisms have been recently
deve loped IS  for obtaining dynamic stability parameters in pitch and roll on missile models at angles of attack up to 90°,
using free-oscillation and free-rolling techni ques. NAE (23.20 ), in cooperation with A RC , is developi ng a series of forced-
oscillation balances for s tudying oscillations in various degrees of freedom at high angles of attack. One such apparatus .
for oscillation in pitch or yaw , has already been used in wind tunne l s  at both NAE and ARC for exper iments  at angles of
attack up to 40° , and at angles of sideslip up to 10° . A continuous-rolling apparatus is being designed at BAC (23.2 1) for
use in both low-speed and hi gh-speed wi ndtunne l s in the UK. Several free-and forced-oscillation balances are being
routinely used at ONERA (23. 11; 23. 13).

The same flow phenome na which are responsible for the hi ghly nonl i n ear effects in the damping derivatives at high
ang les of attack . are also responsible for significant aerodynamic coupling effects between the various degrees of freedom.
In addition to the tradit ional cross derivatives pertaining to yawing and rolling, a new category of cross-coup ling deriva-
tives has now emerged, relating the longit udinal and lateral degrees of freedom. As correctl y rea l ized in the past , these
cross-coupling effects do not exist at low angles of attack , when the flow remains sy mmetric; h owever , they can no longer
be neglected in the presence of flow asymmetries at high angles of attack or in the pres ence of sideslip. Signif icant  cross-
coup li ng derivatives such as yawing and rolling moment derivatives due to pitching or pitching moment derivatives due to
yawi ng have now bee n measur ed with the cross-derivatives apparatus developed at NAE (~~3~~~Ø) ~~6 A special thr ee-
dimensio nal calibrator for the apparatus has also been developed. ’7 Cross-derivatives can he obtained with the AEDC and
ONERA equipment mentioned befo re . Cross-derivative balances also exist and arc being continousl y dese loped at RAL
( 23 .15) and DFVLR (23.3). At this lat ter  organization several new dynamic balances for use in both low-speed and
t ransonic win dtunne ls are being designed and constructed.

In connection with the new concepts of direct-lif t and direct-side-force controls , there is an increasi ng interest in
dynamic  derivatives due to vertical and lateral acceleration. A half-model balance for vertical acceleration derivat ives ’6
and a full-mode l apparatus for measuring moment derivat ives due to both ‘iertical and lateral acceleration are being deve-
loped at N AF . This type of information is also require d to separate the purely rotary derivatives from their  oscillatory
cou nterparts; more work along these lines is being carried at LaRC’8 and at V PI . where purely rotary derivatives are
measured at low speeds in a curved-flow test section. ’9

In recent years there has been an increased emphasis on a better simulation of the aerodynamic phenomena that  are
associated wi th  the sp in motion of aircraft . Also , it was shown 2° that  to ta ke into account the non-linear coup li ng effects
that exist between pitch , yaw and roll , a generalized formulation of equations of motion was necessary , and that in this
new formulation one of the impor tan t  cont r ibut ions  to tI l e total aerodynamic moment was related to the rotary or
coning motion.  To simulate such a motion in a wind tunne l  the model , at some fixed com binat io n of incidence and side-
slip, is attached to a rotary bal ance , whose a xis is parallel with the wind tunne l centerline. Several such balances have
recent ly been constructed or are be ing designed , for bo th low-speed and high subso n ic windt u nnels . i ncluding those at
LaRC . A RC , RAE(B ) (23. 7), DFVLR (23.3 ) . and IMF (23. 14) .  A good discussion of ARC’s activities involvi ng the use
of a rotary balance can be found in Referenc e 21 . where a description is also given of the new large-scale ARC rotary
appa ratus for usc in the I I  ft and 12 ft wind tunnels.  This new apparatus, which is now being assembled , will  allow a
re mote change of angles of attack and sides lip, up to a combined value of 30° ; the use of bent stings and top-mounted
models w ill permit a further adjustment of the angle of attack to 1 00° and of sideslip up to 25° .

In addit ion to the usual aerodyna mic static interference , a sti ng used iii oscillatory experiments introduce s a
dyna mic interference due to its oscillation. This affects both the magnitu de of the data measured and the true position
of the center of oscillation. A recent assessment of this problem has been made at AEDC .22 One way, of course, to avoid
a ny sting interference is not to have any sting at all. At low angles of attack this can be done by performing dynamic
tes ting employing the half-model technique or , a lternatively,  usi ng magnetic suspension. Recent applications of the half-
m ode l technique have been reported b y NAE ,’6 where measurement of vertical acceleration effects is being prepared,
a n d by AEDC (23.19), where expe riments in the I ft transonic tunnel  using a new dynamic half-model balance are being
planned. The half-model techni que is also eminently suitable for experiments involving two simultaneously oscillating
models ” or experiments including simulation of the jet exhaust plume behind an oscillating model. 23 The app lication
of the concept of magnet ic  suspension to d y n am ic test ing has been pursued by several laboratories. including the
University of Virginia. 24

When perfo rming dyna mic  stabi l i ty  testing, specia l consideration has sometimes to he given to conditions during
take-off and landing.  Dynamic experim ents  in th e pre sence of simulated ground effects are being planned at ONERA
( M ) in the SI MA Wind Tunnel. (27 .8) .

In addition to dynamic  stabil i ty characteristics of a rig id ai rcraf t , dyna mic derivatives due to oscillating control
surfaces are also of interest. Such measurements have been performed with a special balance at RAE ( 2 3 . 1 ) 25.26 In this
connection the unsteady pressure distributions due to an oscillating control surface have also been determined, using
Ku l i te minia ture  pressure transducers .27 Similar experiments  arc also being performed at ONE RA (M) .

A comprehensive review of the North American equipment  for dyn amn i L stabili ty testing has been publ ished by
ARC ’ . 28 An AGARD ograph on the same subject is in preparation. 29
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The measurement of aerodynamic and structural damping, and of the frequenc; ’ response to disturbance. One of the
main goals is the iden tification in a wind tunnel (or in flight ) of the unsteady aerodynamic components.

An interesting new method developed at ONERA 3° consists of obtaining, on-line , the transfer function of the model
for many modes with the excitation source being the deflection of the rudder (with a servo-Jack). Excitation can be of
the for m of a sweep frequency or a white noise. A Hewlet t Packard 2 100 computer is used to obtain these transfer
functions fro m which the complex roots and residues are obtained.

DFVLR(G) (24.2) is using a hybrid computer and several types of excitations (harmonic , stochastic , frequen cy
sweep, and transient ) in tests which give eigen frequencies and damping characteristics. NLR / ONERA (24.1) and
RAE using i n real-ti me, a Fourier analyser to obtain frequencies and damping fro m the response of the model to the
natural turbulence of the windtunne l .

Techniques ft,r measur ing aeroelastic and flutter characteristics. Aeroelastic (static and dynamic) deformations of a
model during windtunne l  testing can be a problem in the new pressurized tunnels for high Reynolds numbers . Care will
be requi red to take advantage of such deformations in securing aerodynamic data and in avoiding unsafe structural condi-
tions for model and support system. An accurate and reliable method for measuring the static and dy n am ic deflection of
a model during testing will be mandato ry.  Three approaches are reported:

( I )  At AEDC (25.8), encouraging results have been obtained for measuring remotely steady-state and vibrato ry
defo rmations of small amplitude on selected discrete points of model or support system using two-beam laser
i nterfe rometer concept with retro-reflectors on model surfaces.

(2 )  At Volvo ( 25.3), a method has been developed to determine natural frequencies and mode shape for dynami-
cally correct model (SAAB-Scania) and a holographic device has been developed to study vibration mode
shapes on structural d yna mic flutter from time-average holographs.

(3) At ONERA (25. 9) an optical technique is being developed for vibration measurements on turbomachinery
blades using non-coherent li ght and a laser i nterferometer has been developed to measure the local vibratory
de flect ion :n each point of the blade.

Contr olled excitation of th e model for flutter  testing is sometimes limited in frequency or frequency ranges , by the
ri g characteristics: excitation by tunnel turbulence is extensively used by NLR (25. 1) and ONERAIRAE (25.6 ; 25.4)
where several joint research programs were undertaken in the past few years. Three types of model suspension systems
are in use for flutter testing:

( I )  At NASA-Langley, a cable syste m is extensively used in the transonic dynamic tunnel. 33

(2) At Boeing. a “yoyo ” suspensio n system (universal joint)  is used to support the model for low-speed testing.
This method is also operational at DFVLR(B). ~

(3) At ONERA(M) (25.6) . the mod el is su spen ded , with five degrees of freedom around a fixed mass in space. This
mounting system seems to minimize model suspension interference , m ain ly at tra nsonic speed .

Techniques for simulating and measuring transient motions . sue/i as gusts . The IMF(L)  has under way studies of
the response of a free-fly ing model (launched by a catapult) to a discrete vertical or lateral gust generated by the flow of
an au xilia r y open-jet wind t unne l  installed perpendicular to the aircraft model trajecto ry (26. 1) ; load , acceleration , and
press ure data telemeter e d from the model, and model motions picked up by TV cameras , are analyzed in real time during
t he free flight and recorded on magnetic tapes. A comprehensive description of the test rigs and typical results were given
at the AGARD/FMP Meeting of Valloire in June 1975 (Ref .32). The techni q ue has been used to st udy the v alid ity of
various analytical predictio ns of the wing/horizontal tail and wing/fuselage interaction with a given vertical gust shape . I t
is also possib le to simulate a gusty approach in ground effect including lateral gusts (27.5 and 27.6).

Effects of gusts are also studied using a conventional windtunne l  with special provisions to generate various oscillatory
flow motions around a fixed aircraft model. This techni que was firs t applied in the NASA/Langley transonic dynamic
tunnel , using four oscillating lifting surfaces in the front of the test section .~ At the DFVLR(B) , a 2 dim. gust generator
was developed in the front of the open test-section of their 2.8 x 3.6 m 2 low-speed tunnel (26.6) and used to excite an
aeroelastic semi-free model with vertical gusts. TM This gust generator consists of two wings with movable flap driven by
an electrically controlled mechanical crank , gene rating either sinusoidal gusts up to a frequency of 10 Hz or various types
of discre te or stochastic gusts. This rig will also be used for develop ing active contro l systems for gust alleviation on air-
craft models. A similar technique , wit h a linked array of aerofoils across the upstream of the open jet of a small tunnel
has been de veloped at the University of Salford , UK. 3

~ The random or sinusoidal frequency range of the Salford rig is
up to 20 Hz and sharp-edged gusts can also be produced.

ONE RA (Ch ) has developed a techni que for generating gusts in a pilot-tunnel using two oscillating jet-flaps in the
front of the model (26.4). ONERA has plans to apply this  technique in the large SI Modane windtunne l  as a part of the
new flight mechanics rig under development. A similar approach has been used in a low-speed tunnel at the MIT , under
NASA contract 36 , with two wing sections having rotat ing nozzles at the trailing-edge to generate oscillating flow in the
front of the model (axial or lateral sinusoidal gusts). This rig has been used to study the response of a helicopter rotor
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model to various types of gusts. The USAF Aero Propulsion Laboratory is using a related approach employing unsteady
fluidically controlled flapping jets for production of variable frequency gusts in a wind tunnel .  This system is intended
for tests of aircraft models or of turbomachinery components. 38

RAE(B ) (26.5) is still very active on a theoretical model study of various actual gusts encountere d in flight and air-
craft response.37 Results indicate that , for the in vestigati on of long itudinal  ha ndling characteristics , both isolated ra mp
gusts and seq uen ti al pairs of such gusts of opposi te signs seem realistic , but di fficulties are being encountered in achieving
a satisfactory simulation of the aircraft response to turbulence of high intensity.

Technique’s to measure ground effects. Correct simulation of ground effect in a windtunnel  is still a difficult
problem , eve n with new techniques developed to avoid a parasitic boundary layer on the test section wall or on the grou nd
board. To avoid this problem, the “movi n g belt ” concept was successfully applied i n various facilities (RAE , LaRC ,
Vertol), but this techni que is very expensive to install in a conventional tunnel and the speed is limited. On the other
h and , bou ndary-layer control (either with suction or a blowing system) applied on the fixed ground plane seems an effec-
tive solution in many instances. A ground plane with uniform boundary-layer suction is operational at the DFVLR (G)
low speed tunnel and was used to study ground effect on a VTOL model with deflected fan-flow (27 . 11  )~6 A gro u nd
plane with two discrete blowing slots has been built for the ONERA-S I Modanc Tunnel (27.8), and will be operatio nal at
the end of 1976. Provision will be made for simulation of the dynamic ground flare in approach (vertical motion of the
model towards the ground board). This blown ground plane will also be used for large half-model testing without
boundary-layer separation on the reflection plane.

In the IMF-Li lle rig with free-fli ght models launched by a catapult ,32 the flare is si mulated with an adjustable ground
plate (27 .4). A special open throat tunnel built along the model trajectory is used to simulate lateral wind (27.5) and
late ral gust (27 .6) during approach. This rig is full y operational.

The ground effect is measured through pressure distribution measurements on a ground p lane in the DFVLR (P — W)
Tunn el an d research is repo rted of t he an alysis of the flow field around cross blown lifting jets with various d ynamic
pressure ratios (27 .9) .

In the VKI Tunnel in two-dimensional flow , a wing section with flap has been tested at various ground plane
altitudes to compare the ground effect measured and calculated. Bounda ry layer separation occurred on the ground
pla ne without bounda ry-layer control Separation was subsequently prevented by suction applied through a perforated
ground plane (27. 10).

Methods f r r  deter ~nining spinning characteristics . An increasing nuniber of aircraft designs are now capable of
sustained flight at very high a ng les of attac k , where some degradation of flying qualities appears, followed by a fully
dev eloped spi n. The subject is of such interest that it was recently covere d in detail during an AGARD/FMP specialists
meeting (VKI , Nove mber 1975; published as AGARD-CP- 199 , “Stall-Sp in Problems of Milita ry Aircraft ”).

Analytical spin prediction methods are being developed at the VK I (28.5) and in France. 4’ However , a better
mathematical approach for these highl y non-linear regimes is still needed. Measurements of static and dynamic aero-
dynam ic coefficients during sp i n can be obtained by use of a rotary bala nce (28.2). Despite the increased use of dropped
model tests , the vertical tun nel is still a basic tool for spin studies extensively used at NASA(L) 4° and at the IMF(L) .
28. I ) .  ( 28.3).32

Large scale remotely piloted or preprogrammed models (RPRV) dropped from helicopters or aircraft are used at the
RAE and at the US Edwards Flight Test Center 42 fo r spin investigations. Use of sophisticated instrumentation and
te lemetry, cou pled with modern parameter identification techniques give a good aerodynamic description of tile high
angle of attack characteristics and of the spin development with a much more realistic Reynolds number than in present
day spin tu nnels. This method is very expensive because of the high cost of model fabrication and equipment , recovery
pro cedure s with parachute + hel icopter , etc.

The design of rigs for testing rotars ’ wings . Special rigs for rotor testing are in operation in numerous laboratories.
Provisions are available for measurements , as wel l as soph ist icated local an alysis of pressur es . unsteady loads (vibrations ,
stall , flutter , etc.) and for flow visualization and noise measurements.

The largest installation for full-scale helicopter testing has been in operation for several years in the 40’ x 80’ wi n d
tunnel at NASA-Ames. 43 Three other US Laboratories are well equipped for complete model or rotor testing. There
are the V/STOL tunnel at NASA-Langley, the Boeing-Verto l Tunnel ” and the United Technology/ Sikorsk y Tunnel .  In
Europe the 24 ft RAE low speed windtunn el 43 is now used for rotors with dynamically scaled blades ( 29 .3). The
ONE RA SI Mondane (8 m) Tunnel is extensively used for large scale rotor models (helicopter or convertible ) up to high-
speed (29.2) with on-line acquisition of unsteady and steady loads , and stroboscopic flow visualization by threads or
smoke (29.4). Transition from hovering to cruise flight , and vice-versa of a large tilt-rotor (S m) has been simulated in
real time in this tunnel  with a fast variation of the tunnel  speed and correlated contro l by computer of the corresponding
rotor parameters (rotor inclination , gene ral an~ cyclic pitch ). Selected data were reduced and displayed in real time to
the control room. The onera S2 Chalais (3 m) tunnel is used for research on small rotor models with force and pressu re
measurements on the blades, with realistic tip Mach numbers (29.1).
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Numerous 2-dimensional rigs for simulating unsteady flow around a typical rotor blade section have been deve-
loped. Such rigs simulate special motions including pitch , pl unging, and heaving for use in basic and applied research.
Aerodynamic rigs of the type are located at AMRDL 7’ x 10’ Tunnel ,47 Boeing-Vertol ,4’ UT-Sikorsky 2 dim. tunnel ,
A RA 2 dim, rig for development , ONERA S3 Modane , CEATS-S. 10 Toulouse and IMF Marseill e. In additio n a water
tunnel is used by the US Army for steady and unste ady tests with flow visualization. ”

Methods for measuring noise and dei ’elopment of noise generators. The problem of noise measurements in ground-
based facil ities with forward speed simulation is still a subject for active cooperative programs and work of a TES
conveners ’ report given in Appendix 4.

The requirement for new large anechoic tunnels (discussed in Section 1 above) has led to the initiation of research
to define the usable domain of noise testing and the necessary corrections to apply to acoustic measurements made
inside and outside the test section of existing large wind tunnels. Several recent specialists ’ meeting have reported on
these subjects. 50’55 Considerable work on noise measurements in the 24 foot RAE wind tunnel is still in progress
(2 10. 1) .

At the VKI (2 10.3) a joint program with ONERA is aimed at a better interpretation of noise measurements made
in and outside of the open working section of a windtunne l .  The data are influenced by tile passage of the acoustic wave
through the mixing region of the open tunnel jet (convection , refraction , and diffusion effects). The ultimate goal of
this research is to develop correction methods for the future measurements outside the free jet of the new anechoic
t unnel CEPRA-l9 developed in France at the CEPr-Saclay. Noise tests have been made in closed working sections of large
tunnels: at SI Modane , mainl y around helicopter rotors (2 10.6) and in the 40 x 80 foot tunnel at NASA-Ames (2 10.8)
around vario us full-scale aircraft . Techniques were developed to discriminate between the noise generated by the model
and the extraneous noise generated by the tunnel (eight-element microphone array and two-element correlation micro-
phone, to eli minate reverberant noise and microphone wind noise).

ONERA has undertaken basic research on the space-time structure of acoustic fields to study the narrow field of a
fre e jet ( 2 10.9). RAE (F) has developed a modified Hartman-type air-jet noise generator (2 1 1 . 1 )  used for investigating
noise shielding and flow field refraction effect inwindtunne l experiments. N L R ( 2  11.2) has demonstrated the satis-
factory acoustic simulati on of a turbo-fan engine with a small model working with decomposed hydrogen peroxide.

A group of specialists assembled under the auspiece s of this subcommittee has studied test section requirements
and ci rcuit designs for acoustic wind tunnels to provide anechoic testing environments. This group considere d special
measurement and analyse s techni ques for noise-model research and simulation of propulsion noise sources at model-scale.
Results of their study are summarize d in Appendix 4.

Techniques for simulating adverse weather conditions, such as icing, rain erosion . etc. Generally, techni ques for
si mulating adverse weather conditions can be incorporated into conventional large wind tunnels for use in studying the
behaviour of act u al parts , or scaled-down models, of ai rcra ft , rotorc raft or missiles. Correct simulation of phenomena
such as icing, rai n erosio n , or decreased visibili ty d ue to rain , requires that similarity rules be satisfied , ta king into account
vario us paramet ers such as speed , temperature , run duration , d roplet diameter , liquid water content . etc .56

Icing testing at large scale is common practice in the ONERA SI Modane Tunnel (2 12. 1),  taki ng advantage of low
at mospheric temp erature in winter. Icing conditions are produced by means of a spray-grid ahead of the models. Good
correlatio ns with flight testing have been demonstrated including results on the Concord e slender-wing and nacelles.
A companson was recently made between ice accretions as predicted by a computer program (SNIAS) and those actually
observed on a corresponding tail plane element tested in the tunnel. A quite good correlation was found within certain
limitations. Icing tests were also performed on a large helicopter rotor. 5’ In the same SI Modane Tunnel , an ar ti f icial
rain generator system is also available for investigating at full scale , the visibi lity through wind shields up to a velocity of
ISO m/sec (Ref .58).

Rain effects on actual aircraft or missile components (leading-edge , radomes , etc.) are commonl y performed in the
transonic blow-down S3 Modane up to trans onic speeds (2 12.2).

Mention must be made of the McKinley climatic laboratory facilities developed at the US Air Force Armament
Development and Test Center (Eglin AF Base), where a huge insulated hangar (252 x 201 x 70 ft) can accommodate full-
scale aircraft (like the C-5A). Extreme weather conditions including temperature and humidi ty ,  snow , rai n , wind , etc.
are simulated for long time periods for weapon systems certification.

Conclusions and recom,nendations. It is import ant to increase the cooperation between various organizations on the
development of balances and support systems and on the correction of aeroelastic effects for the increasingly severe
environment encountered in new pressurized tunnels and/ or at very high angle of attack at tra n sonic speeds. The same
conclusion is valid for the dynamic stability problems which become increasingly important for any new highly
manoeuvrab le aircraft .

Increasing interest on the development of C.C.V. techni ques , requires that flutter characteristics and gust responses
be extensively studied at the prelimina ry stage of a project and new that testing techniques and sophisticated instrumenta-
tion must he developed.
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A very significant effort was made during the last few years in various countries to develop new specialized facilities
for noise st ud ies with forw ard speed eff ect . Con tinui ng cooperat i on is needed on the best use of su ch faci l ities , including
basic acou sti c research , measur ements and analysis techni ques and corre lations wi t h fli ght measurements.
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3. SPECIAL TECHNIQUES FOR ENGINE SIMULATION

E,:glne-Alrframe Windtunnel Testing Methods. Tests with flow simulation for underwing nacelles have ben
conducted at ARA (30.1). A report on the experience with free flow nace lles , blown nacelles , and powered nacelles, has
been published. ’ In connection with tests on a 1/25 scale model of a typical wide bodied jet , a system of high pressure
air ducting past a standard internal balance has been designed , using a combination of precision bellows and tubing which
will duct two primary and two secondary airstreams.
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Nozzle-afterbody tests are continuing at AEDC (30.2). The present situation is that , after con t in u ing tests to
determine the mounting strut influence on afterbody drag for strut mounted models , a n ana lyt ical stu dy has been
initia ted to determi ne the feasibility of simula t ing the je t plum e using a st ing moun ted aft erbody model with an annu lar
jet .

An ejector driven engine simulator for tests in an aircraft model is being designed and fabricated. An experimental
program to measure afterbody geometry effects on fore body pressure drag of an equivalent body of revolution was
conducted in the AEDC 161.2 .3 DFVLR (32.2) investigates the influence of hot jets on afterbody configurations: the
following tests have been performed or bein g planned: Influence of jet parameter on boattail pressure distribution of an
HFB 320 engine nacelle model , the influence of surface temperature on pressure distribution , in fl uence of test section
characte ristics (open-closed) on pressure distribution of an AGARD model , and fligh t tests4 (see also Section 6 (6 11.5
and 61 1 . 1 1) .

A rig to meas ure thrust and afterbody drag has been designed by BAC (6 11.1 1) .  Single and twin nozzle afterbody
con figurations have been tested at supersonic Mach numbers over a wide range of jet pressure ratios. 5

In the field of interference simulation scaling a new activity is announced by BAC (30.7). A jet lift model is investi -
gated over the transition flight regime with the aim to find the validity of momentum scaling. 6 Further tests are planned
in the Warton 5.5 m tunnel and in the RAE Bedford 13’ x 9’ tunnel.

The work on engine inlet testing at high maneu ver conditions at AEDC (30.3) has been completed. The objective
of these investigations was to improve the test capability to test full-scale inlet / engine configurations with forebody
effects at transonic velocities. Tests have been carried out in a I ft tunnel to obtain design information for flow shaping
devices to be i n stalled in the A EDC l 6T.~

Nozzle-afterbody thrust measurements are also in progress at ONERA (33.5). The rig is set up in the high subsonic
windtunne l S3 of Chalais-Meudon (

~ = I rn)

The afterbody is fixed to an upstream sting and force measurement is provided. The boundary layer on the sting is
red uced by using a blowing slot. Comparisons of ONERA and AEDC test results on an AGARD afterbody model show
that reducing the sti ng bounda ry laye r is pretty comparable to doing a test at the higher Reynolds number which would
give the same boundary laye r. 8

A new test rig has been specially designed and is being bui lt to study the afterbodies of the high by-pass ratio
engines.

Work on engine/airframe exhaust system interaction at MDC (30.4) has been completed. The empirical progra m
based upon F 4 1 flight and windtunne l  test data has developed techni ques to configure each of the propulsion system
elements (i nlet , engine, and exhaust) for best total system performance.

Engine Simulators. A joint RAE-ONERA (31 .1) note on the calibration of two ejector driven turbofan simulators
for use in subsonic pressu rized windtunne l s has been published. 9 AFAPL (30.6) has constructed a multi-mission turbine
engine simulator. It has been refined durin g development tests in the AEDC engine test facility. The engine simulator
was tested in a nacelle in the AEDC 16T. Data are currently analyzed . ’°” The simulation of rocket engine jets in small
wi nd t unn el  models has been demonstrated by DFVLR (32.3). Solid prope llants with a combustion chamber of 20 mm
DIA can simulate rocket engine giving a run time of 2 sec. By changing the design , a test ti me of 3 set has bee n
attained. In parallel a 300 bar pressure tank of 10 m 3 volume for secondary jets of very high total pressure and high mass
flows has been installed.

Tests with an ejector driven RB 21 1  simulator (BAC (34.2)) have been carried out in the 13 x 9 ft low speed wind
tu nnel at incidence. ’2 Design work on an RB 2 1 1 simulator for hi gh subsonic speed applications is currently in progress.
The tests of single and multiple nozzle ejectors as basis for design of ejector-driven eng i ne simulators have been
completed.

Two progress reports have been issued’3”4 on work on a simultaneous simulation of engine intake and exit flow at
BAC (34.4). After having designed an ejector powered combat aircraft model tests on blade sting-afterbody interference
are being prepared for the ARA wind tunnel .

DFVLR (39. 1) has desi gned a small propane oxyge n gas generator to simulate hot and fuel-rich prima ry jets. This
gas generator located within the center-body of a ramjet allows many experiments which extend the burnin g range of
the ramjet combustion chamber in the direction of lean air-fuel mixtures.

Instrumentatio n and balances. DFVLR (32.1 ) is trying to speed up data acquisition and reduction by a new on-line
data reduction system (14. 1). The aim is to improve parameter adjustment (e.g., mass flow through simulator ) during test
run.  The plan of VOLVO (33.2) to investigate the use of pneumatic balance techni ques of zero-lift drag measurements
with simulated engine jets has been carried out. Prelimina ry tests using AGARD afterbody models mounted on a central
body supported by a single stru t have been run. The compari son between pneumatic type balance and strain gage balance 
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has shown superiority of the pneumatic balance due to the absence of temperature drift and smaller test point scatter .
A double cylindrical shell balance has been developed by GD which permits simultaneous supply of a jet flow while
allowing precise balance measurements. ’5

conclusions and recom mendations. Very extensive activities are reported on nozzle-afterbody-tests in the transonic
flow regi me. These activities are partly due to the Fern proposal (AGARD afterbody model) but follow now their inde-
pendent path. The large influence of aircraft performance of afterbody design has been demonstrated by many
authors. ” Afterbody drag measurements and jet plume simulation are the activities reported most extensively. Flight
tests with afterbody models have been announced.

The AEDC activi ty on engine inlet testing at hi gh maneuver conditions should form the basis for eng ine simula-
tion in complete models at completely separated (post stall) flow conditions.

The comparison of fli ght and windtunnel tests of propulsion components (MDC ) gives an important  insight to
the influences of the different components (inlet , engine , exhaust ).

The joint RAE-ONERA program on developing an ejector driven engine simulator was stimulated by the exis-
tence of two new pressurized low speed tunnels (ONERA F I , RAE 5 m tunnel )  has been completed successfully.

One of the most advanced projects of engine simulation techniques at AFAP L has been finished (Multi-mission-
t urbine-engine-simulator). It can be expected that this simulator will be suitable for many applications.

BAC continues to concentrate on ejector simulators . The design of an RB 2 1 1 simulator for high subsonic
application is in progress and tests on single and mult i  nozzle ejectors have been completed.

The app lica t ion of a pneumatic ba lan ce tec hn ique as demo n st rated by VOL VO seems to be successful d ue to
zero temperat ure drift and low test point scatter.

-- Effects of afterbody flow on forebody flow are bieng investigated but the source of discrepancies needs to be
clarified. Effects of forebod y flow on afterbod y flow needs to be investigated.

- A method for the measurement of momentum and mass flux in engine simu la to rs needs to be worked ou t.
- Possible flow field calculations should be applied to inlet flow as well as to exhaust jet flow .
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~14. SPECIAL TECHNIQUES FOR HIGH-LIFT AND V/STOL TESTING AT LOW SPEEDS

Investigation of the test limitations due to flow breakdown . Work at RAE (14.2) on interference effects for models
wi th lift jets in closed tunnels was re ferred to in AGARD-AR-83 and the report on this will soon be issued. The corres-
ponding tests in open working- section tunnels have been cancelled. Work at Surrey University, under RAE sponsorship,
on mathematical modelling of jets to provide a basis for jet interference calculations has now started , but no results are yet
available.

A short paper ’ has summarized comparative data obtained in the HSA 4.6 m x 4.6 m tunnel (42.2) and the NRC
(Canada) 9.2 m x 9.2 m tunnel on a model with sixteen lifting fans. The work described forms the first part of a
programme designed to assess t un nel in te rfere nce effects for such con figurations , and is con cern ed wi t h ide n ti fying t he
boundary condition of incipient stagnation which can be used to establish a minimum tunnel operating speed . The data
collapse very well if the ratio of height above the floor to effective fan exit diameter is plotted against the ratio of free-
stream to fan exit jet velocity, and appear to be independent of jet velocity, jet inclination , n umbe r and di sposition of
jets and jet shape and size. Inter-tunnel correlation using these parameters is not good , however, indicating that some as
yet unidentified tunnel characteristic must be significant. Full reports on this work are expected to be published in the
near future.

Some work has been done at Westland Helicopters Ltd 2 to i n vesti gate the possibility of extending testing limitations
due to flow breakdown by removing some wall panels from the otherwise closed test section of a 3 m x 3.6 ni low speed
tunnel.  Tests made on a four bladed I .8 m diameter rotor indicated that such an arrangement enabled at least qualitative
testi n g to be do ne on h ithe rt o oversized rotors, t hough no attempt was made to evaluate interfe rence effects for the
vented configuration. The work , which has not been reported directly to this Working Group, falls within the scope of
one of the recommendations made in AGARD-AR-83.

Wall corrections and limits of applicability . Work has continued at DFVLR (42. 1) and (42.4) to check the vali dity
of wind tunne l correction procedures. Evaluation of experimental data obtained on two aircraft models in five low speed
windtunnels  (42.1) has been completed and good agreement between results from the differe nt tunnels  was found for one
model after corrections had been applied (corrections of Kraemer for the open test section and of Krae rn er & Vayssaire
for the closed test section). No details of the work are generally available at the pre sent time.

The DFVLR (PW) study (42.4) on disp lace ment correction s and their limits of applicability has now been reported
in English. 3’4 In this case correction methods cease to be valid when the dynamic pressure varies significantly over the
different parts of the model surface , and attention is drawn to the factors which have an important influence on this
variatio n.

New work has bee n reported ’ at ITS (42.8) on the controversial subject of the effects of wake blockage when
testing high-lift models in low speed windtunne ls.  The method p resented has been used for several years in w indtunne l
tests with thrust reversers where blockage effects are large.

Work continues at Washington University (42.5) on the evaluation of existing theories for wall corrections. Tests on
a model aircraft have begun in the 2.4 m x 3.6 m win dtunne l , both with and without a 1.2 m x 1.8 rn insert. The model
has a 0.9 m span non -swept wing with a symmetrical profile and a tail th at can he mounted in either a low or a high
position. It is mounted on a six component external balance and has two jet lift engines mounted separately (off the
balance) and located near the fuselage forward of the wing. No results are yet available.
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At VK I (42.6) work has continued on the extension of Joppa ’s vortex-lattice theory to an open working-section
tunnel. The lifting wing is represented by a single horseshoe vortex , and a computer program has been written which
allows for the effects of wake relocation. The program has been run for a number of cases with rather moderate values
of CL /A , to allow comparison with some available experimental data , and the results reported in a student project
repo rt .6 Agree ment between predicted and experimental values of interference factor is reasonable but inconclusive ,
and some comprehensive experimental investigat ions of the flow field associated with a high-lift wing are needed to
validate the theory .

The study at FFA (42.7) using vortex lattice methods has been completed and a report 7 published.

The design of slotted or porous test sections. Experimental work at AEDC (43.1) referred to in AGARD-AR-83 has
been reported .8 Theoretical work to develop a vortex-lattice method for the computation of interference in a slotted
wal l tunnel for V/STOL type models has been continued. A scheme in which a wing/centrebody model and the slotted
walls are represented by appropriate vortex-lattice configurations is current ly being brought into use.

At UBC9”° (4 3.3) two-dimensional tests have been conducted on a range of sizes of aerofoils of three dif ferent
profiles and good agreement obtained with potential-flow thick aerofoil theory. It appears that uncorrected CL ~al ues
and Cp dist ributions , accurate to within 1% . can be obtained for a wide range of aerofoil shapes , sizes, and li ft coeffi-
cien ts , using a solid wall opposite the aerofoil pressure side and a slotted wall with 60% open-area ratio opposite the
aerofoil suction side. Development work continues.

A new the oretical and experimental program at NLR (43.4) is designed to verify a new method for calculating wall
interference in ventilated test sections of finite length. This method has been previously reported for two-dimensional
flows (54 .1) , and (5 10.2), and has now been extended to three dimensions. ” It is intended to study the possibilities of
eli minating at least the variation of the wall-induced velocities over the model and of predictin g the remaining wal l correc-
tions in a reliable way . The experimental work will be conducted in collaboration with DFVLR.

Techniques for two-di,nenswnal amid half-model testing . Progress under this headin g has been made at FFA’2
(46. 3), where the study of hal f-model hi gh-li ft techni ques for the 3.6 m diameter tunnel is complemented by the
theoretical work referre d to earlier (42. 7) . A number of wings with sweep angles 0° 35° have bee n tested in combina-
tion wit h hal f-fuselages, using an insert with porous boundary laye r suction on the reflection wall. Comparisons with
results obtained on a full model test in the 5 m x 7 m tunnel in Eidg . Flugzeugwerk , Emmen , Switzerland , indicate th at t he
half model testing technique is of great value in the development of high-lift configurations.

Conclusions and Recommendations. Work to investigate flow breakdown continues , with the object of determi nin g
cri teria which can be used to assess testing limits , but there has not been much progre ss in this area since AGARD-AR-83
was issued. The new results reported indicate that the understanding of the phenomena involved with multi-jet configura-
tio ns in closed wind tunn els can not yet be considered satis facto ry . I t is im porta n t , the refore , that the rather small number
of investigations currentl y i n progress should be cont inu ed , and it is desirable that their number should be increased. It is
encouraging to note that a start has been n,ade on the investigation of the alleviatin g effects obtainable from ventilated
walls, tho ugh the results so far reported are of a preliminary nature .

A substantial effort is currently being made to investigate wall corrections and theoretical methods for their estima-
t ion. I t wou ld appear tha t most of th e facto rs likely to be sign ifica nt  are in fact being considered i n one or othe r of the
investigations , and this now includes the important problem of wake recirculation in the windtunnel .  Systematic studies
are being made to assess the validity of existing methods for the prediction of wall corrections~ resu lts so far ha ve been
rather inconclusive , but jobs in progress promise to effect considerable clarification and should eventually indicate the
respects in which these methods need to be improved.

There is no progress to report on the use of self-correcting windtunnels for high-lift low-speed testing, bu t there is
considerable interest in the use of ventilated walls to achieve smaller wall corrections. Some new experimental results
confirm the usefulness of the approach , and further experimental work is planned . In addition , theore tical wor k is
proceeding to assess the validity of methods for the mathematical simulation of ventilated test sections.

Finally, some new results are available to confi rm the value of half -model testing with boundary layer control
employed on the reflection wall. It is recommended that application of this technique be pursued.
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5. SPECIAL PROBLEMS OF TESTING AT TRANSONIC SPEEDS

The main thrust in this vital are a is still centered on wall interference effects on the model and the actual behaviour
of the transonic wall in existing facilities. Significant efforts are noted in the application of numerical methods for
treating the flow field around a model in a transonic windtunne l. The adaptive wal l concept is further advanced and a
nu mber of new jobs have emerged here . Progress is reported on noise generated by ventilated walls. No further efforts
are reported on spurious scale effects due to heat transfer. However , a st ud y on heat transfer ef fect on shock/boundary
layer interaction is noted. Rather remarkable is that under subsection 5.14 “Design of Plenum Chamber ” not a single
activ ity has been reported.

Windtunnel wall in terference. The two-dimensional case is still attracting substantial interest. The work at NAE
and ONERA has continued. The use of wall pressure measurements in combination with subsonic theory to determine the
appropriate porosity factors for the floor and ceiling is now app lied on a routine basis at NAE (5 1.8) . The unequal
porosity parameters for the floor and ceiling appearing for lifting models (even though the geometric porosity is the
same), results in significant blockage effect due to lift. ’

In further work at ONERA (51.9) along the same lines , wall pressure measure men ts obtai ned in the R I Ch and
S3MA windtunnels are used in combination with a linear method or the transonic small perturbation method to
deter mine the porosity characteristics. Also , work is under way at ONERA (5 1.7) using an analytic wall correction
method to establish an asymmetric porosity configuration (unequal floor and ceiling porosity) that will yield negligible
wal l corrections for the S3MA windtu nne l . 2

Much experimental work has centered around models of the classical NACA 00 12 profile. The influence of the
sidewall bounda ry layers on results for models of the NACA 0012 profile and the ONERA LCI OOD profile was
investigated in the R I  Ch (5 1.5 )  win d t u nn el .  The th inn ing  of the bounda ry layers was effected by suction upstream of
the model. No simple method to correct results for the presence of the sidewall bounda ry laye rs coul d be established :
making the bounda ry layers as thin as possible , is t he recommended approach. 3 Similar work has also been carried out
at IMFL (5 1.6) with different types of porous material. 4’5

No results have been reported on the investi gations of thre e models of diffe rent size of the NACA 001 2 profile at
DFVLR (BF) (51.2) to determine blockage corrections.

Convair (5 1. 13), in experiments performed in the AFFDL I S ”  two-dimensional slotted windtunnel , has used
measured wall pressures in combination with the unsteady finite difference procedure to determine wall corrections.6
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LRC (5 10.8) has also established the usefulness of using measured wall pressures for a slotted windtun nel  as
boundary conditions for assessing wall interfe rence in two-dimensional subsonic flow.

At AFFDL (5 10.6) a series of two-dimensional tests in the trisonic gasdynamic facility has demonstrated the utili ty
of thickness contouring slotted walls. The upwash interference over the first 60% of chord could be eliminated in this
way .’

Work wit h three-dimensional models deals with bodies of revoluti on , hal f (or refl ection plane)-mode ls and full
models .

At LaRC (SI .12) drag measurements have been obtained near M = I in the 16 ft transonic w indtunne l  for a series
of bod ies of revolution for comparison with fli ght test data . The bodies were geometrically similar yielding blockage
ratios from 0.00044 to 0.000 17. In spite of the very low blockage ratio it was found that all models had a lower drag
rise Mach number  than the free fligh t body, also that the smaller the model , the lower the drag rise Mach number.  Since
change of model size meant a change in both Reynolds number  and blockage ratio , work is now underway to separate
the two effects before any definite conclusions can be drawn.

Half model technique has been employed by Ames and FFA but for entirely different purposes. The Ames ( 5 1. 1 1 )
investigation concern s comparison of results for an RAE model tested both in the RAE 8 ft and Ames I I  ft transonic
windtunne l s .  This comparison is to form the basis for det ermining experimentall y the constants in the generalized
ho mogeneous bounda ry conditions , using the solution by E .M .Kraf t , slightly modified , for lift interference in a wind-
tunnel wi th  ventilated top and bottom walls. The analysis is being extended to all four walls ventilated.

The work at FFA (5 1.5)  was aimed at establishing the usefulness of the half model techni que at transonic speeds.
Components from a full swept wing m o d e l ( l / 2 5  scale), tested in the NAE 5 ft windtu n ne l , were used for a half model
that  was investigated in the FFA TVM 500 w ind tunn e l .  The two sets of data show good agreement when compared at
same Reynolds number .  A larger (1/ 8 scale) half model , geometrically similar  to the one above , was also tested in the
NAE 5 ft win dtunnel  in order to obtain data at higher Reynolds number .  Effects of Reynolds number on drag could be
seen up to the highest Reynolds number  tested (Re 15 x 106 ) 8 9 1 0

The extensive program with the ONERA calibration models being tested in a number  of transonic wind tun n e l s
seems to have run its course , apart from tests sti l l  to be conducted in the NLR HST. Tests have been completed in the
following wind t unne l s :  ONERA S2MA. S3MA , S3Ch , IASC Sigma 4 , DFVLR I m , FFA S4 H T and TVM. ARC l I f t .
AEDC 4T and I 6T , RAE 8 ft and NAE 5 ft. The purpose of these tests has been princi pally to establish suitable wall
correction methods for realistic aircraft confi gurat ions through the use of identka l  models in various size w in dtunne ls .
M uch analysis of acquired data still remains , al though ONERA and FFA must be credited wi th  accomplished analysis and
re p ortin g. i~ .~ 2 . l 3  The working group on transo nic test section design considers the O NE R A  models to be especiall y
Reynolds number  sensitive and recommend a new standard model for studies of wall interference effects. See
Appendix 6.

The effective porosities of the ONERA S2MA and S3MA windtunne l s  have been determined with  the aid of the
calibration model data (53.3). Corresponding wall corrections are now employed in industr ial  testing as function of span
and angle of sweep. The confidenc e in these corrections is such that  models with  a span of up to 80% of tunnel  width
can be tested. An investi gation has also been carried out  to determine test section condit ions related to model scale
that would yield wall corrections wi th in  the normal scatter of data.

LeRC (5 13. 7) has completed an investigation in the Mach number regime 0.6 to I in the 8 ft x 6 ft w i n d t u n n e l  on
a series of geometrically similar winged-body confi gurations (not the ONERA models!) repre senting blockage ratios from
0. 1% to 2% . Measurements included fuselage pressure distributions. The effect of blockage was found small up to
M = 0.95. The effects of variations in local wall porosities and sidewall contour was investigated. The porosity changes
were found effective in reducing wall disturbances up to M = 0.975 but  not so the sidewall contouring. Model support
interference effects were also inve sti gated and in addition to normal sting mount ing ,  wing-tip mount ing  and fuselage
forward swept support strut mount i ng  were investigated . ’4

A few investigations have been concerned principall y with the characteristics of the ventilated wall .  Significant
progress is reported by FFA (59. 1) on the investigations of the flow in a slotted wall. A special pre ssu re probe traversing
along and across the slot has been designed and used . The measurements have confirmed a tentative flow model for the
slotted wall and computed pressure differences across the wall show good agreement with experiments . ’5”6”7 Further-
more, a fully three -dimensional inviscid theory for the wall interference in a slotted wall windtunnel  has been
developed.

At AEDC (5 10.4) the wall characteristics of the I ft transonic windtunnel  has been determined experimentally.
Using an inverse transonic potential flow program the flow angle distribution at the wall is then calculated. The results
are applied to calculations of mass flow distribution and boundary layer growth at the wall using the Potank cr / Whit t ’ield
computer program. Agreement between calculated and measured boundary layer thickness at the test section exit
indicates overall consistency of the approach. Furthermore , the concept of axial variation of wall resistance to reduce
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interfe rence has been analytically demonstrated for a finite airfoil ’9 and techni ques are available to calculate the inter-
ference e ffects for an arbitrary distribution of porosity. 2°

The development and application of numerical methods have further advanced.

The NLR panel method (54. 1), usi ng the non-homogeneous bounda ry condition at the ventilated wall and taking
into accou n t t he fini t e length of the test sect ion , has been app lied to a study of two -dimensional flow. This study
revealed that the lift interfere nce could be significantly reduced , without affecting blockage , i f the upper and lower
ple n um cha mbers were not inte rconn ected . The me th od is be in g fur th er refined by app lying measured wall pressure
distributions as boundary conditions. 21’22

An extension of the NLR panel method (5 10.2) to three -dimensional flow in a ventilated wall windtunne l has been
accomplished 23

The transonic small perturbation method has been applied to two-dimensional flow both at ONERA and RAE.
ONERA (59.2) has found this method too restrictive and is not pursuing this avenue. At RAE (59.4), the method has
been applied to slotted and solid wall windtunn e l s .  Experiments in the RAD 8 ft x 6 ft windtunne l  agree with calcula-
tions , although difficulties are encountered in determining the correct P-value for slotted walls. Calculated results show
that the interference effects in a slotted wall windtun n e l  is much more severe for a supercr itica l airfoil than for a classical
one. Calculations also confirm that the linear subsonic theory may be used to provide adequate wall corrections in a
perforated wall windtunne l  for lift and pitching moment up to M = 0.8. However , it is not conside red adequate to
provide blockage corrections in transonic flows. 24

At A MDB A t wo app roaches for wall corrections in three-dimensional transonic flow have been investigated; an
analytica l method and the vortex lattice method. It is now reported (52 .1 , 5 10.7) that the vortex lattice method is the
favored approach and in curre nt use.25’26

Work has also been underway for some time at AMDBA (53.4) to arrive at a method for computing the choking
Mach number in a solid wall windtunn el  with a model generating high lift and drag. It is now reported that such a
met hod exists and some verifying tests are scheduled.

Oceanics (59 .3) has developed a theoretical method for M close to one. It is based on local linearization together
with an integral method for treating the flow at M close to and equal to one. Their study reveals , that in a perforated
wall windtunne l  at M = I , thick models experience less interference than thin ones. Experimental data obtained in a gas-
dynamic-hydraulic analogy facility confirm this predictio n. A new , simplified method for calculating lift  on thick wings
and airfoils in unsteady flight at M = I has also been developed. 27

At the University of Ari zona work has been started on the development of rapid methods for calculation of steady
and unsteady transonic flow with emphasis on wall interference effects (59.5).

There is nothing further to report on the time depende nt numerical procedure for solving inviscid transonic flow ,
developed at VKI and University of Liege (5 10.1). The method was successfully tested in simple examples.

NAE (51.8) has developed an influence function method for computing wall effects on single and mult icomponent
airfoils , cascades , and vortex roll-up in a solid or ventilated wall w indtunn el . 28’29’3°

A EDC (5 10.3) has developed an integral techni que for solving the nonlinear trans onic equation and applied this to
non l i f t ing  airfoils in a two-dimensional perforated wall w in d tunne l .  The integral approach y ields an order of magnitude
reduction in computing time over other methods. 31 It is demonstrated that transonic interference e ffects are model
depe ndent; for example , the porosity required for zero blockage is more a function of thickness distribution than
blockage i n the classical sense. 32 Furthermore , the Newman -K lunker  computer program for calculating three-dimensional
transonic flow about a model with arbitrary windtunne l  boundary conditions has been adapted to the AEDC computing
facilities.

Effective computational methods are being developed at LaRC (5 10.8) for treating two- and three -dimensional flow
in slotted and perfo rated wall win dtunne l s.  Improved theoretical bounda ry conditions have been developed for slotted
walls and are being extended to alternately staggere d rod walls. The wall-induced perturbation field has been defined
rigorously withi n the context of three-dimensional transonic flow computations along with a criterion for assessing the
correctabi lity of windtunne l  data to free air condit ions. 33’~~’35

ATL (S 11.3) . which previously reported on the development of a new and rapid techni que for solving the three-
dimensional non-linear small disturbance transonic equation, has carried out further theoretical studies based on more
exact computer codes. The importance of correcting for the finite length of the test section has been established. 3’

Studies on new wall concepts are progessing at various places. At Calspan (5 I I  .2) tests have been completed in
their 1 ft wind tunnel with adaptiv e porous walls (based on Sears’ proposal37 ) on a 6 inch chord two-dimensional model
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of the NACA 00 12 airfoil. The test Mach numbers were 0.55 , 0.65 , and 0. 7 25 . Onl y a small numb er  of i te ra t ion s  were
found necessary in order to obtain low interference flow. Data also show tha t  high , :iterfcre ,iee te sh iio not correspond
to any pseudo-angle of attack or Mach nu m ber . 38’39 Tests are continuing at M 0.85 and 0.9.

At ONERA (5 11.4) the adaptive flexible solid wall concept has been successfull y applied to two-dimensional tes t ’,

in the S4Ch windtunnel .  Again , a model of the NACA 0012 was the test obj ect. ’° Appl ication of this concept for the
three -dimensional case is also under study.

At AFFDL (5 10.6) a nine-inch rod wall transoni e test section is being designed for st udies of adaptiv e wall
tech niques with the rod wall.

USAA (5 11.5) reports on the development of a subsonic two-dimensional flexible wall test section. Tests on a
cy linder with 29% blockage at subcritical Reynolds number  have demonstrated the achievement of interference free flow
Initial testing of an airfoil model (NACA 001 2-64 pro file) is comp lete and further testing is ai med at gaining experience
with the adaptive wall technique at angles of attack throu gh stall. Improvements are sought of increasing angles of atta ck
t hrough stall. Improvements are sought of increasing the rate of convergence of the walls from straight to streamlined
con tours .41”2

The ARC investigations (56 .2) with wedge shaped walls in their 2 ft x 2 ft t ransonic w ind tunne l  has proven
inconclusive due to severe boundary layer build-up. Future plans are to reconfigure the test section to facilitate testing
of new wall geometries.

There is no progress to report about the planned experiment at USAA (5 11.6 ) to explore the possibility of
atten uatin g the reflection of shock- and expansion waves against a solid contoured wall.

Similar work is being pursued at the University of Stuttgart (5 11.8). altho ugh the walls are elastic. Theoretical
wor k has progressed to report stage , but the ex pe rimental  pa rt of the stud y is sti ll pending.

Both IMFL (57.2) and AMDBA (57 .3) are in vestigating the use of homogeneous porous material for the transonic Jwindtunn el  wall with regard to shock wave cancellat ion in slightly supersonic flow. 43 Another approach followed at
GASL and reported in Reference 44 is a “land and groove ” wall geo metry with variable porosity. Experimental results
show that  the wall reduces the  reflected shock strength.  However , the required porosity dis t r ibut ion was found to be a
sensitive function of Mach number in the tow supersonic range , with Mach number accuracies of 0.01 or better required
to obtain repeatable results.

At AEDC (5 1 1 . 7 )  a computer s imulat ion technique has been developed , that  models the flow in a two-dim ensional
test section in conjunction with a numerical  solution of the exterior flow. The relationship between flow variables that
must he satisfied to ensure unconf ined flew can thus be established. The techni que has been used to study the effect of
probe locations and the required m easurement accuracy to ensure convergence. In order to reduce computing t ime an
integral equat ion method is being developed for the externa l  flow field.  Furthermore , a three-dimensional numerical
simulat ion of the adaptive wall is being developed.

FFA (5 11 .9) is e~amining the feasibility of a new wall concept that can best be described as a convertible wall.
With the same wall components the wall configuration can be changed fro m slotted to perforated walls wi th  variable
porosity and vice versa. A case is studied where perforations are limited to four wide slots (40% of wall area), the
perforated plates have slanted holes and the porosity can be varied up to 20’~ . Prel iminary w in d tu n n e l  tests with a cone
cy linder in the TVM 500 windtunne l  have shown promising results.

Finally, i n this con te x t , the cor rectab le int erf erence tu nn el concept , being considere d at LaRC should be
mentioned. 45 Limited adaptive wall control would be used to reduce interfe rence to analytically correctable levels.
Pressure measurements at the walls would provide the boundary conditions for calculating the remaining interference .
using an analysis procedure , that is rigorously applicable to transonic speeds.

Noise generated by ventilated walls is intimately connected with the flow quali ty in the test section. Up till recently
the question of flow quality has defied many attempts at clarification. However , a very important document on the
subject has now been issued by AGARD4’ that  defines the flow quality requirements , for practical purposes , for transonic
w indtunne l s  with short run time. “This report should be mandato ry reading for all th ose concerned wi th t he great variety
of tests to be do n e at t ranso n ic speeds , whether they design the experiments or carry them out and evaluate them. ”
(D. Kuche ,nann).

Several investigators report on successfu l schemes for reducin g noise generated by ventilated walls. ULC (5 I 2 . 1)
found that positioning a plate in the plenum chamber parallel to the perforated wall could give substantial reduction in
noise level under certain conditions. ULC is also studying the characteristics of perforated walls covered with gauze . I n
addition to studying the acoustic leve l in the working section , the bounda ry layer development and the shock cancella-
tion characteristics of the composite wall are being investigated.
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Both ONE RA (5 12.2) and AEDC( 5  12.5) report tha t  the application of fine mesh screen or gauze over the perfo-
rated wall can reduc e the noise level to that of solid walls. At ONERA f luctuat ing  pressure and turbulence measurements
were carried out in the S2MA and S3MA w indtunn el s  using the AEDC 10° cone. 47’48 AEDC also confirms that longitu-
dinal  splitter plates in 6% 60° inclined holes are an equally effective means of reducing noise wi thout  affecting the
shock wave cancellation or subsonic wall interference characteristics of the wall.  However , the same modification to a
variable porosity 600 inclined hole wall , while substantial ly reducing the noise level , vi r tual ly  destroyed the wall ’s wave
cancellation propertie s. AEDC is also looking at the effect of screens on the noise produced by other wall geometrlcs. ’9

An investigation of the acoustic characteristics of the rod wall is also reported by AEDC .5°

Progress on the development of a theoretical method to calculate the noise generated by a ventilated wall is reported

by Nielson ( 5 1 2 . 4). The theory,  which is based on the stabi l i ty of slightl y non-parallel shear flow , has been brought to a
practical stage of development and computer programs have been generated. Computations have yielded the most
amplif ied trequency for a given flow condition. The calculations indicate an ed getone frequency in the correct order of
magnitude range for the AEDC l6T windtun nel .

The effrct of /zeal transfer on tes t results. The only investigation so far under this headi n g is the one previously
reported by RAE (5 15 . 1) .  It was noted that spurious scale effects could occur due to heat transfer . 5’ However , it is
indicated in (56.3 ) tha t  tests are being carried out at Calspan to investigate the effect of heat transfer on shock/boundary
layer interactions.

( ‘om lusions uizcl reco,n,nendations. Since the “M iniLaWs ” activities started , significant progress has been made in
many of the areas discusse d in this section. A better understand ing of the wall interference problem in existing facilities
has defi nitely emerged. This better  understanding is primarily the result of the combined effort that  has gone into the
development of analytica l and numerical  tools for treating the flow in a ventilated w in d tunne l  and the experimental
work that  has been directed towards the understanding of the flow characteristics of the ventilated wall itself. In many
two-dimensional facilities it is now common practice to measure the pressure dis t r ibut ions on the venti lated top- and
bottom -walls for defining t h e  appropriate wall boundary conditions to he used in the method app lied for calculating the
wall interference effects.

Several such niethods have been developed and are app lied in practice ; subsonic linear theory (NAE , RAE), the NLR
panel method (NLR ) .  transonic small perturbations (RAE) ,  an inverse transonic potential  flow method (AEDC), unsteady

fini te  differences procedure (Convair). Althoug h some limited assessment of the “range of applicability ” of some of the

methods has been made , it is reco mmended that  a systematic study of the m erits and applicab lity of these methods be
carried out , including establishing the l imits  (e.g., 

~ L ,  M. C/I l , P) for when results are correctable or not.

The above more or less holds for the three -dimensional case as well , although it is less clear which methods for
calculating wall interference have reached a practi cal stage of development. It is grat ifying to note however , that , based
on the ONERA calibration model program . ONERA has established a correction procedure for the S2MA and S3MA wind-

tunnels that is applied on a routine basis. Much of the work with the ONERA models is st ill  onl y reported as “has been

conducted ” and it  is urged that the analysis and subsequent reporting of results he speeded up as much as possible.

Encouraging results have been reported from exper iments  wi th  the adaptive wall technique , using porous or solid
walls , in two-dimensional windtunnels .  Other adaptive wall concepts arc also being studied: e.g., rod wall and elastic wall ,

but l i t t le  information is available on the progress of these studies. And , as pointed out in the previous M in iLaWs report .
the road to the three-d imensional  adaptive wall is long. However , a computer simulation s tudy on such a concept has
been in i t ia ted .  A word of caution niay here be in place. The success with the two-dimensional adaptive wall has
pr imar i ly  been based on experiments  wi th  the NACA 0012 profile. However , as reported in one study, a supercri t ical
airfoil is much more se nsitive to wall interference than a classica l one. Further  explora to ry  work with  the adaptive two-

dimensional wall should therefore include some supercritica l airfoil model , so that  ihe practical problems associated wi th
more sensitive models can be assessed.

In Appendix 6 the working group on transonic test section design recommends the development of a standard model

and suggests a standard test procedure for evaluat ing interference correction method s amid new test section design

concepts. The AGARD FDP should recommend these tasks be undertaken by a specific single agency. Advice for exten-

sions of pre sent day transonic tunnel  calibration methods is offered in App endm.x 6.

Effective means for suppresssing the noise generated by perforated wall s are now at hand. Spli t ter  plate s or gauze

have been fou n d eq u ally effective in reducing the noise level of a perforated wall to tha t  of a solid wall. However, the

question of whether  or not the wall generated noise has an inf luence on aerodynamic  measurements , is still  open to
debate. Also , fur ther  work is required to establish the interference characteristic s of the “quiet ” walls , befo re they can
be considered to be a viable al ternat ive.  
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6. FLUID-MOTION PROBLEMS

Most of the material presented in this section is concerned with windtunne l testing, primarily with the influence of
the bo un dary laye r , b u t also with t he need for h igh Reynolds number simulation or testing. Since most of the reported
research is on viscous flows , some of it is covered by the activities of Eurovisc (European Research Programme on Viscous
Flows). The Eurovisc Annual Report 1976 (Ref . l ) has recentl y been issued and many references are made here to
speci fic chapte rs on it em s i n that report , which may be read in conjunction with the present report , and which gives
additional information.

The effects of differe,m t flow disturbances and surface i,nperfections on boundary layers, including the m echanism
of transition. The results from the exper iments in the NLR Pilot Tunnel on the influenc e of artificially-generated sound
disturbances on flow separation (62.1) were reported at the FDP London Symposium. 2 It was confirmed that , on this
comparatively low noise level , no influence of an increase from 0.35% to 0.6% for CP (rms) was found on separation or on
the lift of a supereritical aerofoil. Since this is the range of noise levels discussed for new transonic windtunne l s . the
results are of great interest . 3’4

The earlier reported work at RAE (B) (62.2) which also dealt with the response of a turbulent boundary layer to
acoustic excitation and with similar conclusions awaits the final analysis and reporting.

Three US investigations are reported. The first , at AFFDL (62.3), has the objective of obtaining the transition-point
in free flight on a 100 cone in the transonic regime, and to compare this with windtunne l results. The prepar ations for the
flight tests are still going on. When completed and analyzed , they can be expected to give valuable information. The
second investigation , at AEDC (62.4), is concerned with the correlation of transition Reynolds number with noise and
turbulence levels in transonic tunnels in US and Europe. An analytical model5 for prediction of the onset of transition
has been derived and gives satisfactory results. It is now reported that the correlation of the windtunne l data indicates a
non-monotonic variation of transition Reynolds number with Mach number.  A flight test of the model is now also
planned , which intends to cover the w indtunne l  test conditions.

The third US investigation , at AEDC (62.5), concerns the effect on a turbulent boundary layer from varying free-
stream acoustic levels and free-stream velocity disturbances , the latter introduced by placing a lattice of steel rod s in the
stilling chamber. Provile measurements of the turbulent and mean flow have been made with both a split film and a hot
wire anemometer. Reduction of the data is under way. Reference should also be made here to Section 5 of this report .
where the influence of noise generated by ventilated walls is discussed.
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On the general problems of possible mechanisms for trans ition in boundary layers , which are of grea t relevance to
TES objectives , re ference is again made here to the Eurovisc Workin g party on Transition in Boundary Layers . ’ The
wor k of the group and the work on transition in the USA is reflected in the report of the conveners of this subcommittee
on Laminar-Turbulent Transition in Boundary Layers (Appendix 7). Much work , both theoret ical an d exper i mental , is
needed to provide a rational prediction procedure for bounda ry layer transition.

Results from the earlier investigation on transition on the AEDC cone at RAE (B) (6 1.3) have now been published. 6
The AEDC cone has also been tested by ONERA and the results were reported at the London Symposium. 7 Further
t ransi tion tests on a new 100 cone in various European facilities are being activel y considered. The cone would be manu-
factured and instrumented by NLR and tested in some of the facilities used for the AEDC cone.

The investigation at RAE (B) (63. 1) of the effect of surface imperfections on boundary layers , ear lier reported ,8 has
been extended to measurements of fluctuating pressures upstream and downstream of a square ridge. A new investigation
at UTSI (63.3) concerns determination of the e ffects of pressure ori fice on skin friction and turbulent boundar y layer
characte ristics.

From the i n vesti gation at ULICA (67.1 ) . whe re turbulence measurements in and behind the reattachment region of
a backward facing step earlier have been reported 9 are now completed and wri t ten up in thesis form. ’°

The work at NAE (61.5) concerning skin friction on two dimensional aerofoils with different roughnesses using
the razor-blade techni que awaits calibration by means of a skin friction balance. This calibration was expected to he
performed during 1976. FFA reports a new investigation (61. 6). The effects of different transition trips on the down-
stream behaviour of the boundary layer on a flat plate have been investigated at low speeds using a single DISA hot wire
to record mean velocity and streamwise f luc tua t ing  velocity profiles as well as spectra. The results indicate that , at these
rathe r low Re, the transition region be fore fully turbulent  boundar y layer behaviour is obtained , is quite long. A detailed
description of the test setup and the results are published. ”

The extensive investigation (6 14 . l ) a t  NAE in cooperation with Laval Universit y on the experimental  techni ques for
measuring turbulent skin friction pro ceeds and the floating element is further developed. More reports ’2”3”4 have bee n
published.

Finally, it should he pointed out that many more investigations of both direct and indirect interest to this field are
repo rted in the Eurovisc Annual Report (1976) (Ref. 1) . The following chapters especially contain much relevant infor-
mation: Chapter 2: “Transition and Reversed Transition ”, Chapte r 10: “Separation and Reattachment ”, Chapter 14:
“Pressure Fluctuations , Aerody namic Noise Generation and the Effects of Free Stream Fluctuations ”, and also
Chapte r 1 5: “Excrescences and Roughness Effects ”.

On the subject of the influence of turbulent boundary layers due to disturbances , three rece n t pu bl ica t ions should
be mentioned which concern the influence due to changes in the free-stream turbulence. ’5’ ’6”7

Technique.c for simulating flo ws at higher Reynolds num bers amid compariso n between results in the laborator.v and
in fl ight. A study at RAE (B) (64.3) of transonic scale effects on swept wings is now comp leted and is being reported.
At RAE (F) (64.4) the results earlier obtained fro m a transonic investigation into the effects of compressibility at high-
li f t , low speed has partially been analyzed. It is concluded that  further investigations are needed and consideration is
therefore being given to a model to be tested in the new RAE 5 m tunnel.

The experimental study at ONERA (64.5) on simulating higher Reynolds numbers by using enlarged leading or
trailing edges is now considered completed as regard s the trailin g edge studies. These results have earlier been reported. ’8
The study of the flow around the leading edge continues and a new report ’9 is announced. The possibility of simulating
higher Reynolds numbers by means of surface roughness is further pursued at ONERA (64.1 2) . now with some experi-
mental tests. The beginning of transition is shown to take place at the position of roughness: however , the rough ness is
not effective downstream and restrictions are also necessary as regards applicability at angles of attack.

The experimental investigation at LeRC (64.6) on Reynolds number effects on boattai l pressure drag has been
completed and the analytical effort is continuing. Data indicate a strong sensitivity of boattail pressure drag to approach
boundary layer thickness when extensive regions of separated flow exist on the boattail . In these cases, both data an d
analysis show a decreasing drag with increasing approach boundar y layer thickness. (See also Section 3).

More results from the work at OSU (64.7) is now reported. The investi gatio n concerned high Reynolds number
(over 3 .l0~ per meter) transonic aerofoil and transonic wall-interference problems.

Interference is determined by comparing surface pressure distribution on the two-dimens ional model with Krupp-
Murman calculations at subsonic speeds and with data fro m tests on a 6-inch chord model in the 8 ft Caispan tunnel at
transonic speeds. Pressure differences between the uppe r plenum and the lower plenum is significant and may lead to an
understanding of the results. The investi gation will continue. The joint investigation between RAE and Ames Research
Center (64.9) on scale effects on the transonic flow on swept wings has been completed and analysis of results for wall-
in terference effects is in progress.
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The comprehensive research programme at ONERA (6 13.3) concerning the correlation between windtunnel  results
ar.d theoretical predictions and fligh t tests continues. Fair agreement is reported between flight and windtunnel  tests
on Mirage Ill between M = 0.7 and M = 1 .85 and the earlier planned flight tests on Nord 2501 have now been
per formed. The results obtained from boundary layer transition location versus angle of attack have been published 20
and windtun n el tests on the Nord 250 1 full scale leading edge used in the fli ght tests will soon be tested in the Toulouse
Sl O windtunne l by using the enlarged-leading-edge-method . Free flight Reynolds numbers will be obtained. This com-
pariso n between fre e flight and w indtunn el  tests will be looked forward to with great interest.

The high Reynolds number testin g project at Ames Research Center (6 13.7) has made fur ther  progress. The wind-
tu nnel tests with the C- 14 1 A semispan model are completed and reported , 2 i Design of wing-fore-body model for test in
MSFC Lu dwieg Tube Tunne l is in prog ress .

A new contribution comes fro m AFFDL (6 13.8). Its ambitious objective is to fli ght de monstrate the perfo rmancc
improvement of a supercritical wing and to obtain flight test data for correlation of analysis and windtunne l  results for
assessing the fidelity of tunnel simulat ion and for developing new windtunne l modeling and testing techniques. Flight
test data will be obtained for Mach numbers up to 2.2 with emphasis on transonics . Windtunnel  tests will be cond ucted -

on full span and half span rig id models and flexible pressure models which are aeroelastically similar to the SCW fli ght

vehicle.

The progre ss report gives many interesti ng results and will there fore be included here in some deta il:  the TACT
(Transonic Aircraft Technology ) program involves a detailed correlation of windtu nne l and fli ght test deter mined aero-
dyna mic forces. The TACT force accounting system establishes a referen ce engine configuration and all aerodynamic
forces that vary with power setting are included in the thrust determination model. The thrust dep endent aerodynamic
forces arc determined from windtunnel tests performed parametrically about the engine reference conditions and suffi-
cie nt  data are acquire d in flight to veri fy the ground test results. Drag is a ground / flig ht test correlation para meter.
The variation of forces with power setting exists on other fighters but did not affect th e calculation of handbook per for-
mance since flight test derived drag and thrust were combined to obtain the perform ance and separation of the fo r ces
in to correlative values of thrust and drag was not required. AFFTC is vitall y interested in the TACT program and the
de termination of correlative values of drag in that it would reduce the amount of test time required for any new airp lane.
Progress to date has reduced the variation of flight test drag with power setting to plus or minus 10 counts. Flig ht tests of
the F-I I I  with the supercrit ical wing are in progress. Windt unne l tests of 1/2-scale models that dup licate t he fl ight
ai rplane are under way at Ames Research Center. Nozzle afterbody w ,ndt unne l  tests for the program have been
comp leted at Lang ley Resea rch Cent er .

The inlet performance testin g criteria being studied at AEDC (6 13.5) have been completed, a final report 22 ,s issued
and an AIAA paper 23 presented.

DFVLR (B)  (6 13. 1) is ca rrying out thrust and jet-flow measurements under laboratory and fli ght conditions. The
tests in the static test bed are completed and the fi rst flight results are expected at the end of 1976. This is the only
con t rihution in this important area. A publication is reported . 24

The investigation at RAE (B) (6 13.2). which aimed at establishi ng the scaling laws for the intensity of buffetin g and
also at inve stigating Reynolds number e ffects up to full scale value continues.

Half-model tests in the ECT and in the 8 ft x 8 ft tunnel  are completed and results are being compare d with results
of flight tests. Complete model tests in the latter are planned for 1977 .

Separation in three-dimensional flows . conditions and consequences . At the NLR (65.2) the detailed flow investiga-
tion of shockwave/bounda ry layer interaction has continued and data reduction and analysis are in progress. Two
pu blicatio ns25’26 have bee n issued. A similar investi gation at AEDC (65.5) reports new activities. The flow field over an
asym metric hump has been computed by combining a bounda ry layer method with an invisc,d transon ic flow solution.
Laser velocimeter measurements were made of the flow field includin g the reg io n inside the shock/boundar y-layer inter-
action. A new report 27 is ava ilable. (Progress report on the stud y at NC State (65.4) is missing. )

The next investigations all treat the influence of the variation of Reynolds number, in some cases up to very high
values. At LaRC (65.6) the effects of changing the wall porosity is also included . It is found that at super er itical condi-
tions , wall porosity had a large effect on the airfoil pressure distributions and shock locations. Standard lineari zed theory
was generall y inadequate to account for the wall interfe rence effects on angle of attack and Mach number.

Three new publications are reported. At CAL (65.8) the detailed investigation 28 of shock wave/boundar y-layer
in terac t ion , with its important  implications regarding full-scale simulation , has progressed with further tests. See also
(56.3). At UTSI (65.9) new results are reported on the investigation of turbulent-boundary -layer separation up to very
high Reynolds numbers ( ISO millions ) . The experiments at subsonic velocities have been completed and are tinder way
for low supersonic Mach numbers . Two new publications 29’30 are reported. In the earlie r investigation at DFVLR (G)
(67.3) on the reattachment and subsequent trailing-edge separation of a shock-induced separation a new boundary layer
pro be is manufactured. The test program is under way. An earlier report 3’ is availab le. For related investigation at
RAE (B) see also l urovi se Annual  Report ’ 1976 , Job 9.2 , whe re a detailed experimenta l study of the shock wave/
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boundary-layer region is reported. In the same Eurovisc Report is also reported a detailed experimental analysis of shock
wave t urbulent boundary layer interactio n at transonic velocities using laser anemometry and holograp hic i n te rf eromet ry
(Job 9.4).

The work at NLR (66. 1) on a programme 32 for transonic buffeting research progress in a second phase with
measurements of pressure-fl uctuations in and upstream of the shock-induced separation on a rigid two-dimensional super-
critical profile. The data are now being analyzed. The study of various cases of the consequences of separation in three-
dimensio nal flows at NAE (66.2) is now completed and reported. 33’~

Wakes amid lets. The fi rst four items are from NLR. In (6 11 . 1) ,  which conce rned the effect of some jet parameters
on the thrust-minus-drag of an axisymmetri cal bod y at transonic speeds , is completed and gives now a new reference .35

(6 11.2) .  not reported earlier , describes a method developed for the prediction of the flow field around air-frame-jet
combinations. Agreement between calculated and measured pressure distributions on the wing is good. Many , references
are given , for instance 35 , 37 , 38. This investigation , and also (6 11.3) and (6 11.4) are thought to be of only marginal
direct interest here ; their main importance should be for aircra ft designers. However , they are included here sin ce the
results may lead to the identification of scale effects , which should be simulated in w indtunne l  tests and also since the
calculation method s ~nay be used when calculating the interfe rence between wind tunnel walls and free-jets. No new
results are however reported this year.

The investigation at FFA (6 11.5)  concerned an experimental and analytical programme 39 4° on the effects on the
afterhody arid near-wake environment  of strong interactions between a central propulsive jet and a supersonic external
stream. Tests at angles of attack are going on and also determination of the influence of control surfa ces. The possibility
of using cold flow to simulate hot flow jets by means of a new plume modelling law has been investigated.

From the investigation at RAE (F) (6 I I  .6) regarding afterbody drag at transonic and supersonic speeds has
progressed. The new results show that the effects of mutual  interference are important  in practical configurations and
suggest possible methods of predicting the total drag from part-body tests. The investigation is proceeding .

The ARA (6 1 1 .7) has now successfull y completed the programme of work for direct measurement of gross thrust-
minus-drag for several jet configurations 41 ’42 . A critical bibliography of the li terature on afterbody drag anal ysis is being
prepared and it is expected that  this may generate the need for further experimental work.

At RAE (B) (6 11.8) the planned investigation of rig-support e ffects in the measurement of afterbody drag at
subsonic speeds is progressing. The rig and model are now being manufactured ;  a parallel afterbody will be tested first to
provide basic informat ion on the pressure distr ibution due to tunnel  and rig interference in the RAE 3’ and ARA 9’ x 8’
tunnels.

The work at ONERA (Ch) (6 1 1 . 9) concerning afterbody testing with  the supporting sting upstream of the model
is further pursued including boundary layer control on the sting. (See also Reference 43.)

A new investigation is reported from BAC (6 1 1 . 1 1) .  Single and twin nozzle afterhody configurations have been
tested~~ at supersonic Mach numbers over a wide range of jet pressure ratio. Thc results obtained have been partly
anal yzed. Further tests to measure forebody influence will  be done.

Many related investigation s on afterbody testing are referred to in Section 3 of this report.

Flow in / unction.s between bodies . The rather extensive work at ULICA (69. 1) concerning three-dimensional effects
in nominally “two-d i mensional ” flows is now completed and written up in thesis form. 45 See also Eurovisc Annual
Report 1975 , Job 8.5. The project from ARL (69 .3) on viscous flow interaction studies at high Mach numbers is closed
and will in the future he reported from AFFDL. The work und ertaken so far is reported in many publications among
w hich the most recent are References 46 and 47.

Unstead y flows. Techniques for measuring unsteady flows have already been discussed in Section 2. Here , some
of the actual problems are briefly described , whic h might give an indication of what kinds of test are needed.

The work at NLR (6 12. 1) .  which is a fundamental study on unsteady two-dimensional air loads in tr ansonic flows .
is continuing. Experimental exploration of the unsteady aerodynamic characteristics for supercritical airfoils is under
way a n d , i n cooperatio n wi th N ASA Ames , an investigation is made of the effect of Reynolds number and tunnel walls
on unsteady pressure measurements. Three new publicat ions 48’49’~° a re announced. At Volvo (6 12.2)  the experimental
i nvestigation , performed in a watertunnel , of unsteady aerodynamic forces on two-dimensional wing with control surfaces
has now successfully been carried out. Reasonably good agreement with theoretical results have been obtained. Further
tests with lower frequencies and studying the influence of amplitude variation will be made as well as tests with fixed
wi ng and oscillating flaps.

At ONERA (CERT) a funda menta l  study of unsteady turbulent boundary layers has been undertaken (6 12.4).
Interesting results are reported on the structure of turbulence . Theore tical prediction methods using finite difference
techniques and elaborate turbulence modellin g or simple integral methods have been developed. A report 5’ is published .
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Data from the planned investigation at NYU (6 I 2.6) of unsteady laminar and turbulent  boundary layers in a tube-
type wind tun n e l  at low speeds is being obtained . Tests with both laminar and turbulent  boundary layers and some heat
transfe r measurements have been m ade.

Two new investigations are finally reporte d on unsteady flows. The fi rst , a t AFFDL (6 12.7),  has the objective to
provide experimental f lu t te r  data in order to e~tablish the reliability of analyt ical  methods. A wing-fuselage-tail f lut ter
model will  be tested in the AEDC 4T wind tunnel  in the low supersonic speed regime (M = 1.3). Thickness effects will he
invest igated.  The final technical report is under way.

The second investigation at Science Applicat ion , La Jo lla , (6 1 2.8) aims at extending a computer program 52 for the
unsteady aerod ynamic forces on two-dimensional wings in transonic flow to include slightly supersonic speeds and wind -
tunnel  wall inte rference. It will also be extend ed to three-dimensional wings. The work of programme is partly
completed.

(‘onil us ions and reeommnendat ions. In the area of “fluid motion problems ” much work of importance for desig n
and operation of large windtunne l s  is going on apart from that reported here. It has not been possible , however , to cover
everything and furthermore much relevant information may be found in other sources such as the Eurovisc Annual
Reports , the A GARD FDP and FMP Conferences and Symposia and the AIAA Conferences and similar meetings.
Especially should he mentioned the AGARD FDP Symposium on Wind Tunnel  Design and Testing Techniques in
London , October 1975 t R e f .2)  and the Technical Evaluation Report ,3 tha t  followed later.

In the present report, with  its about 50 contributions on fluid motion problems, the more fundamental  work in this -

area ,s reasonably welt covered and many new contributions of great interest have been added since the last review. 53

The need for more research on the various mechanisms of transition must , however , again be stressed. This area is 
-

.

of central  importance to the objectives of the Subcommittee on Wind Tunnel Testing Techniques (TES) . The Recom-
mendat ions  for Work on Transition in Boundary Layers. Appendix 7 , of the present report will help the planning of
fu ture  research on th i s  subject. The AGARD Symposium on Transition in Copenhagen in May 1977 can also be expected
to present results of great interest.  Related to the area is the problem of the flow equality in windtunne l s  and also here
more research is needed before the question of admissible disturbance level is settled.

Another  area , of at least equal importance for our objectives , is the comparison between results obtained in wind-
tunnels  and in flight. Many investigations , some of them new , are under way and should contribute to further under-
s tanding and progress in the subject. Considering the importance of this area there are , however , strong motives and
needs for much more work . This should be encouraged by the TES Subcommittee. In this context the recommendation
No.2 in the Technical Evaluation Report 3 fro m the AGARD London Symposium 1975 should also be considered. That
r ecommendation is: “The Fluid Dynamics Panel should take the lead in developing aerodynamic programs , both
experimental  and theoretical , to gain more knowledge about sensitive flow regimes around aircraft , particularly in the
transonic speed range. Adequate knowledge would allow to define those test conditions which can be correctl y simulated
only in special large wind tunne l s . or in fre e flight, and most importan tly .  make it possible to design a nd safely operate
aircraft throughout their  entire speed range. ”
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PART 111

MAIN CONCLUSIONS AND RECOMMENDATIONS

The magnitude of resources devoted to research on w indtunne l design and testing techniques in the NATO nations
is barely adequate to meet the demands for increased data  variety and precision. Fortunately,  the members of TES are
in a position , in their respective nations, to irf luenc e the research undertaken so that the knowledge which they gain
through their work with TES assures low redun danc~ -~iid high effectiveness of the overall program in NATO. This is
evidenced by content of the program discusse d in this report.

While the investigations discussed in this  report should result in substantial improvements to testing techni ques ,
further developments of major benefi t to aeronautics remain feasible and should be pursued as resource s become
available. Needs for such advances and the possibilit y for achieving the fur ther  technology gains have been developed
and are indicated in the following:

( 1)  Development of test techniques , ins t rumentat ion , and analysis methods related to static and dynamic stability
including cross coupling between longitudinal  and lateral motions of aircraft and missiles at important high
angle of at tack flight conditions of modern aircraft and missiles. (FDP will hold a symposium on this subject
May 1978.)

(2) Development of improved capability for modeling, instrumentat ion , and data interp retation in aero-acoustic
investi gations. (An “internat ional  workshop ” of the experts in the field is recommended. )

(3) Continued study of materials , surface finishes , design methods , instrumentation , and data acquisition systems
for models , engine si mulators and support systems for new high Reynolds number wind tunnels including those
operating at cryogenic temperatures. (An FDP Round Table Seminar on this subject is being considered for
spring 1979 .)

(4) Establishment of transonic windtunne l  wall interference correction methods and alleviation methods as well as
standardized models and test programs for use in wall interference investigations. (FDP members have
commented on a standardized model and program study.  TES is to submit a paper on the model and program
for discussion of FDP.)

(5) Further study of the influence of flow quality on wind tunne l  experiments. (FDP Symposium on Windtunne l
Design and Testing Techniques October 1975 , CP- I 68.)

(6) St udy of turbulent  boundary laye rs and their initiation through instability and transition using theory , wind-
t unnel data and fligh t data. (FDP Symposium on Laminar Turbulent Transition May 77 and TES support of
AEDC-NASA fligh t test of instrumented cone.)

(7) App lication of non-obtrusive instrumentation , i ncluding laser type , for measurements of fl ow field tem pera tur e .
pressure , ve locity, de nsity, and composition in separated and other flow regions needed to yield new under-
standing of such flows. (Work is underway at NASA . AEDC , RAE . and ONERA and as that work y ields results
FDP discuss provision for dissemination of the results and evaluation of the impact of those resu lts.~

( 8) Further development of stall , depa rture , and skin test techni ques using combined w ind t unne l  and computer
sim ulation of airc raft . 
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PART IV

PROGRAM OF WORK

Not e: Asterisk denotes upda ted job cards have not bee n received .

WINDTUNNEL DESIGN AND OPERATION

1 0 Design of wind tunnels

10. 1 Assessment of design requirements of the test section of the pro posed Large NLR
Subsonic Windtunn el( LST 8 x 6) of the NLR on the basis of experiments in the B.M .Spee
model tunnel. F.Jaarsma

10.2 Construction and instrumentation of a pilot tunnel emp loying ECT-d rive and RAE (B)
investigation of its flow and performance characteristics. P.G.Pugh

10.3 Provision of S m tunnel RAE (F)
A.Spence

10.4 Improvements to RAE 24 ft Tunnel RAE (F)
T.B.Owen

10.5 Constant pressure storage FFA
C.Ne lander

10.6 Project Transonic Ludwieg Tube DFVLR (G)
W.Lorenz -Meyer

10.7 Work about design and operation of the new subsonic pressurized tunnel ONERA (Ch)
Fl — Le Fauga J.Ch ristophe

10.8 Construction and instrumentation of pilot tunnels T2 and T’2 to demonstrate ONERA (Ch)
the Injector Driven i.P.Chevallier

10.9 Carrying on the Project Grosser Untersscha ll-Kana l GUK DFVLR (PW)
Pfeiffer

10.13 HIRT Advocacy Studies AEDC
C.J.Schueler

10. 14 Evaluate the injector drive concept for possible use in a large high Reynolds ARC
number transonic windtun n el Lado Muhlstein , ir

10.15 Investigation of the app lication of the cryogenic concept to high Reynolds LaRC
number transonic windtunne l R.A .Kilgore

10.16 Laser powered w indtunnel  Wash U
A.Hertzberg

10.18 Transonic aerodynamic testing utilizing sled test vehicles 6585 TESTG
T.R.Bruce

10.22 Model studies of various exhaust deflector schemes for the NAE 5 x 5 ft NAE
blowdown windtunne l D .Brown

10.23 Cryogenic blow-down or induced-flow windtunnel concept FFA
C.Ne lander

10.24 Modification to 40- by 80-foot windt unn el :  repowerin g and addition of ARC
an 80 x 120 ft test section K.W .Mort

10.25 Studies of wind-an gle diffuse rs ULICA
P.Br adshaw
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10.26 Influence of model and sled drag on flow corridor convergence. Methods for Stuttgart
red ucing the rate of flow corridor convergence. Thee Hottner

10.27 Screen replacement in the NAE 5 ft x 5 ft b lowdown windtunnel .  NAE
R.H .Piper

10.28 Mach number contro l system for subsonic and transonic operation of the NAE NAE
5 ft x 5 ft blowdown windtunn el .  L.I-l.Ohman

10.29 Construction of low speed windtunne l DNW NLR /DFVLR
F .iaarma

I 2 Review of current method s and development of new methods of constructing
rigid and elastic models

12. 1 Design study of representative high-lift aircraft model for RAE 5 metre tunnel RAE(F)
A.Spence

12 .3 Design of a large low speed windtunne l model. Saab
T.Ornberg

1 2 .4 Statica lly aeroelastic model of rein forced plastic FFA
S.Lundgren

1 2.6 Elastic windtunne l models of a supersonic fighter aircraft for static measurement Saab
in trisonic windtunnels . T.Ornberg

1 2.7 Dynamically correct models for high-speed investigations Saab
B .Aker lindh

1 2.8 Study of glass and carbon reinforced plastic construction for model helicopter RAE (FS)
blades with dynamically scaled characteristics. A.Anscombe

1 2.9* Improvement in the design and manufacture of models with representative 1MF (L)
mass distribution intended for free-flight tests. J.Gobeltz

- -  F.Dupriez

1 2. 10* Contribution to the study of making a fuselage of the right stiffness foi flutter IMF (L)
models J.Gobeltz

F.Dupriez

1 2.11 * Contribution to the study of dynamic simulation in a flutter model of a IMF (L)
partly-tilled external fuel tank J.Gobeltz

F.Dupriez

12 .1 2 Work about the design and building of models ONERA (Ch)
M .Bazin
P. Broussaud

12. 13 Design , construction and flutter test of aeroelastic similar models of large ONERA (Ch)
commercial airplanes R.Destuynder

I 2.14* Modelling technique for static aeroelastic similarity for supersonic high-pressure CRA
blowdow n windtunne l.  C.Buongiorno

U .Ponz i

12 . 15  Development of techni ques for construction of test articles for simulated AF FDL
aerothermodynamic testing of weapon system concepts. E .L.White

1 2.16 Design , construction and test of models representing aeroelastic effects on RAE (F)
steady forces and moments G.F .Moss

13 Review of new methods for supporting models , including the effect of rate
of change of model attitude on measurements

13.2 Development of new supports for Modane windtunne l s ONERA (Ch)
J.Christophe
M .Bazin

13.3 Effect of rate of change of model attitude on force measurements NAE
E.Atrag hj i
J.R.Digney
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13.4 Aerodynamic carriage load s study AEDC
R .E .Dix

13.5 Support interference in t ransonic windtunne ls JPL
B.Dayman

13.6 Store separation testing criteria AEDC
R .E .Dix

13.7 Prediction of model support interference effects NLR
C. Rip

13. 8 Recording of the trajectory of a store released from a parent aircraft model BAC (Wa )
by twin ejector guns. Variable are Mach number , aircra f t att i tude , simula ted E.S.Greening
attitude and gun energy distribution. Light store modelling techniques used C.Russel
a high speed and

14 Methods for data acquisition and analysis

14.1 Da ta acq u isition and ha n dli n g by a big central computer in real time. DFVLR (G)
D .Mehme l

1 4.2 Data assembling with computing systems and on line distribution of the results. DFVLR (BF)
F.W.Scholkemeier

14.3 Planning of a new system for acquisition and reduction of data from the FFA
transonic-supersonic windtunne l  S4 at FFA K.Fri stedt

14.4 5 m tunnel instrumentation RAE(F )
R.Jeffery

14.5 Unsteady data acquisition RAE (F)
R .J .North

14 .6* Acquisition and analysis of data transmitted by radiote lemeters and cables I M F ( L )
during free-fligh t model tests. J .Gobeltz

i.P .Drue l

l4.7~ Integration of a system for the handling of telemetered data in the flight loop I MF (L)
of a model in a free-flight J .Gobeltz

J.P. Druel

14.8 Development of the techni que of measurement and data analysis ONERA (Ch)
R.Tisseau
ONERA(M )
J .Fiquet

14.9 Acquisition and processing of unsteady data NLR
H.Tijdeman

14. 10 Development of a generalized data reduction system NAE
R.D .Galway

1 4.11 Data acquisition system for NAE 5 x 5 ft w indtunne l  NAE
A.J .Bowker

14.1 2 Application of math models to windtunne l  testing AEDC
R.L.Pa lko

I S Investigation of unconventional design for low-speed windtunne ls

1 5.1 Quasi-continuous low-speed tunnel operating at high pressure FFA
C.Ne lander

I5.3 Study relating to the design of a large low-speed windtunne l for tests on IMF (L)
catapulted free-flight models on aircraft response to horizontal gusts. J.Gobeltz

R.Vergrugge

16 Investigations of techniques for managing turbulence in windtunne ls

16.2* Diffusion and decay of turbulence created by wire gauze screens p laced across I MF (L)
the flow in a transonic windtunne l .  G.Gontier

A.Dyment
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16.3 Experimental work on the reduction of noise in a transonic blow down ONERA (Ch)
windt unne l J .P .Chevallier

1 6.5 Investigation of flow distribution and flow unsteadiness and means for its NAE
control in the NAE S x 5 ft blowdown windtunne l  D .Brown

D.Peake

16.6 Measurements of flow quality in the transonic section of the NAE 5 x 5 ft NAE
windtunnel  R.Galway

D.Brown

17 The design of anechoic working sections

17 .1 Subson ic w indtun nel des ign for model noise testing RAE (F)
J .Wi lliams

Holbeche

17.2 Development of a new facility for acoustic research at CEPr Saclay Center ONERA (Ch)
(CEPRA 19) J.Chri stophe

17.3 DNW subsonic windt unne l design for model noise testing NLR
J .C .A. van Ditsh u izen

19 The effect of contractions on boundary layer turbulence and th ickness

1 10 Acoustic resonance in large tubes and means for their suppression

I I I Scaling laws for wave motions in non-uniform ducts , including energy
dissipation and heat transfer

1 12 Investigation of real-gas effects when using air flows at sub-ambient temperatures

I 12.1 Heavy gas wind tunnel testing ARC
F.W.Steinle

1 12.3 Flow simulation for aerodynamic ground testing AFFDL
R .R .Smith

2 GENERAL TESTING TECHNIQUE S

21 Techniques for measuring steady and un steady pressures and forces

21 .1 Investigations in the field of unsteady pressures with stochastic character NLR
H.Tijdeman

21.2  Measurements of steady pressure distribut ions in intake DFVLR(BF)
D.Chnst

2 1 .3 Provision for measurement of unsteady pressure s RAE (B)
K .G.Moreton
B.L.Welsh

2 1.4 Pressure measurements on harmonicall y oscillating wings , stabilizers , fuse lages, DFVLR (G)
and external loads H.Triebstein

21.5 Measurements with oscillating two-dimesional aerofoils representing RAE(B )
helicopter blades N.C.Lambourn e

21.6 Experimental work on d y namic distortion in air inlets FFA
K.A.Widing

2 1. 7 Pressure measurements on air intake lips in low speed w indtunne l s  ITS
S.O. Ridder

21.9 Design and operation of special transducers for unsteady pressure measurements ONERA (Ch )
E .Largu ier

2 1.10 Electronic beam welded six-component strain gauge balances Saab
T.Ornherg
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2 1 .1 1  Measurement of steady and unstead y pressures on a wing model with ONERA (Ch)
pod-mounted eng ine R .Destuynder

21.1 2 Test proceedings for separation of pressure waves in turbulent flows MBB
W. Habig

21.13 Investigations of unstead y flow fields in supersonic intakes MBB
W.Habig

21.14 Development of aerodynamic force measurement techniques for testing AFFDL
models F .W.L itt le

2 1 . 15  Development of system for measuring pressure distribution on models AFFDL
E.B .Peter s

21.16 The use of buoyant force balance tares NAE
R.D .Galway

2 1 . 17 Fast scan n ing pressure measure men t techniques NA E
A .J .Bowker

2 1. 18 Measuring pressure fluctuation levels in transonic windtunnels DFVLR ( G)
W. Lorenz-Meyer
F. R.Grosche

21. 19 Measuring pressure fluctuation in transonic windtunnels RAE (F)
G.F.Moss

2 1.2 0 Moving probe for continuous measurements of air inlet flow distortions in ITS
low speed windtu n nel tests S.O. Ridde r

2 1.21 Development of a rig for measuring cowl drag via the wake momentum RAE (B)
deficit E.C.Carter

2 1.22 System for continuous indication of compressor face Mach number at air FFA
i nlet tests K .A .Widing

21.23 Nonharmonic unsteady pressure measurements on rotating wings and DFVLR(G)
propellers K.Kienappe l

21.24 Computer aided design for heavy duty multi-component balances ONERA (Ch)
M .Ba z in

22 Techniques for measuring and analyzing stead y and unsteady flow fields

22. 1 Investigations with the help of special techniques of pressure fields with NLR
a stochast ic character va n Nune n

2 2.2 Experimental and theoretical work on flow direction measurement with DFVLR (BB)
five-tube probes in gas flow R.Ulken

22.3 Measurement of steady flow fields by an automatic driven probe in a low DFVLR (G)
speed wi ndtun n el H.J .Graefe

22.4 Continuous traversing of tempe rature profiles DFVLR (BB)
W.Alvermann

22.5 Smoke flow visualization at high wind speeds DFVLR (G)
W.Stahl

22.6* Measurement of the transient downward deflection of a wing crossing the IMF (L)
waves of vertical gusts J.Gobeltz

R.Verbrugge

22.7 Development of new optical methods for measuring boundary layers in shock ISL
tunnels and ballistic ranges. Analyses of pressure , heat transfer and structure H.Oertel
turbulence.

22.8 Experimental study of unsteady boundary laye rs on an oscillating wing, using ONERA (Ch)
thin films and hot wires .J.J .Phi lippe

_ _
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22.9 Laser Anemometer (applied to subsonic and supersonic gaseous flows) ISL
B.Koch
H .J .Pfeifer
J .Haertig

22. 10 Development of a pulsed wire and pulsed gauge anemometer for velocity and USME
shear stress measurement in highly turbulent flows. L.J .S.Bradbury

22.11 Experimental work on the application of laser Doppler to the study of laminar UKP
and highly turbulent flows in the range from 50 meters/sec to 3000 meters/sec. D.A.Jackson

22. 12 Laser anemometry RAE(F)
.J.B.Abbiss
R .J.North

22.13 Laser-Doppler-Velocimeter(LDV) for trans- and supersonic flow DFVLR (PW)
F.Maure r

22.14 Measurement of surface shear with floating element transducers UOES
R.E .Franklin

22.15 Transonic flow visualization by bubbles SAGE
L.S.Iwan

22. 17 Low Mach number aerothermodynamic investigations AFFDL
M.E.Hillsamer

22.18 Flow field probes for ground testing of high-speed aircraft and missiles AFFDL
F.J .Huber

22.19 Performance Evaluation of the AEDC probe in measuring local enthalpy in AFFDL
reentry test facilities W.E.Alexander

22.20 Laser anemometry ULICME
J.H.Whitelaw

22.2 1* Upstream infinity AMBDA
i.C.Vayssaire

22.22* Study of boundary-layer nature and of flow direction by means of hot films ONERA (M )
C.Arm an d

22.23 Measurements of local skin friction FFA
A.Sertelrud

22.24 Laser velocimeter AEDC
E.E .Newman

22.25 IR System for aerodynamic heatin g and transition measurements AEDC
D.S.Bynum

22.26 Raman-Rayleigh diagnostics AEDC
i.W.L.Lewis

22.27 Holographic interferometry AEDC
J.W.O’Hare

22.28 JR pyrometer for model surface temperatures AFFDL
E.L.White

22.29 Use of surface hot-films to detect transit ion , separation and location of NLR
shock-wave boundary-layer interaction R. Ross

22.30 Flow direction probe for measurements in low speed windtunnels ITS
SO.  Ridder

22.31 Laser anemometry (applied in windtunne ls , free-jets , flames , ONERA (Ch )
compressors, etc. . . .) A.Boutier

22.32 Holographic interferometry ONERA (Ch)
J.Surget
.1. Delery
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22.33 Raman and CARS diagnostics ONERA (Ch)
J .P .Taran

2 2.34 Non-obtrusive detection of transition region by infra-red camera NAE
D.J .Peake

23 The measurement of static and dynamic deri vatives

23. 1 Measurements of control surface derivatives in transonie tunnels. RAE (B)
N.C. Lambourne

23.2 Development of methods for measur ing dynamic derivatives in relatively DFVLR(PW )
small win d tunne l s  wi th  relativ e ly dynamic  pressure I .Ni ezgodka

N.Treinies
F.Maure r

23.3 Elaboration of test equipment for measuring dynamic  stability derivatives D F V L R ( G)
on slender aircraft models in AVA -windtunne l s  E.Schmidt

23.4 Development of a series of w in dt unn el  balances an d a calibration ri g. FFA
App lication of mat r ix  methods on data r eduction of cal ibrat ion and test data K .Fristedt

23.5 Measurement of dynamic  stabil i ty derivativ e s of Vik ing  model in FFA FFA
wind t u nn c l  S4 at trans on ic and supersonic speeds S.Lundgre n

23.6 Inertia-compensated balance for measuring transient  aerodynamic Volvo
dist urbances fro m drop tanks. R.Borg

23. 7 Assessment of the long-term needs for dynamic  testing and the development RAE (B)
of suitable techniques H.H .B .M .Thomas

R.Fai l

23. 9* Dete rmination of static aerodynamic characte ristics, usi ng catapulted IMF (L)
free-fligh t models J .Gobe ltz

R.Verhru gge

23.1 0* Determination of dynamic derivatives , using free-flight models and IMF(L)
simulatio n on an analogue computer J .Gobeltz

R.Verbrugge

23. 11 Technique of measuring unsteady aerodynamic derivatives by method of ONERA (Cli)
forced oscillations M .E .Er l ich

2 3.1 2 Development and application of strain gauge balances DFVLR (PW )
A.Heyser
P.i.Webe r

23. 13 Windtunnel  measurements of dynamic stability derivatives on models of ONERA (Ch)
airc ra f t , missiles , and reentry bodies X .Vauchere t

ONERA(M)
M.Canu

23 14* Effect of rotation in the spin on the aerodynamic coefficients IMF(L )
J .Gobeltz

23.15 To measure stability derivatives of a non-so-slender wing/ fin configuration RAE (B)
(see also item 23.5) R.Fai l

23. 16 Aero mechanics , prediction and analysis Fla U
Leanon
Clarkson
Bullock

23. 17 Aircraft /weapon performance , stability and control AFATL
R .E . Van Putte

23.18 Ai rcraft weapon separation analysis AFATL
C.B.Mathews

23. 19 Reflection plane technique for dynamic stability testing AEDC
H.C.Dubose
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23.20 Development of techniques for measuring dynamic stability derivatives NAE
-~ i models at high angles of attack K .J .Orl ik -Rucken iann

23.2 I Design and development of continuous rolling rigs for the measurement of BAC (Wa)
dy namic derivatives due to rolling in high and low speed tunnels PG. Knott

RAE (B)
R .Fail

24 The measurement of aerodynamic and structu ral da mping and of the frequency
response to disturbances

24. 1 Investigations of methods to obtain correct values of damping and frequencies NLR
H.Tijdeman

24.2 Elaboration of a measuring procedure and equipment for flutter investigations DFVLR (G)
in windtunne l s P .Bub litz

25 Technique for measuring aeroelastic and flutter characteristics

25. 1 Evaluation of methods for excitation of windtunne l models NLR
H.Tijdeman

25.2 Comparison between theoretical and experimental flutter speed of T-tails in Saab
the high speed reg ion , where the influen ce of angle of attack is studied V.J .Stark

B.Aker lindh

25.3 Ground vibration tests of dynamical models Volvo
R .Frankmark

25.4 Measurement of flutter aerodynamics for a wing of modern design RAE (B)
NC . Lambourn e
ONERA
R.Destuynder

25.5 Development of methods for use in short-duration facilities RAE (FS)
C.Sking le
D.Drane

25.6 Measurement of flutter characteristics of a wing with pod-mounted engine. ONERA (Ch)
Comparison with theory R.Destuynder

25.7 Direct model attitude sensor AEDC
R.L .Ledford 

j
25.8 Direct model attitude and shape sensor AEDC

W.H.Goethert

25. 9 Optical arrangements for the movement of turbo-machine blade vibrations ONERA (Ch)
M.Ph ilbert

26 Techn iques for simulating and measuring transient motions , such as gusts

26.1 * Experiments to determine the response of an aircraft to atmospheric gusts , IMF (L)
using free-flight models J.Gobeltz

R.Vergrugge

26.4 Gust simulation in a w indtunne l  ONERA(Ch)
J.Christophe

26.5 Simulation of gusts in windtunne l s  RAE(B)
J .G.Jones

26.6 Development of a gust generator DFVLR(BF )
D.Christ

27 Tech niques for measuring ground effects

27. 1 Investigation on effects associated with the representation of the ground NLR
by a fixed board in windtunne l tests S.O.T.H.Han

27.2 Ground effects on windtunne l  measurements DFVLR(BF)
Schroeder

_ _ _ _ _ _ _ _ _ _  -~~ -- -— .- - .~-- -.---—--
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27.3 Recircu lation flow of VTOL lift engine DFVLR(BB)
E .Schwantes

27.4* Free-flight model experiments to determine the nature of ground effects IMF(L)
in calm air , inc’uding effects during descent J .Gobeltz

R.Vergrugge

27.5* Free-flight model tests on aircraft landing through a steady crosswind I MF(L )
J .Gobeltz
R.Vergrugge

27 .6* Experimental means for studying, on catap ulted free-flight models , the IMF (L)
response of an aircraft to lateral gusts in ground effect at the end of approach .J .Bogeltz

R.Verbrugg e

27.8 Ground simulation in SI Modane windtunn el  with a blown ground hoard ONERA (Ch)
Ph .Poisson-Quinti
J .Chri stophe

27 .9 Measuring ground effects by pressure distribution measure nicnts on the DFVLR(PW )
gro und itself G.Schulz

G.Viehwege r

27. 10 Determination of testing limits for the measurement of ground effect on a VKI
two-D wing with slotted flap using a fixed ground plane i.Sandfo rd

27 . 1 1  Investi gation on a plate with uniform bounda ry layer suction for ground DFVLR (G)
effects R .Wu lf

28 Methods for determining spinning characteristics

28.1* Research on a spin recovery criterion , usin g the application of mome n ts , I MF(L)
created by rockets in a vertical windtunne l J .Gobeltz

L. Beau rain

28 .2k Effect of rotation in the spin on the aerodynamic coefficients IMF(L)
J.Gobeltz

28.3* Model and full-scale comparison of spinning results IMF (L)
J.Gobeltz
L.Beaurain

28.5 Anlytical computation of spinning motion VKI
F. Haus

29 . The design of rigs for testing rota ry wings

29 .1 Test rig for helicopter rotors at S2 Chalais Meudon (ONERA) aimed at tests ONERA (Ch)
a t high advance ratios J .J .Phili ppe

29 .2 Exp erimental study of helicopter rotors in a windtunnel ONERA(M )
C.Armand

29 .3 The design of rigs for testing rotary wings RAE (FS)
A.Anscombe

29.4* Visualization by threads on helicopter rotor blades in a windtu nne l  ONERA (M)
C.Armand

2 10 Methods for measuring noise

2 10.1 Noise measurement techniques in windtunne l s RAE(F)
Holbeche
Wil l ia ms

2 10.3 Methods for measuring noise VKI
J Sandford

2 10.4 Development of laser beam technique to measure turbulence in a jet ISL
H.J.Pfe ifer

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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2 10.5 Acoustic measurements within a flow DFVLR (PW )
G.Schulz

2 10.6 Measurement of helicopter rotor noise in a windtunne l ONERA (M)
C.Armand

2 10.1 Jet noise suppressor testing in the small anechoic windtunne l of K A T o f N L R  NLR
W. B. de Wolf

2 10.8 Airframe aerodynamic noise ARC
D.H .Hickey

2 10. 9 Space-time structure s of acoustic fields ONERA(Ch)
M.Perulli

2 . 11 Development of noise generators

2 11.1 Development and assessment of model noise generators RAE (F)
Holbeche
Willia ms

2 11.2 Jet noise generation for w indtunne l  models NLR
W.B. de Wolf

2 1 2 Techni ques for simulating adverse weather conditions such as icing,
rain erosion , etc. 4

2 12.1 Icing testing at fullscale and - reduced scale in SI Modane windtunne l ONERA(Ch)
G.Leclere
ONERA(M)
F.Charp in

2 1 2.2 Rain erosion testing in S3 Modane windtunne l ONERA (Ch)
G.Leclere

3 SPECIAL TECHNIQUES FOR ENGINE SIMULATION

30 Comparison of techniques for engine simulation

30. 1 Survey of ARA experience of flow simulation for underwing nacelles ARA
E.C.Carter

30.2 Problems and test techniques associated with integrated nozz le-afterbody AEDC
testing in tra n sonic windtunne l s  L.L .Galligher

30.3 Engine inlet testing at high maneuver conditions AEDC
R.L.Palko

30.4 Turbine engine/airframe exhaust system interaction MDC(M )
R.Martens

30.6 Multi-mission turbine-engine propulsion simulator app lication AFAP L
S.J.Pille r

30.7 ( I )  Tests on a jet lift model over the transition flight regime to investi gate BAC (W)
the validity of momentum ratio scaling (contract funded ) B .Earnshaw (RAE)
(2) Tests on a target type thrust reverser model in the landing touch
down and ground roll regime to investi ga te the .

31 Investigations into the possibility of operating engine simulators under
pressurized conditions

31 .1 Design and tests of engine simulator s duplicate various by-pass ratios in ONERA (Cli)
pressurized tunnels P.Broussaud

J.Christophe

32 Development of methods to obtain quick engine /jet data

32.1 Data acquisition and computation system for model engine testing DFVLR (G)
E.Me lzer
R .Wulf
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32.2  Flow investigation of hot engine jets DFVLR(BF)
A .Z acharias

32.3 Simulation of rocket -engine jets in relatively small windtunne l models DFVLR(PW )
F. Maure r
L.Fran ce

32.4 Techniques of sonic and supersonic jet simulation by comp ressed air for DFVLR(PW)
mode ls in low speed windtunn el s Viehweger

32.5 Development of electronic systems for recording and simultaneous processing MBB
of instantaneous pressure distributions W .Habig

33 Development of high-precision balances , with ducts for drive medium

33.2 Further development of techniques for afterbody testing Vo lvo
G. Rosander

33.3 Further development of a pneumatic balance for accurate measurement Volvo
of drag with simulated inlet flow G.Rosander

33.4 The development of an internal strain gauge balance in the presence of BAC(Wa)
a compressed air supp ly P .G .Knott

33.5 Design and operation of special balance with ducts for drive medium ONERA (Ch)
in Modane P.Broussaud

34 Development of ejectors and powe red nacelles driven by decomposit ion
produ cts of ~ 2 02

34.2 Calibration tests in BAC Weybridge 13 x 9 low speed tunnel  of ejector-driven RAE (F)
RB2 I I simulator J.A.Bagley

BAC(Wey)
D .J .Stewart

34.3 Tests of single and multi ple-nozzle ejectors as basis for design of RAE (F)
ejector-driven engine simulators J .Crane

BAC (Wa)
P.G.Knott

34.4 Development of * high speed wi ndtunne l techni q ue for combat aircraft BAC (Wa)
models having ,.;stiltaneous engine intake and exit flow simulation P .G .Knott

RAE(F)
.J.Bagley

35 Development of small highly-loaded compressors and turbines for
integrated propu lsion schemes 

— 

-

35. 1 Calculation and construction of new fans for models in a 3 m low DFVLR (G)
speed wi ndtunnel  E .Me lzer

R.Wulf

36 Development of advanced model fans with similar aerodynamic characteristics
as full-scale engines and investigation of scaling laws and extrapolations

36. 1 Design and tests of an engine simulator (by pass rati o 10) ONERA (Ch)
P. Broussaud
J .Chri stophc

37 Development of small real engines , with front area thrust similar to full-scale
eng ines and having similar inner aerodynamics for noise measurements

38 Development of systems for thrust vectoring and thrust reversing

38.1 Model investigations on jet cascades for thrust vectoring DFVLR (G)
E .Mel zer
R .WuIf

38.2 W indtunne l  tests for external  aerodynamic studies of thrust reversal at Saab
grou nd roll G.Hel lstrO m 
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39 Techni ques for adding hea t to air fiows in windtunne ls

39.1 Development of a small propane-oxygen gas generator to simulate hot DFVLR(BB )
an d fuel-rich primary jets E.Riester

39.3 Hot versus cold plume simulation for jet engines AEDC
C.E.Robinson

39.4 Hot versus cold pl ume simulation for military jet engines AFFDL
P.C.Everling

4 SPECIAL TECHNIQUES FOR HIGH-LIFT AND V/STO L TESTING AT
LOW SPEEDS

41 Investigatio n of the test limitati ons due to flow breakdown and of the effects
of flow breakdown on model characteristi cs, in test sections wi th closed and
with porous walls

4 1 .2 Windtunne l constraint on models with lift jets RAE (F)
T.B.Owen

42 Wall corrections and limits of applicability , including models for the curvature
of jets discharging across the stream, for different types and sizes of test
section and measurements of vorticity in the wake

42.1 Application of windtunne l corrections to measurements in open and closed DFVLR(BF)
test sections H.Otto

42.2 Windtunne l  constraint on models with lift jets RAE(F)
T.B.Owen

42.4 Displacement corrections for large models with extended wakes DFVLR (PW)
G.Schulz

42.5 The study of operational problems and techniques in windtunne l  testing Wash U
of V1’OL and STOL vehicles 10655 W.H .Rae

4 2.6 The application of vortex lattice techniques to the estimation of bounda ry VKI
corrections for a high-lift wing mounted in a windtunnel  with an open test H .Wirz
section J .Sandford

42. 7 Computation of the wall-induced upwash -di str ibution for swept wings in a FFA
circular low speed tunnel S.Hedn ian

42.8 Effects of wake blockage when testing high-lift models in low speed ITS
windtunne l s S.O.Ridder I ’

43 The design of slotted or porous test sections, including investigation of the possi-
bilities of designing test sections yielding zero lift and pitching-moment correc-
tions for V/STOL configurations , and of the effects of finite slot length and slot
shape and of the sensit ivity of the designs to cha nges of model configurat ion

43. 1 Investigation of test section configuration s for the large scale V/STOL AEDC
windtunne l  F.L.I-leltsley

43.2* Theoretical lift  interference study using vortex lattice method AMBDA
J .C.Vayssaire

43.3 Theory and experiments for new slotted-wall configurations for 2D UBCM
ae rofoil testing G.V.Parkins on

43.4 Theoretical and experimental investigations of slotted wall test sections NLR
R.A .Maarsingh

44 Extension of the methods for measuring ground effects to V/STOL models
in the range of heights where a moving belt is not required because the
boundary layer on a fixed plate does not separate

.. - - - . .



— .-, --— - - -~~~-------
.,-.- -—-~-.— —-“--.— --~ --~ 

. -~~~-~~—
—-.-,-- ---- - - - - -

48

45 Stud y of the problem of recirculation of disturb ances in the tunnel circuit ,
including invest igations of the effects of large wakes , such as those produced
by V/STO L typ es of models on diffuser performance , as well as t he effects
of screens, honeycombs, fans and changes in the cross-sectional area on such
disturbances

46 Techniques for two-d imensional and half-model testing

46. 1 Two-dimensional measurements on wing sections with high-lift devices DF VLR (BF)
A mtsberg
Schroeder

46. 2 2-dimensional testing of high-lift devices in t he 12 ft low speed windt u n n el FFA
Inge lman -Sundberg

46.3 Half-model high-lift techniques for the FFA 1 2 ft diameter low-speed FFA
tun nel Inge lman - Sundberg

46.4 Use of blowing slot to avoid parasitic separation on the walls of a two- ONERA (Ch)
di mensional test section B .Monner ie

5 SPECIAL PROBLEMS OF TESTING AT TRANSONI C SPEEDS

51 Experimental checks of anal ytica l corrections for tunnel-wall interfere nce

5 1.2  Experimental determination of wall interfe rence in a transonic profile DFVLR (BF)
test section W .Puffert

5 1.3 Methods based on modulation principle VK I
Smolderen

51.5 Detailed pressure distribution measurements on NA CA 00 12 profile in ONE RA (Chi
di fferent two -d imensional transo nic w ind t u n n cl s  J .P .Cheva ll ier

5 1.6* Check of app lyi ng wall corrections to two-dimensional flow I MF(L )
Gontie r
A.Dyment

51. 7 Tests on aero foils in two-dimensional transonic flow ONERA( M )
X .Vaucheret (Ch)
P .Marion ( M )

51.8 Wall interfe rence effects in two-dimensional flow NAE
M .Mokry

5 1. 9 Determination , for given wall specifications of the porosity parameter ONERA (Ch)
i .P .Cheva ll icr

5 1. 10 Experimental investigation of slotted liner perform ance at high-subsonic RAE(S )
speeds M.N .Wood

5 1 . 11  Tunnel and scale effects on t ransonic flow wall interference ARC
F.W .Stein le

5 1 .12 Investigation of wind-tunnel wall-interfer ence effects near M = 1.0 LaRC
W .B .Compton, II I

5 1.1 3 Transonic w indtunne l  wall interference and advanced airfoil concepts GD
H.Yo sh ihar a

5 1.14 Fundamental investigations in viscous tr a nsonic flow JPL
D.J Collins

5 1 . 1 5  Reflection-plane model testing technique in transo nic w in dtunnc ls FFA
S.E .Gudmund con

52 Investigation of the effect of streamline curvature , w it h a view to
determining the curvature coefficient of pitching- moment cor rections at
any point in the test section
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52.1* Analytical lift interference , incl ud ing pitching-mo men t correct ion AMB A
J .C.Vayssaire

53 Determination of the limits of applications of present correction methods ,
including boundaries for s and M for given model size (in combination
with experiments on ONERA calibration models , see a lso 5 13)

53.3 Windtu nne l wall corrections for three-dimensional models in transonic flow ONERA (Ch)
X .Vauchere t

53.4’ Sonic blockage/choked windtunne l AMBDA
J.C. Vayssaire

54 Development of calculatio n methods to determine the influence of the finite
length of the test section and of model position on the wall interference ,
including spanwise variations

54.1 Theoretical wall interference study NLR
J .Sni ith

55 Collection of porosity data in data sheets, giving the 2orous wall specificatio ns,
with the objective to select porosity parameter schedules and to prove their
value for many different models

56 Research to determine the infl uence of the boundary-layer th ickness, relative to
hole diameter , on the porosity facto r , including the influence of the stagnation
Pressure and of auxiliary plenum-chamber suction

56.2 Advanced transonic test section walls ARC
F.Steinle

56.3 Wall interference effects in transonic flow CAL
R.J.V idal

57 Determination of an ideal porosity schedule for zero interference or shock
cancellation as a function of Mach number, including the effect of
deviations from the ideal schedule

57.2* Study of the shock development in two -dimensional flow for different IM F (L )
Mach numbers and different types of wall perforation G.Gontier

A.Dyment

57.3’ Reflection and absorption of shock waves AMDBA
J.C.Vayssaire

58 Investi gation of wall porosity behaviour at superc ritical speeds when
shock waves are present , including the effects of shock waves imping ing
on the bou ndary layer along the wall on porosity behaviour

59 Development of a theory for determination wall corrections at Mach
numbers near unity

59 . 1  Transon ic flow at a slotted test section wall FFA
S.Be m t

59 .2 Determination of wall coirections for Mach numbers close to unity by using ON E RA(C h )
the numerical solution of the transonic small-perturbation equation J .P.Cheva llier

59.3 Interfe rence due to perforated walls at transonic speeds Oceanics
1. R.Goodman

59 .4 Computations of wall effects in transonic windtu nne ls RAE (F)
D .Catherall

59.5 Analysis of transonic flow Afla U
W .R.Sears

5 10 Determination of wall interference corrections by application of numerical
methods , with particular refe rence to viscous effects and three dimensional
flows
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5 10.1 Use of time dependent principle VKI
Smolderen

5 10.2 Theoretical wall interference study NLR
J Smith

5 10.3 Establishment of capability for inviscid transonic flow field computation AEDC
~t AEDC J.L.Jacocks

5 10.4 Effects of tunnel wall porosity at supercritica l Mach numbers AEDC
J. L.Jacocks

5 10.6 Windtunne l wall interference under high lift conditions a~,propriate to AFFDL
transo nic maneuvering of air superiority aircraft A.W.Fiore

5 10 .7’ Theoretical lift interference study using vortex-lattice method AMDBA
J.C.Vayssaire

5 10.8 Wall-interfe rence assessment technology for transonic win dtunne l s LaRC
W.B .Kemp, Jr

5 I I Research into variable-geometry walls, especially streamwise distributions - -

of porosity, with a view to obtaining zero interference for lift and
moment at the same time, includ ing t he selection of an appropriate choice
of ventilated walls as it depends on the interference that should be
minimized and on the type of model

5 11.2 Development of an interference-free , self-adjusting, tra nson ic windtunne l  CA L
R.J .Vidal

5 11.3 Wall interference in transonic windtunnels ATL
P.Baront i

5 11.4 Theoretical and experimental study of self-correcting geometric local ONERA (Ch)
deflec tion and suction distribution to satisfy unlimited flow conditions 3 .P.Chevaltier

5 1 1. 5 Self streamlining windtunnel USAA
M.J .Goodyer

5 11.6 Wave attenuation for interference-free testing at transonic speeds USAA
M.J .Goodyer

5 11.7 Adaptive transonic wal l study AEDC
E.M .Kraft

5 11.8 (a) Shock wave cancellation at elastic walls Stuttgart
(b) Investigation of instationary shock wave T.Hottner
interaction wi th a subson ic bounda ry

5 11.9 Design study of a conve rtible transonic test section FFA
S.E .Nyberg

5 1 2 Investigation of the noise generated by ventilated walls, includ ing the
clarification of the various edge-tone cavity-response mechanisms, which
generate fl ow dist u rbances , the possible means for reducing flow
disturbances and the influence of disturbance on model results

5 1 2. 1 St u dies of dis tur ba nces caused by perf ora ted l iners a t t ranson ic speeds ULC
Freestone

5 1 2 . 2  Measurement of the intensity level and spectral analysis of the noise in ONERA(Ch)
windtunnels J .P .Cheva llier

X .Vauch cr e t

5 1 2.4 Environmental noise in transonic w~ id tu n ne Is Nielso n
J . P.Wool ley

5 I 2.5 Perforated wall acoustic parameter study AED(
N.S.Dougherty
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5 I 3 Experimental determination of wall interference by means of testing a series
of standard calibration models in different Europ ean and American
fac ilities, as proposed by ONERA

5 13.2 Three-dimensional slotted-wall interference investigation in the HST NLR
J.Smith

5 13.3 Comparative tests with ONERA calibration models in three FFA FFA
windtunn els S.E .Gudmundson

5 13.5 Comparison of European and American transonic windtunne ls by means of ONERA(Ch)
similar sta ndard models X.Vauchere t

5 13.6 Experimental wall interference study of NAE 5 ft x 5 ft windtunne l  NAE
R.D .Galway
M .Mokry

5 13.7 Investigation of windtunne l blockage and support interference effects for LeRC
winged-body models D.Bowditch

5 13.8 Missile aerodynamic methods at transonic speeds MARTIN
J .Fidler

5.14 The design of the plenum chamber

5 1 5 The effect of heat tra nsfer to models in test cond it ions

5 15. 1 Effects of heat-transfer on the characteristics of aerofoils at subsonic speeds RAE (B)
J.E .Green

6 FLUID MOTION PROBLEMS

61 The mechanism of transition

61. I Theoretical and experimental work on tr ansition in three-dimensional DFVLR (PW )
bo undary layers E .H .Hirschei

6 1.2 Measurements of boundary layer transition on a cone , an d of flow dis t urba nces N LR
in the test section of t he HST R .R oss

61.3 Transition detection and correlation RAE (B)
D.G.Mabey

61 .5 Skin friction measurements on a two-dimensional aerofoil NAE
D.Brown

6 1.6 Experimental investigation of the effects of transition trips FFA j
A.Berte lrud
E.J .Totland

62 The effects of velocity , pressure and temperature fluctuations and
acoustically-excited disturbances on laminar and turbulent three -
dimensional bounda ry layers

62.1 Experimental investigation into the effect of acoustical disturban ces on NLR
separation R.Ross

62.2 The response of a turbulent  bounda ry layer to acoustic excitation RAE (B)
D.J .Weeks

62.3 Windtunne l tests on a slender cone AFFDL
A.J .M~srn

62.4 Correlation of transition Reynolds number with noise and turbulence AEDC
levels in transonic tunnels N .S.Dougherty

62.5 Turbulent bounda ry layer study AEDC
J .A.Benek

63 The effects of surface Imperfections on boundary layers
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63.1 Excrescence drag RA E (B)
L.Gaudet

63.3 Windtunnel model surface effects study LJTSI
J .Wu

64 Techniques for simulating flows at higher Reynolds numbers

64. 1 Technique for the use of transition stripe in high-lift testing FFA
Ingleman-Sundberg
A.Bertelrud

64.3 Studies of scale effects on transonic flows on swept wings RAE (B)
C.R.Tay lor

64.4 Exploratory investi gation into the effects of compressibility at high-lift , RAE (F)
low-speed D.A .Kirby

64.5 Development of a technique for a detailed study of the leading edge ONERA(Ch)
(method of enlarge d leading edge), and of the flap of a wing section B .Monner ie

64.6 Reynolds number effect experiments LeRC
D.Bowditch

64.7 High Reynolds number transonic testing techni ques OSU
J.D.Lee

64.9 Scale effects on swept wings ARC
F.W.Steinle

64.12 Windtunne l measurement of the influence of roughness on an aircraft ONERA (Ch)
model with a thick aerofoil in transonic flow X.Vauchere t

65 Conditions for separation in three dimensional flows , inclu ding
shock-induced separa tions

65.2 Experiments on normal shockwave/bounda ry layer interactions NLR
J.W.Kooi

65.5 Transonic scaling of shock-boundary layer interaction AEDC
M .C .Altstatt

65.6 High Reynolds number tests of a NACA 65~ -213 and NASA 1 0-percent- CAL
thick supercr itica l airfoils at transon ic speeds R .J .M cG hee

65.7 Theoretical studies of shock-boundary layer interactions and boundary VP I
layer separation G.R.lnger

65.8 Transonic separated flow studies CAL
R.J .Vidal

65.9 Reynolds number effects and influence of upstream disturbances on the UTSI
boundary- layer separation in transoni c flow J .M .Wu

66 The consequences of separation in three-d imensional flows

66. 1 Study of the prediction of buffe t characteristics NLR
S.O.T.H.Han

— 66.2 Studies of various cases of three -dimensional flow separation NAE
D.J.Peake

66.3 Drag due to regions of compressible turbulent separation BOEING
H.Mansop

67 The relaxation of turbulent boundary layers downstream of r eatt achment

67. 1 Relaxation of turbulent bounda r y layers downstream of reattachment ULI CA
P. Brad shaw

67.3 Experimental and theoretical work on shock-induced boundary-layer DFVLR(G)
separation , reattachment and subsequent trailing-edge separation at E .Stanewsky
t ransonic speeds
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68 The flow in the near wake

68.2 Effect of three-dimension al disturbances on the spatial instability of NAL
compressible two-dimensional wakes Y .Y .Ch an

69 Three-dimensional flows in junctions between bodies

69 .1 Three-dimensional effects in “two-dimensional” flows ULICA
P.Bradshaw

69.2 Flow in streamwise corners and wing-body junctions ULQMC
A .D .Young

69.3 Viscous flow interaction studies at high Mach numbers ARI..
R.H.Korkeg i
R .Newman

6 11 The effect of jets on neighbouring surfaces , including afterbody problems

6 11.1 Effect of some jet parameters on thrust minus drag of an axisymmetric NLR
afterbody with convergent nozzle at transonic speeds F.Jaarsma

6 1 1. 2 Development and experimental evaluation of a method for the calculation NLR
of the aerodynamic interference between jets and aircraft parts outside the jets

6 11.3 Experiments on the determination of the lift distribution and the wake flow NLR
field of a wing immersed in the jets from propulsion systems R.A.Maar singh

6 11 .4 Development of a method for the calculation of the pressure distribution on NLR
an aero foil in a two-dimensional non-uniform shear flow R.A.Maarsingh

6 11.5 Afterbod y and near wake studies for vehicles with central propulsive jet ; FFA
freestream interactions , including flow separation R .A .White

S.E.Nyberg

6 11.6 Research on afterbody drag at transonic and supersonic speeds RAE (F)
J . Reid

6 11 .7 Afterbody drag at transonic and supersonic speeds ARA
E.Ca rt er

6 11.8 Investigation of rig support effects in the measurement of afterbody drag RAE (B )
at su bsonic an d supersonic speeds E .L .Goldsmith

6 11.9 Tests on rear bodies. Installation of an upstream support: control of the ONERA (Ch )
bo undary layer on the support J .Leynaert

6 11.10 Design criteria of sub-scale windtunne l  tests of jet interaction control MDC(C)
effectiveness in fli ght L.A.Cassel

6 1 1 . 1 1  Development of a rig to measure nozzle thrust and afterbody drag in the BAC (Wa)
presence of jet afflux and external flow round representative fuselage shapes A.Watson

6 I 2 Unsteady inviscid and viscous flows

6 12.1 Unsteady airloads in transonic flows NLR
H.Tijdeman

6 12.2 Experimental determination of non-stationary aerodynamic forces on a Volvo
two-dimensional wing with control surface in an incompressible fluid: a R .Frankmark
water tunnel is used

6 1 2.3 Study of the buffet of two-dimensional stalled acrofo ils RAE (B)
F. East

6 1 2.4 Theoretical study of unsteady boundary layers on oscillating wing-sections ONERA(Ch)
J.i .Philippe

6 12.5 Exp erimental investigation of transonic buffeting of superc ritical jet-flapp ed NAE
aero foils D.i.Peake

6 12,6 Unsteady viscous flows NYU
J. G .Ha lI
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6 12.7 Investi gation of supersonic wing-tail flutter AFFDL
L.J .Huttsel l

6 1 2.8 Separate steady and unsteady transonic flow solutions SA
R .M.Trac i

6 13 Comparison between results obt~~ ed in the laboratory and in flight

6 13. 1 Thrust and jet flow measurements under laboratory and flight conditions DFVL R(BF )
Roscher

613.2 “Gnat ” tunnel/f l ig ht comparison RAE(B)
D.G.Mabey
J.G.Jones

6 13.3 Correlation between windtunne l  results , t heoretical and simulator predictions , ONERA (Ch)
and fligh t tests Ph.Poisson-Quinton

J.Lerat
B.Monner ie

6 13.4 Wing buffe t onset for NACA 65~ 2 1 3 (a = 0.5) section determined from NAE
windtunnel tests at flight values of Mach number and Reynolds number D.Brown

6 13. 5 Inlet performance testing criteria AEDC
J. L.Jacocks

6 1 3.6 Effects of Reynolds number on installed performance of exhaust nozzle in LeRC
windtunne l s and flig ht D .N .Bowditch

6 1 3.7 High Reynolds number testing (Lockheed Georgia CFF and NASA-MSFC ARC
Ludwieg) F .W.Steinle

6 13.8 Aerodynamic fligh t research analysis and data correlation AFFDL
W .A.Bald win

6 14 Investigation of boundary layers at very high Reynolds numbers

6 14. 1 Experimental techniques associated with the determination of turbulent skin NAE
friction V.Ozaragpolu

N. d uy Vinh
J Dickinson

6 14 .2 Experimental investigation of attached and separated flat plate t urbulent NAE
boundary layers over a large Reynolds number range at subsonic speeds G.M .Elfstron i 
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LIST OF ABBREVIATIONS OF RESEARCH CENTERS

AIA. ’MA Association Europ i~enn e des (‘onstructeurs de Materiel Aérospatial . 88 Boulevard s Malherb es . 75008 Paris ,
France

AEDC Arnold E ngineering Development Center , Ar nold Air Force Station , Tennessee 37389, USA

A FAPL A ir Force Aero Propulsion Laboratory. Wright-Patterson Air Force Base . Ohio 45433 . USA

AFA TL Air Force .- \rmam ent Laboratory . Eglin Air Force Base . Florida 32542 . USA

A FFDL Air Force Flight Dynamics Laboratory . Wright-Patterso n Air Force Base , Ohio 45433, USA

A MDB A Avio ns M arcel Dassault , Bri~guet -Avi ati o n . 78 Quai Carnot , 92 214 Sain t-Cloud , France
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Dornier Dorni er -GmbH . 799 Fr iedr ichshafen , Post fach 3 17 . West Germany
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Bromma I I , Swede n
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ITS Royal Inst i tute  of Technology. Fack , S-100 44 Stockholm 70, Sweden

JPL Jet Propulsion Laboratory . 4800 Oak Grove Drive, Pasadena , California 91103. USA

LaRC Langley Research Center , Natio nal Aeron au tics and Space Ad m i n ist ratio n . Ha m pton . Virginia 23885 .
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APPENDIX 4

AEROACOUSTIC REQUIREMENTS FOR MODEL NOISE EXPERIMENTS
IN SUBSONIC WINDTUNNELS

by

Joh n Willia ms
Royal Aircraft Establishment.  UK

SUMMARY

This appraisal of subson ic wi n dtunne l  testing techniques required for aircraft noise-mod el
research supplements the corresponding part of a brief wider review of noise measurement
problems in ground-based facilities with forward-speed simulat ion , issued as Appendix 4 of
AGARD-AR-83 about two years ago. In particular , the present discussion covers test-sectio n
req uirements and circuit desi gn fo r acoustic tunnels providing quiet anechoic testing
environments , special measure ment and analysis techniques for noise-model research , and
simu lation of propulsion noise sources at model-scale. Progress towards the clarification and
treat ment of some major problem areas is summarised , the princi pal feature s and capabilities
of available tunnels are listed , and a supplementary bibliography of about 80 directly relevant
pape rs (issued 1975/76) is included. While naturally representing the author ’s views , this
assessment does at tempt to reflect the debated experience and expressed opinions of some
aeroacoust ic specialists from both North America and Europe , who participated in in for m al
two-day ‘Workshops ’ sponsored by the AGARD FDP . at UTRC Hartford (USA) and RAE
Farnhorough (UK) during April and May 1976.

I .  INTRODUCTION

To ensure meaningful evaluation and prediction of flight effects on aircraft noise generation and propag ation ,
reliab le representation and measurement of relevant aerodynamic flow conditions as well as of acoustic chara cteristics
must be possible. Acoustic windt unnels , with models mounted in a quiet  test-section airstre a ni surrounded by an
anec hoic work ing -chamber. have now been established as primary tools for noise-model research work and should next be
exploited also for the direct support of specific quiet aircraft projects. The special advantages of such tunnels in ensuring
a more sheltered and controlled environment than outdoor mobile-model facilities and fli ght testi ng include capability
a nd continuous operation , repeatable test condit ions , high productivity,  good measurement accuracy, testi ng f lexibi l i ty .
and the precise alleviation of reflections from neighbouring surfaces. Of course the recent experience on noise testing
under forward-speed conditions and on associated techni ques is stil l very li mited at both model-scale and ful l-scale , as
compared with extensive and continuous aerodynamic testing over half-a-century . Uowever . most of the problem a reas
associated with subsonic t unnel desi gn and application for noise-model testing, as identified earlier in Reference I (Tables
I and 2) , have now been clari fied. Also , the special treat ments or l imitat ions involved have become quantif iable in many
respects , as discussed later under the convenient main headings of Tunnel test-section requirements (Section 2) . Tunnel - -

circ uit design (Section 3). Special measurement and analysis techniques (Section 4) and Model-scale simulation (Section 6).

In particular various parasitic noise fields , which can be p roduced naturally by the testing environment  and which
could mask the true measurements of model noise (F ig .I )  may be precluded or alleviated by applying and extending
existing design experience in noise reduction and tunn el airflow control.

( I)  Acoustic lining of the working-chamber can minimise reverberation effects down to acceptably low frequencies
(Sectio n 2. 1) :  here an open-jet test-section with the working-chamber wall t reatment well clear of the airstream
offers distinct advantages over a closed test-section.

(2) Acoustic t reatment of the tunnel  circuit can reduce substantially the intrins i c background noise which could
reach the tunnel  test-section fro m the tunnel  drive-fan and circuit (Sections 3.1 and 3 .2) : here a fan of low tip-
speed loca ted wel l remote from the test-sec t io n , in a low speed duct region providing a high tunnel  contraction- -

ratio , alleviates t he penalty for adequate silencing (Section 3.4).

(3) Good quality mainstream flow into the test-section (Section 2.3) and prevention of significant flow change s
with powered-model conditions helps to avoid spurious noise generation: the former requirement tends to
favour a closed-circuit tunnel and the latter an open-return .

(4) Model rig and microphone arrangements should be carefully chosen and tailored to reduce their self-noise and
local aero-acousti c interference in the airstream (Section 4.2) : with an open test-section the far-field measure-
ment microphones and supports can he located outside the test -section airstr e am, in nominall y still air , but the
effects of noise propagation across the air stream mixi ng bounda ry then have to be allowed for (Section 4.3).
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For practical application to full-scale far-field conditions , reliable noise measurements should be achievable wi th in
the ‘free-field’ portion of the model-source far-field , where the sound-pressure-level varies inversely as the square of the
distance (spherical radiat ion)  apart  fro m atmospheric a t tenuat ion.  Since this ‘free-field region ’ is bounded in te rna l l y by
the ‘near-field ’ region of the noise source and external ly  by the ‘reverberation-field’ of the working-chamber . the
m a x i m u m  permissible size of model an d the m i n i m um  permissible size of test-section are restricted from acoustic as well
as aerodynamic considerations (Sections ~.l and 2.2). Also a m i n i m u m  acceptable size of model can be determined by
practical  diff icul t ies  in achieving adequate microphone response and resolution s imul taneously  wi th  high frequency
measurements . as well as from representative model construction problems at small-scale.

To relate the tunnel  model experiments  directly to conventional flight conditions , an analytic framework has to be
specified for the appropriate frame-of- reference tr an sfor ii~ations. This must convert from the relative motions for the
fixed model in the tunnel  airstre am wi th  the microphones also fixed inside or outside the airstrea in , across to the moving
aircraft in ambient  still  air with the microp hone fixed on the ground (Fi gure 2 , Seftion 4 .1) .  Current practice is to
correct tunnel  measurements for the absence ofe lementary  Doppler shift effects on sound frequency, for the presence of
elementary airstream convection effects on sound d ire c t iv i ty  ang le , and for simple re fraction effects through the airstream
mix i ng  boundary if external  microphone locations are employed (Fi gure 3. Section 4 .3).

Several acoustic tunnels  with equivalent airstream diameters less than 3 m are already in regular operation and others
are nearing completion (Section 5 . 1 ) .  However . the need for much greater tu nnel size from acoustic as well as aero-
dynamic  constraint considerations has require d developments towards the application of some exist ing large tunnels , such
:15 the RAE 24 ft open-jet and the NASA 40 ft x 80 ft closed-jet (Section 5.2). The experience obtained has na tura l ly
stimulated proposals for econo mic modernisation of these large tunnels . a nd has influenced recent design specifications
for new large tunnels such as the German-Dutc h DNW 8 ni x 6 m. Furthermore , recent promisi ng developments in
directional acoustic receivers together with other noise-discrimination techniques mentioned in References 5 and 7 could
ul t imately  prove sufficiently practical and flexible to allow substantial relaxation of some tunnel  acoustic treatment
requirements . though the noise field diagnostic capabilit ies for the model under test could then be correspondingly poorer
or more com plex . Thus, some current restrictions on noise-model testing in conventional tunnels  could thereby be
alleviated. such as allowing otherwise objectionable levels of tunnel  background noise or semi-reverberant closed test-
sect ions.

For adequate sin iulatio n at model-scale in tunnels or other facilities , the  relevant  geometrical and constructional
features have to he selected for representation in relation to any aerodynamic , elastic and dynamic aspects part icularly
affecting noise generation , with overall consideration of scaling factor implications.  Some non~ 1irn ensional similarity
parameters then have to at tain values at model scale reasonably close to those of interest full-scale: e.g. Mach number .
Reynolds number , and e ffective-speed ratios (blade -t ip / airstr earn , or engine-flow/airstream) . Essentially. shortfall in some
of the parameter values may have to he accepted in practice as of secondary importance , and interpreted in the light of
experimental  variations of the parameter values and other experience. At the same t ime , other scaling factors such as
selected Strouhal number  ( frequency parameter)  and sound-level coefficients should be validated exper imental l y as
app licable to full-scale practiea ’ orediction for the part icular  aircraft type of interest , for example by comparisons at
dif ferent  model scales. Of major significance is the meaningful  representation (qua l i t a t ive  and quan t i t a t ive )  of the full-
scale noise sources and radiat ion characteristics from propulsive systems and adjacent surfaces, or from any powered-
lift  schemes. Fortunatel y,  wi th  carefu l appreciation of the specifi c research task,  only partial s imulation of the engine
noise sources and engine airflow is needed for studies of the part icular  noise changes due to forward speed. Even so there
are significant problems including model-drive and model-support implications (Section 6).

2. TUNNEL TEST-SECTION REQUIREMENTS

2.1 Measurement Frequency Range and Model-Scale

Conventional  absorber techniques  can he employed in the anechoic design and application of wind tunne l  test-
sections for aircraft noise research , though a variety of special testing requirements  can then arise as discussed throughout
this paper. As a rough working rule for the acoustic t rea tment  of tunne l  test-section boundaries ,  adequate absorption of
inc ident  sound energy can he achieved by foam sheet covering (thickness t)  for wavelengths up to X mas 2t . or by
foam wedges (height  Ii) up to X mas 5h . Nevertheless in practice there can h~ si gni f icant  regions which are not
amenable to appropriate acoust ic t r ea tmen t  for aerodynamic or s t ructura l  reasons, including downstream or upstream
facing areas in or at the ends of th e test-section leg. For open-jet tunnels , an adequately anechoic test-section can be
provided in pr inciple w i t h o u t  appreciable aero dyn amic interference on the test-section airflow , simp l y by appropriate
acoustic l in ing  of the large working-chamber well clear of the open-jet boundaries.  But acceptable t reatment  of the
collector en t r y  and of any  support ing structure for the jet nozzl e can be d i f f i cu l t .  For closed-jet tunnels ,  the acoustic
l ining of the test-se ction tends to he more limited because the surface presented to the airflow has to be relatively
smooth , s treamlined and hard-wearing.  The outer  covering should preclude objectionable aerodynamic interference with
the test-section airflow , or the generat ion of addi t ional  airflow noise , while not impair ing the sound absorption efficiency
of the par t icular  scheme nor a l lowing deter iorat ion due to long-period scrubbing effects.

The full-scale frequency range (F mj n to F111~~) of subjective interest for the predict ion of perceived noise levels is
t yp ically from 5011, to 10 k flz . The lower limit  on measurement frequency in model tests (t ’m in ’t is usually prescribed 
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by the increasing d i f f icu l ty  of provi ding an :idequat e ly anechoic test-chamb er at lower frequencies , though the problems
are more tractable with an open test-section (cf closed ) since the acoustic t rea tment  of the solid boundaries (walls)  is then
far-removed fro m the test-section air flow . The upper frequency l imi t  in model tests (f ~~~ ) is usuall y determined by the
reduct io n s  in microphone size necessary to ensure adequate frequency response and spatial resolution at the higher
frequencies , though wi th  reduced signal strength , and by the probl ems of adequate allowance for atmospheri c a t tenuat ion
and direct ivi ty  correction s with the higher frequency. Hence . to ensure an adequate frequency range at model scale
(length 1) ofsubjective interest at full-scale (length L) . for appropriate correspondence at the same Mach number  and
same Strouha l number.  the permissible model size is correspondingly limited in that

Fmin /f min > l ’L > Fmax lf max .

Thus typica l ly ,  wi th  at best 1min 200 hi and ~~~ 80 kHz

1/4 > 1/L > 1/8 .

Such arguments are not intended to decry the usefulness of smaller-scale or larger-scale models , partic ularly over
m ore l imi ted  ranges of frequency.  But  they serve to stress the importance of matching the model size and measurement
t’requency range to the capabilities of the particular anechoic chamber and of the available ins t rumentat ion , and the
necessity for improvements in relevant instrumentation capabilities. More generally . the model size has to be made
compatible also on a vari ety of other aero-acoustic counts. as discussed in the following sections.

2.2 Acoustic Wavelength and Geometrical Constraints

The extent  of the near-fiel d region fro m the noise model depends in general on the noise source type (monopo le ,
dipole . quadrupole ) and the in tens i ty .  But,  for a compact source , it is rough ly of th order of one or two wavelengths.
Thus , to ensure that  the acoustic far-field noise condit ions (spherical ra diation) are attained wi th in  the test-section air-
stream (radius R~~). the latter mus tex tend  to say at least 1 .5 times the m a x i m u m  wavelength A niax ~~ a/f min ) of
interest from the model noise source . Moreover, to provide measurement conditions free of the b oundary near- field inter-
ference effects , the measurement points should be located at least a distance (B mic ) of say O.3X m~~ from any
acoustically-treated wall or airs t ream ‘free-j et ’ mixing boundary . Hence , as illustrated diagrammaticall y by Figure 5, for
a centrall y located compact noise source such uccoustic wavelength constra i nts imply

Rair > 1.5 x (a/f min ) a nd B~11~ > 0.3 (a/f m in ) ’

The advantages of employing a large test-section are clearly evident  from t~1is aspect of permitt ing adequately long wave-
lengths (low frequencies), appropriate to large model size.

With practical models , as dis t inct  from single compact noise sou rces , the finite geometry and character of the
spatially large dis t r ibut ion of noise source elements  across and along the tunnel  airstream need to be allowed for to ensure
a t ta inment  of far-field measurements. For then , the extent  of the near-field of the distributed noise source depends
strongl y not only on the wavelength (or frequency) of interest , but also on the relevant characteristic dimension of the
noise source and the possible variat ion of predomina nt  frequency and sound power along its extent .  Indeed, the choice
of characteristic dimension itself could vary with  the frequency band and noise measurement direction of primaryF concern . Such model ‘geometric ’ size con stra ints  can be more signif icant  than the ‘wavelength’ constraints of the pre -
cedi ng section. The formal specification of general worki ng rules for predicting the near field l imi t s  for practical noise
models coveri ng our int erests is thus  still d i f f icul t .

For an open-jet tunnel , wi th  the test-section airstream surrounded by a much larger anechoic chamber , it could be
argued that full development to such geometric far-field conditions need not be achieved unt i l  well outside the airs tream
jet - mixing  boundary . Then , because of the alleviation on the foregoing constraint arguments , relatively larger models
might he permitted : assuming of course that  other acoustic wavelength constraints , aerodynamic constraints , and
avoidance of distortion of the airstream boundary are not already limiting factors . Nevertheless , the use of microp hone
locations outside the air stream mixing boundary can introduce doubts concerning noise prop agation characteristics across
the varied and complex flow field between the model source and the microphone (Section 4.3), particularly if the source-
noise characteristics are unknown or varied. Any increase in source signal strength from a larger model tends to be
counterbalanced by the attenuation effects fro m the more distant measurement points requi red.

A n important exampl e arises in the application of a small ‘free-jet ’ t unnel  for testing of a model-jet coaxially-
centered on the mains tream jet , wit h the need to achieve a model-scale as large as possible without excessive testing
constraints. Here , from turbulent jet-flow development concepts and practical experience, it can be argued that  th e aero-
acoustic interfere nce of the mainstream-jet  development on the model-jet source-noise generation is only negligible if the
ratio of mainstream-jet diameter  to model-jet d iameter  is at least 10. However , unless this  dia mete r ratio is even mu ch
greater (>50  say), far- field measurement will necessitate microphone locations well outside the ma instream rather than
wit hin .  Then the noise-propagation corrections associated with re fraction effects through the mainstream external  mixing
boundary can be substantial for realistic Mach numbers ; see Section 3.4 and Fi gure 4. Additionally the probl em becomes
much more complex and the available corrections more quest ionable if the model-jet is inclin ed to the mainstream or off-
centre , or if airframe installa tion / interaction effects are to be exp lored.
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Thus , in any practical noise experimen ts , it is advisab le to exp lore the sound field at different distances as well as
dif ferent di rections from the model , in order to establish that  adequate far-field conditions have been reached at the
measurement points to the standard of accuracy required.  More spec it ical l y,  further quant i f ica t i on  of the type of
constraints raised in this  and the preceding section could now profitably follow from a declaration and critical analysis
of re levant experimental and theoretical results. supplemented by some specially di rected and care f ully cont rolled
explo rations of noise fields during future model testing programmes in acousticall y-treated t unnels. There is an urgent
need for such reliable guide-lines to expedite more profitably designs of models , facilities and experiments for
investigating forward-speed effects on noise. Even static test results for elementa ry models (if precise ) could help the
formulation of useful working l inj i t s  tor far-field measurem ent locations under  forward-speed conditions in the lig ht also
of reasonable theoretical concep t s : typically from diagnostic field status on small-scale models in larg e anechoic chambers.

2.3 Flow Quality Requirements

The desirability ofgood uni f ormi ty ,  steadiness , and low turb ulence of the flow in the test-s ection airstream is
already well established for aerod ynamic-model  test ing.  The possible significance of such flow qual i ty  considerations on
noise-model testing, ei ther  directly or indirect ly  thr ough the inf luence of resulting aerodynamic changes on model noise
generation and propagation characteristics , still  needs to he clarified and quantif ied.  In particular , there appears to be
l i t t le  quant i t ~’tiv e appreciatio n as yet of the influence of in tensi ty  and scale of the turbulence in the oncoming main-
stream as regards noise generation at the model , except that the influence could be rela tively small perhaps for a j e t  e fflux
b u t  signi ficant for a fan intake. Nevertheless , these aspects certainl y ca nn ot be ignore d , not merely for fan-model noise .
hut  also for airframe-mo del noise and engine ins ta l la t ion effects . at least for small-scale models: i.e. when the aero-
dyn amic  flow field under  the low Reyn olds num ber  condit ions can vary appreciabl y with  stream turbulence.  The declara-
tion and analysis of any exist ing relevant results is now badly needed , complemented by some exploratory noise measure-
ments  and related aerodynamic studies in exis t ing tunnels  wi th  known variation of turbule nce , particularly on fan-
powered models.

Noise measurements employing a microphone inside the tunne l  airstream (rather than outside) are frequentl y
required for far-field studies as well as near-field , unavoidabl y so with closed-jet tunn.:l s and usually with large open-jet
tunnels  ISection 4.2). However , wi th  a very quiet  tunnel  the background noise, as measure d inside the airstream by a
microp hone even when fitted w ith  a nose -cone and pointed directly upstream , can still  he largel y due to the in terac t ion  of
the airf low wi th  the microphone ra ther  th an th~ true qu ie t - tunne l  noise levels. More specifically theoretical  arguments
suggest tha t , if u ’ is the rms longi tudinal  velocity f luc tua t ion  and U the airflow mean velocity, then the rm s
momentum-pressure f luc tua t ion  p 1  associated with  the turb ulence should he pUu ’ . while  the static-pressure fluctua-
tion should be about ~ p u ’~ . Preliminary RAE exp erimental  results ,  for 20 log (P H ‘/pU u ’) as a funct ion of Strot ihal
number  fD/U where here D is the microp hone nominal  diameter , confirm that  the microphone alone (wi thout  nose-
cone) measured pUu ’ as expecte r i over a major portion of the Strouha l numb er  range : the fall-off in microphone
response at high frequency is also ~n line w i t h  the reduction in scale of turbule nce (L U/2 irf) , as expected.
However , when a nose-cone is fi t ted , the microphone does not measure ~pu ’2 bu t  a fraction of pUu ’ depending on the
Strouhal number , this  fraction being dependent on nose-cone shape. Admittedly this apparent prim ary dependence on
pUu ’ does not in itself provide a clear physical explanat ion  of the microp hone response to turbulenc e , parti cularly since
the spectra of lateral component v ’ are similar to those of u ’ in the experiments presently completed. Nevertheless .
the pract ical  significance of these results cannot he ignored in tha t  turbulence levels below 0. 1% seem essential for
acoustic tunnels , if the turbulence mduced signal at the microphone (wi th  nose-cone) is to lie below the in t r ins ic  low
background noise of the tunne l .

Now for th e practical achievement  of high qua l i ty  airflow in tunne l  test- sections , closed-return c i rcui t  designs are
usually pre ferred to open-r eturn (strai gh t - through)  designs. Addi t ional l y,  the closed circuit helps to isolate the tunnel
test ing from the nearby outside envir onment , thus  pr ecluding spurious changes in model test conditions due to ambient
winds and external  noise , while part ial l y shielding the surrounding communi ty  from objectionable testi ng noise.
h owever , for the avoidance of spurious noise generation by models (again particul arly fans), it is equally important to
ensure that  no significant distort ion of the test-section airstrea rn can arise from possible persistence of the model wake !
ef f lux or from circuit-flow interefer ence round the closed-return. Fortunately modern c ircui t  designs provide appreciable
distance for the jet e ff lux to disperse before reaching the tunnel  fan remote from the test-sect ion (not immedia te ly  down-
stream), which should reduce recir culation effects: also slotting of the collector of open-jet tunne l s  should help reduce
flow unsi .’adiness. Nevertheless , fu r the r  tests are desirable to quan t i fy  the e ffects of hi gh energy eff lux inserted in the
test-section , par t i cular ly  if directed at a large ang le to the air stream direction or well off- centre , when more severe distor-
tion may make it necessary to devise a scheme to more rapidly diffuse or even remove the jet e f f lux .

3. TUNNEL CIRCUIT DESIGN

3. 1 Background Noise Generation

Typically,  the background noise level in the tunne l  test-section or working-chamber must be 10 dB or more below
the model source noise , over the frequency range of interest at the measurement points , to ensure adequate resolution
( w i t h i n  4 dB) of broadband spectra w i t h o u t  reliance on special d iscr iminatory  techniques.  To ensure that  noise spectra
and dir ect ivity patterns at mod~’l-scale can he reliably extrapolated to full-scale flight , the tu nn el u sab le speeds sh oul d
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approach closely those for take-off and landing,  e.g. at least 50 m/ s ( 100 kn)  and preferably up to 100 rn/s (200 kn ) .
Large-scale models are of course required for good aero-acoustic similari ty and to preclude microphone measurement
problems at high frequencies , but tunnel background noise tends to increase at lower frequencies and anechoic chamber
demands  become more diff icul t .  Furthermore , it is worth recalling that the source noise levels available for measurement
at acceptab le microp hone locatio ns may not increase with greater model-scale , i f far-field l imitat ions at the correspon-
dingly lower frequencies for similarity necessitate also correspondingly greater microphone distance from the source . Th~
principal factors contr ibut ing to the backgrou nd noise are included in Figure 1 as part of the interacting acoustic aero-
dynamic  elements associated with model noise measurement in windtunne ls .

External ambient noise effects may warra nt particular consideratio n in the design of open-r etur n (strai ght-through )
tunnels and for test-sections not protected by an acousticall y-treated working-chamber. St ructura l  transn lission of
mechanical vibration and motor noise from the tunnel  drive system may require special precautions . hut  problems can he
avoided by heavily constructed and damped components with appropriate isolation joints.  Minimisat ion of model rig
noise may need special a t tent ion when air has to be supplied to modeljets and fans . or to resonance-type generators ,
since internal  airflow noise from valves and pipework has to be avoided , along with externally-generated noise from
possible vortex shedding and o ther  aerodynamic interference by support ing structure/w ires.  Spurious noise can likewise
be generated by measurement devices and their  supports located in the airstream , hu t  the influence of tu rbu len t  airstream
pressure f luctuat ions on the noise recorded by the microphone (Section 2.3 ) or of microphone support vibrat ions tends
to be of more practical concern.

The residual background noise elements , apart also from possible working-chamber boundary constraints on model
noise propagation (Section 2.2), may be considered to make up the intrinsic background noise associated with the tunne l -
fan and circu it aerodynamics.  In general . the design characteristics needed for a good aerodynamic tunne l  wi th  uniform
low-turbulence flow in the test-section tend also to help towards providing a quiet t u n n e l  by minimis i n g unsteady
separated flow conditions around the circuit  and by careful aerodynamic design of the fan-in-duct combinat ion .  Again .
for aerodynamic reasons , ant i- turbulence screens and honeycombs are usually located in low-airspeed regions , so they
need not create any significant self-noise problems with a reasonable tunnel contr a ction-ratio (say > 6). However . the
possibility ofembarrassing self-noise generation by other tunnel  flow-control devices must be kept in min d:  for example.
essential turning vanes and support struts/wires in the circuit flow must be designed or damped to avoid intrusive noise
due to ‘singing ’. Equally well , any inserts f r acoustic t rea tment  should nei ther  promote signif icant  self-noise in the flow
(Section 3.4), nor introduce troublesome v~akes.

In respect of choice of test-section type , with e i ther  free or walled boundaries at the edges of the airs t ream , the
open-jet at first sight would appear the  more a t t rac t ive  for low background noise levels. The noise emanat ing  from the
contraction nozzle and the collector /diffuser can then radiate freely (at  least hemisph erically out of the test -section)
along with  that from the model under  test , w i t h o u t  s ignif icant  reflection from the acoustically-treated d i s tan t  boundaries
of the surrounding large working-chamber. In princi p le, the achievable lower l imi t  to background noise may he expected
to be set by the broadband quadrupole -type noise produced by the tu rbu len t  mix ing  at the free-jet bounda ry,  for
measurement points well wi th in  the airstream or several diameters outside. However , a special feature for most open-jet
tunnels  is the apparent need for ‘tabs ’ protruding from the jet-nozzle pe r iph ery in to  the air stream , and/or for venting of
the collector by a cowl or wall slots , in order to preclude possible mainstr e am jet ins tabi l i ty  and low-frequency unsteadi-
ness over the operational speed range (Section 3.3). For very quiet tunne ls . aeroacoustic problems may then include
possible excess noise and jet-boundary thickenin g from such tabs , collector noise from jet impingement  and its possible
variation with aerodynamic model testing condit ion , and adequate sound absorption t r ea tmen t  of the collector-entry /
cowl still  satisfying aerodynamic and structural  needs. Correspondingly for closed test-sectiom. .e  scess noise can be
generated by the high-speed airflow over the test-section walls , especially wi th  acceptable acoustic l i n ing  which itself may
be of l imited effectiveness because of other aerodynamic constraints , whi le  other spurious noise and aero-acoustic cons-
traints can be associated with the essential location of even the far-field microphones in the  air stre am.

The tunnel  airflow-drive represents of course the primary source of background noise in the test-section. unless
especially designed to have low noise characteristics (Section 3.2), and located far enough away from the test-section that
sufficient circuit length is available in-between to permit adequate in-duct  sound-absorption treatment  (Section 3.4). with
tolerahl ’~ aerodynamic performance penalties. Assuming dipole-type sources to be predom inant , the overall sound
pressure level of the fa n -generated noise increases roughly as Vt. . Then , in broad terms , each doubling (or halving) of
tunnel  speed corresponds to an increase (or decrease) of background noise by about 18 dB.

As a convenient measure of the low levels of tunnel background noise which can he achieved in practice , the sound
pressure levels for the successfu l small acoustic tunnels built at UTRC (effective jet diam 0.7 m) and NSRDC (2.4 ni) are
as much as 40dB lower than for the existing untreated tunnels , when compare d at the same speed and at the same
Strouhal number. Also , as regards acceptable standard s of background noise levels . representative powered models
suitable for far-field noise experiments in such acoustic tunnels can usefully be tested at airspeeds up to 50 m/s at least.
witho ut signif i cant background noise problems and without  the need for discriminatory techniques. However . spurio us
noise generated by the model-rig and in-flow microphone support (unless properl y st reamlined) can noticeably ai.gment
the int r ins ic  background noise of the quiet tunnel  and also exceed the airframe self-noise from a dean unpowere d model ,
all usually rising together with  increase in airspeed , whereas the model powerplant noise may simultaneously decrease. 
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3.2 Tunnel Airflow Drive

For subsonic tunnels , t he conventional fan system with  its well -developed continuously-ru nning capabilities still
tends to he pre ferre d for th e tunnel  airflow drive : usuall y of an axial -fa n type . though not always so for straight-through
tunnels  where other extractor-type fans can be convenient ly exploited. The often contemplated air-injector drive may
appear simpler than the fan drive , and probabl y cheaper if appropriate com pressed-air supplies are already available on
site. But, eve n if this pressure / induction system may be made as acceptably quiet as the fan drive , the li m itatio n s on
running periods then available would often be unacceptable for general low-speed testing.

The tunnel fan itself can contribute a major component of the background noise level in the test-section , especially
at low frequencies. Consequentl y the fan design and the duct length available for acoustic t reatment  between the fan
location and the test-section , both represent critical feature s as regards background noise limitations and acceptable
airspeeds for any noise-model testing. The tu n nel fa n noise is mainl y identifiable as of broadband di pole-type , usuall y
attributed to lift fluctuations on the blades and associated with vortex shedding at the trailing-edges. Typical experi-
mental resu lts are consiste n t with t h is , in that  the fan sound pressure level tends to increase as the fif th to sixth power
of the t’an rotational speed. A useful crude working rule when comparing fans under  similar operating conditions is:—

(Fan overall sound power) ~ (Tip speed) 3 x (Aerodynamic Shaft-Power) x ( I — r~)

where , pr oviding the fan aerodynamic e fficiency i~ ~ ~ (pressure-rise power)/ (shaft power) J is known . the inclusion of
the aerodynamic power dissipation factor ( I  - -- i~) offers a reasonable basis for comn aring the noise of fans ofdif fer ing
design , since the aerody namic losses and noise generation are closely related. The spectrum at a given rotational speed
has a decreasing sound pressure level wi th  rising frequency, hut  wi th  discrete tones superimposed at the blade passing
frequency and harmonics . whose intensities can be a fun ction of inflow turbulence as well as tip-speed. Increase in inflow
turbulence to the fan can also aggravate the broad-band noise.

For low noise , the fan should be designed to operate near the condition of max imum aerodynamic efficiency.
avoiding significant flow separation regions on blades . but with a low tip-speed say about one-third the speed of sound.
Nevertheless , it must be appreciated that  there can he a significant variation of airstream total  head across the fan entry
section , remaining sensibly ax isymmetr ic  if due to boundary effects in the test-section and duct upstream of the fan , hut
possibly with deviations due to non-axisymmetric acoustic t reatments  of the upstream ducts. Fortunately the well-
designed single fan has proved a powerful and accommodating tool for providing a uniform dis t r ibut ion downstream of
the drive section. With modern aerodynamic design methods, essentiall y involving the choice of an appropriate blade-
twist dis tr ibut ion from fan-huh to tip for the expected velocity distribution into the fan and the requiTed pressure rise
through the fan, only small adjustments should have to be made to the predicted fan design after appropriate model fan-
in-duct checks. Broadly speaking, a tunnel  design which incorporates large contract ion-rat io is favourable to low noise ,
because of resulting reductions in both the aerodynamic power required and fan ti p speed , for a prescribed test-section
size and speed. Now tha t  several acoustic tunnel  fans have been bui l t  to various quiet designs (Section 5) , experimental
results on their  aero-acoustic performance must  be cri t ical ly evaluated and compared for fu ture  guidance . before the
construction of new larger-tunnels or of new quiet fans for ex isting large tunnels.  More generally, although continuous
variation of tunnel  speed is usuall y achieved through al terat ion of fan rpm . the fan aerodynamic efficiency and quietness
could use fully he fur ther  improved (especiall y for large blockage changes) by incorporation of adjustable or variable
blade angle, possibly even with some facility to adjust blade twist or effective camber at least during the installation
proving stage.

3.3 Open-Jet Nozzle and Collector-Flow Interactions

In most subsonic tunnels , ei ther wi th  open or closed test-sections , care fu l tailoring of the test-section design as well
as the tunnel  circuit  and airflow drive is invariably needed to ensure that the test-section flow is steady throughout the
required airspeed rant’’ Often , any shortfall or improvement in this  respect is manifest  also in the degree to which the
allied requirements of m i n i m u m  pressure gradients and m i n i m u m  energy losses are met. Here , we are primari ly concerned
about possible low frequency unsteadiness (pulsing) in open-jet tunnels , largely associated with interaction between the
jet nozzle flow and the collector , which could generate excessive background noise and intolerable flow conditions. For
precise ness, the pri mary origins of such flow unsteadiness (and appropriate treatments ) can be divided into two different
categories , though these can arise s imul taneously .

First ly,  m i x i n g  at the tunnel  airstream boundary , while traversing the space between the nozzle and the collector .
results in en t r a inmen t  of the order of 10% excess volume flow which has to he split at the collector entry . With the
large-scale edd y sites arising in this mix ing ,  the ins tantaneous  quan t i t y  to be split will show appreciable amplitude varia-
tions in the very low frequency range , so that  tunnels  wi th  simple he l lmouth collectors have experienced low-frequency
variations in tunnel  airspeed apparent ly  associated wi th  this  unsteady entry flow. All modern open-jet tunnels with
closed- return circuits incorporate some form of vent i la t ion slots downstream of the collector to accommodate this
variable spillage and a t t enua te  pressure waves which might otherwise propagate round the tunne l :  in some cases exten-
sive ad-hoc tailoring of the slots has been required to obtain satisfacto ry tunne l  flow. e.g. DFVLR Porz-Wahn and VKI .
while in others a single peripheral slot has given satisfactory result s. Clearly, the aerodynamic design of the collector
cowl has to be carefully tailored to the par t icular  test-section and working-chamber configuration , while the cowl must
also have acceptable s t ruc tu ra l  and acoustic charact eris t ics .
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Secondly, nozzle/collector .edge-tones and related jet-flow oscillations are usuall y con sidered to originate from aero-
dynamic resonance between a disturbance (e.g. ring vortex) leaving the jet nozzle , impinging on the collector cowl , and
then feeding back a new disturban ce which arrives back at the nozzle in phase with the creation of another disturbance at
the nozzle. The frequency of such edge-tones , (primary and higher-order) tend to increase with greater mean airspeed at
the jet nozzle and then decrease with greater separation distance between the jet nozzle and collector. In some closed
return-tunnels , severe vibrations of the tunnel structure have arisen when the jet /collector edge-tone frequency coincides
wi th the organ-pipe resonance frequency of the tunnel duct.  Two very diffe rent designs of win dtunne l s , the RAE 24 ft
tunne l (also a fifth-scale model) with 3.5: I contraction-ratio and the DFVLR Porz-Wahn tunnel  with 10: I contraction
ratio experienced these severe organ-pi pe resonances: while other tunnels of intermediate design. e.g. the model of the
new DNW tunnel  with 9: I contraction ratio , apparentl y show no signs of this phenom enon. Fortunately when it does
occur, this type of aerodynansic resonance can be readily suppressed or reduced by the introduction of peripheral tabs
in the form of spoilers or discrete vortex generators at the nozzle outlet , to preclude regular formation of the jet ring
vortices: but there can he some penalty because of possible increases in high frequency noise. It should be noted that in
some cases (e.g. DFVLR Porz -Wahn) ventin g of the collector alone produced no noticeable a t tenuat ion  of these organ
pipe resonances.

Addit ional l y, wi th  the introducti on of sealed anechoic chambers surrounding an open test-section , an alternative
type ofedge-tone resonance appears possible involving low-frequency standing waves in the chamber. ra the r  than a return-
circuit organ-pipe resonance. This supplementar y type was apparently presented in the UTRC Acoustic Tunnel (open
return circui t) ,  there again cured by the use of peripheral tabs , and was probably responsible for initial resonance
problems in the NSRDC tunnel  but there cured by collector slotting.

In view of the wide variations in severity of the unstea diness problems reported in different open-jet tunnels , and the
large var iety of collector cowl shapes and venting configurations employed , more basic research would still seem worth-
while to further clarif y the fundamental causes of the various types of unstea dy phenomena and to provid e detailed
guidance for their avoidance in acoustic tunnels with m i n i m u m  penalties in other respects. More generally, for dynamic
as well as noise testing in open-j et tunnels , it seems essential to establish whether the test-section airflow can reall y be
guaranteed to be as steady as that in good closed test-section tunnels , or whether some low-frequency unsteadiness and
relatively higher levels of turbulence will remain despite jet-nozzle and collector treatments.  The aerodynamic and
acoustic significance of deflection of the open-jet boundary due to the presence of lifting models, particularl y with
powered high-lift systems , needs also to be explored further.

3.4 Noise Absorption Treatment of Tunnel Circuit and Aerodynamic Imp lica tions

Significant unknowns  and restraints can arise in at tempt s  to apply,  efficientl y and economicall y , sound-absorpti on
techniques to substantiall y reduce tunnel  background noise : by internal-circuit  t re atments between the drive-fan and the
test-section. Some compromises in wal l - l in ing and sp l i t te r  designs are essential because of the following factors . Broadly
speaking the absorption of high-frequency noise require s closely-spaced splitters , whereas low-frequency absorption
demands greater lengths. Local airspeeds and airstr ean~-pressure losses tend to rise wi th  silencing efficiency over a wide
range of frequency, because of the more extensive circuit-flow blockage and larger wetted areas , even wi th  careful stream-
lining. Low airs t ream-pressure losses are needed to ensure high airspeeds in the test-section with acceptable power and
cooling requirements. Objectionable self-noise and reductions in absorption efficiency can be caused by high speed
airflow over the absorber surface areas. Reduc t ions of absorber efficiency may be associated with the needs for surfa ce
protective covering and structural  integrity in high-speed airfiows wi thou t  costly maintenance over a period of several
years . Such considerations suggest tha t  the most favourable tunnel-circuit  locations for the application of sound-absorp-
tion techniques are where the airspeed is near the m i n i m u m , i.e. in the settling chamber upstream of the contraction and
after considerable diffusion well downstream of the test-section , commensurate of course with the fan location . and with
the circuit type and geometry.

Thus the elaborat e NSRDC tunnel  (Fi g. 6) incorporate long ‘acoustic mufflers ’ i n the especially large legs of the
closed ret urn circu it immediately upstream and downstream of the quiet  axial-fan drive , to reduce fan noise reaching the
test-section particu larly in the low-frequency range but with onl y minor aerodynamic penalties. Each muffler comprises
two sinuous absorptive splitters mounted vertically in the middle of the tunne l  and one along each side-wall : the sinuous
bends have a large radiu s to avoid flow separation , while  providing addit ional  h igh-frequency noise reduction by elimina-
t ing an unobstructe d l inear  sound path through the muffler, and also increasing the effective length of the passage for a
given geometric length of muffler .  The aerodynamic total-head losses for each muffler were only about I 5’~ of the
overall loss round the tunne l  circuit and about the sani e as the loss through the cooler or through the anti-turbulence
screen section. Moreover , the perforated met al coverings of the absorptive mat eria l  here causes no troublesom e self-noise
because the duct  airspeed at these muffler  locations is so low.

The simpler and smaller UTRC tunnel  (Fig .7) . wi th  its open-return design and extractor-type centr ifugal  fan at the
exit , avoids the need for acoustic t reatment  of the t u n n e l  inlet  upstream of the test-section hut assuming of course the
absence of any extern al  noise problems. Downstream of the test-section, at the end of the conventional strai ght diffu ser
and just ahead of the drive- fan , the tunnel  circuit  incorporates a Z-shaped muff le r  (absorptive and reactive) compri sing
two arrays of r a all e l baffles / splitters and two lined 90°-bends , which serve to a t t en tua te  the fan noise by at least SO dB
f~ r frequenc ies ‘own to 250 lIz in the test-section. Turning vanes were here not installed in the bends , to preclude the
possib ili r of ti crete frequency noise due to ‘singing ’ and of broadband noise generation due to their immersion in
turbulen t  flow from the diffuser .

~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -~~~~~-
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However , for acoustic treatment  ofexisting aerodynamic tunnels . or for the design of new dual-purpose tunnels
whe re aerodynamic testing still has greater priority than noise testing, other con flicting technical aspects and economic
constraints can he l imit ing factors . The recommended practical modification of the RAE 24 ft tunnel  (Fi g.8), main-
ta m ing the large test-section size (7 .3 m diam) with the low contraction ratio (3 .5/ I) ,  has uniform blocks of low-
frequency and high-frequency splitters as part of the multi-passage diffuser downstream of the new fan , with similar
blocks incorporated in the first di ffuser downstream of the collector primaril y because a sufficient straight-length
(upstream of the fan) is available only there. Then , since the circuit airspeed is high in the first diffuser , splitter self-noise
becomes a serious design factor as well as splitter aerodynamic drag. The possibility of making the splitters sinusoidal
along their length to achieve increased sou nd attentuation by elimination of ‘line-of-sight ’ through the block is precl uded
here by lack of length when adapting this existing facility. Other designs for the modified RAE 24 ft and for the new
DNW 8 m x 6 m tunnel , providing a worthwhile increase in contraction -ratio and thereby improvements in top-speed
and flow qual i ty ,  inherently reduce the mean duct speed and required fan tip-speed for a prescribed test-section speed.
So fan-generated noise and splitter self-noise tend to be correspondingly lower , al leviating the acoustic absorption
required to achieve the prescribed background noise in the test section. It also becomes more attractive to take full
advantage of the changes in direction through the circuit corners. by incorporating absorptive l ining in the local wall
surfaces and corner vanes.

Estimates of the acoustic properties of feasible splitter arrangements can be at tempted using developments of
Kremer ’s theory reported by Beranek and Schultz 85 . where the splitters are considered to be of homogeneous porous
material , with the acoustical impedance assumed to be a unique function of the through-flow resistance R 1 (Ray l s/ m)
of the material. With the spli t te r  thickness defined as 2d (m) and the gap as 2h (m) between the splitters , the
maximum a t ten tua t ion  per uni t  length is then attained at a particular frequency f0p1 I 01 .6k/~~ (H z) . using an
absorbent material with the ‘opt imu m ’ flow resistance R0~t 667.5.Ji~7~[~ (Rayl s/m) . This peak opt imum design
restricts significant noise at tenu at ~un to only a narrow band of frequencies , but at tenuation over a much wider band of
frequencies can be obtained at the e.’ ’ense of a lower value of peak attenuation , if material with a hig her flow resistance
is chosen. Of course maximum atten ~tat ion for a given splitter length is obtained by making h small . but the airflow
blockage can produce excessive drag losses, so that d > h proves an essential compromise between the acoustic and aero-
dynamic  requirements , with some lengthening of the splitters to compensate for the reduced at tenuation per unit length.
Some RAE experimental  results showed that peak attenuation occurred near the predicted frequency, but that the peak
was substantially less than the theoretical estimates when R 1 R0p1 . while at the lower frequencies the attenuation was
greater than estimates. More generally, available theoretical methods for the estimation of noise-absorption and self-noise
of split ters with practical surface protection in an airstream still seem inadequate.

4. MEASUREMENT AND ANALY SIS TECHNIQUES

4 .1 Relative-Motion Considerations for Tunnel-Flight Correspondence

There exists an elementary direct correspondence between noise measurements for the model fixed in an ideal
tunnel  airstream (effectively uniform and unbounded) and for the same model in steady level flight at the same relative
velocity to the li k ewise ideal still air , choosing for comp: rative purposes here a frame of reference fixed to a noise-model
(Fig .2). Naturall y for such ideal model test conditions in tunnel  and flight , with the identical  relative airflow velocity,
measurements can directly correspond at the same microphone distance from the model , for the same sound emission
angle 0 (i.e. wavefront-normal incl inat ion )  to the direction of relative motion: there is then of course ident i ty  also of the
‘retarded-time ’ fro m pulse emission at the model source to pulse reception at the microphone location. This careful
distinction here between correlation of results from different test methods at the same value of the emission angle 0
rather than of the ‘convected ’ ray angle ‘I’ , while seemingly trivial at first sight , becomes of vital practical significance for
the meaningfu l comparison and physical interpretation of results at different fli ght and/ or tunnel  Mach numbers M and
under static rig conditions. From simple relative airstream convection arguments

tan ~i tan 0 ( 1  + M sec 3) ’

In real flight . th is  emission angle 0 is of course the instantaneous line-o f-sight angl e from the conventional
stationary obse rver to the aircraft (i.e. flight model ) at the sound pulse emission time: as distinct from the ‘con vected’
ray angl e ~‘ which represents the instantaneous line-of-sight angle at the corresponding pulse reception time , varying
wi th  M even for constant source emission characteristics. In real tunnel tests . f desired , to ensure measurements for
unchanged values of emission angle 0 as tunnel  airspeed is varied (including static conditions), the datum microphone
locations (,~ val ues for assigned 0 values) can be displaced geometrically downstream with increasing air stream Mach
number ,  according to the foregoing convection relationship. With an extensive distr ibuted source (e.g. jet ef f lux)  the
geometric far-field conditions may not be adequately achieved for the allowable microphone distance from the model ,
when strictly these angles should be related to several prescribed source elements in turn rather than to the model
geometrical location. Even some rough checks , wi th  simple source dis t r ibut ions  based on theoretical arguments and other
exper iments  (e.g. static), could usefully indicate the magnitude of possible errors due to the more convenient assumption
of a single compact source at or near the model; see also Section 2.2.

To fully complete the practical equivalence (Fig.2) .  the microphone should not only occupy the same position
relative to the model frame-of-reference at pulse reception t ime ( i .e .  ident ical  9 ), hu t  idea ll y the vel oci ty of t he
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microphone relative to the model should also be unchanged. Now in pr inciple , for the same 0 . the acoustic pressure
ampli tude measured by a moving microphone is independent of its velocity relative to the source . though any pulse is
the n detected over a time period proportional to ( I + M cos 0)  . Hence in practi cal terms . the stationary microphone
with stationary model in the tunnel  airstre am measures the same proportional-bandwidth mean-square pressures
(e.g. ~ -octave) as the stationary microphone (conventional observer i wi th  flig ht model (moving aircraft) :  s t r ic t ly  provided
the tunnel  airstream and flight Mach numbers are identical , for the same values of 0 , and at the same microphone
distance . Eve n so the tunnel-model frequencies then need to be mul t ip lied by the Doppler factor

( I  -1- M cos0)~

to convert to the flight-model observer conditions with  the separat ion speed Ma . More generally. to allow for essential
differences in practice between the tunnel  model microphone and the fli ght model observer distances. it  is customary to
appeal of course to the far-field inver se -square law . with ~ SPL ~ 6 dB per doubling of distance. Addi t ional ly .  conven-
tion al corrections to allow for atmospheric at tenua t ion  may he applied , typical ly

~ SPL ~ f/ b oo dB per 150 m distance -

4.2 Microphones Inside Tunnel Airstream

A p re fe rence of microp hone locations well inside the test-section airstream of a large open-j et tunn  ‘ . as well  as
inevitabl y for closed-jet tunnels , can follow from the need to make noise measurements  as close to the noise source as far-
field requirements niay permit  (Sections 2. 1 and 2.2) . or as near-field studies will require . Simultaneousl y.  the effects of
parasitic flow fields at or outside the mainstre am jet boundary ,  i.e. other than those flows properl y associated with the
model condition , are then avoided on the model noise propagation characteristics. To reduce the wind-generated noise at
the ~~~ - phone located wi th in  the tunnel  airstream , for much hig her airspeeds than conventional  ambient -wi nd condi-
tions, ~ streamlined nose-cone with a circumferential  axi-symm etric  strip of fine wire mesh is usuall y substi tuted for the
standard flat grid protecting the microphone diaphragm , rep lacing also the conventional  spherical porous windscreen.
The nose-cone and hence the axis of the microphone diaphragm are pointed direct ly upstream at any microphone loca-
tion to minimise airflow disturbances. The microphone response corrections needed to give t rue  free-field conditions are
a funct ion of both the sound frequency and sound incidence at the microphone. Addi t ional  free-field corrections for the
presence of the nose-cone are often determined by datum microphone measurements made with and wi thout  nose-cone.
for noise generated by the model at :ero tunnel  airspeed. For tunate l y the ontn i-dircct iona l characteristics of the m icro-
phone tend to be improved by the addition of the nose-cone , though sound incidence effects are stilt large at high
frequencies and calibration checks are st i l l  essential. There is also some just i f icat ion for the expedient practical assunip-
tion that  the local airflow over the microphone in the tunne l  airstream does not sign ificantly alter the microphone res-
ponse to the sound received , wi th  of course the nose-cone and s t reamlined support kept aligned along the local airstream
direction. Nevertheless, such microphone response and incidence corrections for in-flow measurements warrant further
investi gation , par ticularly with  the need for more reliable measurements at higher frequencies.

The fu ture  significance of any residual wind-generated noise at microphones located wi th in  the airstrea m of open-jet
tunnels  or closed-jet tunnels also needs continuall y to he re-assessed , taking into  account possible reductions in (or discri-
mination from) other parasitic noises, and the signal strengths of fu ture  interesf from quieter  or more complex model-
sources . Recent RAE exper iments  have confirmed that , unless very low turbulence levels are achieved, the pressure
fl uctuatio ns associated with the turbule nce in the airstream can determine the ‘apparent ’ background noise levels of q uiet
tunnels , as indicated by a microphone (even with nose-cone) in the air str eam. Indeed dat u m microphone measurements
inside a very quiet  small tunnel , hut  for very hig h turbulence levels (airstream u ’/U of order 1% rather than conventional
0.l~~,, recorded SPL values as much as 20 dB higher than measurements well outside the air stream. Some further
comments on this aspect can he found in the discussion of ‘Tunnel flow quali ty requirements ’ (Section 2.3). Some recent
advances made in both Europe and North America on the design of microphone probes for industrial  sound measurements
in tu rbu len t  duct flows arc of inter est :  but may not be generally applicable for our purposes where large variations arise
in the angular  difference between the local-airflow incidence and predominant  sound-ray incidence at the probe.

4.3 Micro phones Outside Tunnel Airsiream

With an open-jet test-section inside a much large r acoustically-treated working-chamber . the microphones for far-
field measurements can a l te rna t ive ly  be located e.rternal to the airstream and well clear of the mix ing  boundary (Fig.3)
so as to he in nominally still air; though at a greater distance from the noise source giving a correspondingl y weaker signal
strength relative to the background noise level. Moreover , possible falsification of the noise measurements needs to be
assessed and allowed for. because of the intervention of the mixing boundary between the noise source (wi th in  the test-
section potential  core ) and the external microphones.

As regard s spurious re fraction of sound propagated through the mixing boundary , and even possibly through weaker
secondary flow regimes outside the mix in g  boundary, early studies indicated that  such effects were tolerabl y small and
adequ ately assessable by qualitativ e ray theory arguments , for the low airstream speeds (M <0. 15) then feasible with
acceptable background noise levels. More precise theoretical treatments have now been formulated by Amiet ’2 . Jacques48
and others, in which the tunnel  mixing boundary is modelled simply in terms of a thin vortex sheet of small thickness
(compared with  the incident-sound wavelength) between the unifo rm stream and still air without  change in density across
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the shear layer  ( Fig.3). Essentially Amiet considers a plane interface and uses ray theory to derive equations which .
conve niently for our purpose . permit  sound pressure measurements p,~ made at an apparent d irect ivi ty angle 0m and
radius r to be corrected in both intensi ty and ang le for ‘ideal tunnel ’  conditions wi th  the microphone immerse d in an
in f in i t e ly  large airs tre ani . The effect of the refraction is not merely to change the ray direction fro m O~ inside to
outside the airstream (Fig.4). but also the intensity through effective changes in ray spreading angle as well as distance.
The predicted changes to corrected angle 0~ fro m visual measurement angle 0 r,, ‘ and the corresponding SPL changes
20 log (P e 1Prn ) for an equal radial distance r from the source , are certainly no longer small when the air stream Mach
riut i ib cr  is increased froit i 0. 1 to 0.3 (amid to 0.5) for h/r 0. I S , where Ii is the separation distance between the source
and shear layer. With increasing M . 0~ essentiall y reduces over the whole meas urem ent  ang le range. while the SPL at
equal r ad ius increases over the whole of the forward arc (upstream of source ) hu t  decreases over most of the rearward arc.

-~lso . it should he noted that  small angles to the airstream direction are not allowable in practice for  m easurements out-
side the airflow , because of the rapid var ia i i on s  in the corrections there , both in the forward and rear arcs: in the forward
arc even at angles somewhat exceeding those for total  in t erna l  reflection from the mix ing  boundary (i .e . even outside
the ione of ~ileiict” ).

Add i t iona l ly ,  the m odel noise propagation ni ay hc subject to freque n cy and spatial  scat ter i n g at the test-section
mi x ing  boundary,  or can augment  noise generat ion from t h e  t u r b u l e n t  m ix ing  itself. Early experi m ents  again impl ied
tha t  the pract ical  e ffects were small , at least up to t h e  m a x i m u m  frequency of 10 k lI z and for low airstream Macli
numbers  (M < 0 . 15 )  then tested. Bui such scattering effects are envisaged primari ly as high frequency p henomena
affect ing sound propagation at wavelengths less t h an the turbulence  length scales wi th in  the mix ing  region. Indeed, f o r
M 0.2. noticeable broadening of a pure t om ie at about  24 k l lz  has been displayed by measurements made well outside
the mix ing  boundary of the UTRC tunnel 73 . while as much as half the t r ansmi t t ed  in tens i ty  across a shear layer at very
small wavelengths has been a t t r ibu ted  to scattered waves from exper iments  by ON E R A ’4 .

Overall , the complex na tu re  and larger thickness of the mix ing  boundary needs to be properly appreciated in
practical terms , including the influence of any tabs incorporated round the tunne l  noz,.le perip hery to ensure airflow
stabi l i ty ,  so that  representation by simple th in  shear layers seems only an expedien t  gross approximat ion to the true
airflow conditions. At this stage. the available theories and l imited measurements should he used for quali tat ive guidance
rather  than precise corrections , preferably towards de f in ing  th e test conditions for acceptably small corrections on the
noise changes wi th  forward speed under  invest igat ion.

5. SPECIFIC TUNNELS FOR NOISE-MODEL TESTING

5. 1 Available Small Tunnels

With in  the past five years several acoustic wind tunn e l s  have been specially bui l t  or ex is t ing  aerodynamic tunnels
correspon dingly modified , to provide simultaneously an anec hi oic working-chamber and low background noise at the test-
section with  the tunnel  in operation. But these existing acoustic tunnels  are small wi th  equivalent  test~section airstr eam
diameters less than 3 iii . The test-section and working-chamber measurements , quoted below in metres , refe r either to
the diameter  x length , or to width x height x length;  supplementa ry  dimensions  quoted in feet signify only the original
designation of the  t u n n e l .  Sometimes alternative test-sections may be available , ei ther smaller and faster , both closed
and open. The specific re ferences quoted here give more detail ed specifications of the par t icular  tum inels .  Overall analysis
of considerations arising in the design amid application of acoustic tunnels  is coi itaimied in Sections 2 amid 3. The provision
of very small ‘free-jet ’ tunnels  by simple adaptation of anechoic chambers with  exist im ig capability of static noise-testing
on jets should also be noted , the major jet eff lux of largest available diameter  then being em ployed as a mainstream flow.
for example about a model jet co-axially centred hut  of much smaller diameter (see Section 3.2).

American acoustic tunnels already include:

( I )  Naval Ship Research and Development Center (NSRDC , 1971 )67

Opemi-section 2.4 m diam x 3.5 iii. max airspeed 60 m/s. closed-return.
Working-chamber 7 .2 m x  7.2 m x  6.3 m: cut-off ISO liz.

( 2 )  United Technologies Research (‘enter (UTRC . 19 71 )73

Open-section 0.8 ni x 0.5 m x 4.8 m: max airspeed 200 m/s; atmos-return .
Working-chamber 6.7 m x 4.9 m x 5.5 m; cut-off 200 Hz.

(3 )  Massachusetts Insti tute of Technology (MIT 5 ft x 7 ft modified, 197 1) 78
Open-section 2.3 n i x  1.5 n i x  2.4 m . max airspeed 35 m/ s ;
Work ing-chamber 2.3 m x  1.5 m x 2.4 m: cut-o ff 600 Hz.

(4) Bolt , Beranek and Newman (BBN . 1 975) M
Open-section 1.2  m x  1.2 m x 10 m; max airspeed 45 m/s; atmos-return .
Working-chamber 7.0 m x 6.1 m x 13.2 m; cut off 160 Hz.

( 5) Lockheed-Ge orgia (LG , 1975) 62

Open-section 0.76 m x  1.1  m x  2.9 m; max airspeed 75 m/s; atmot ~re turn .
Wor king chamber 3.4 m x 5.2 m x 3.4 m; cut-off 200 Hz.
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European acoustic tunnels include:

(6) Southampton University (SU 7 ft x 5 ft modified , l975)~’
Closed-section 2. 1 m x 1.5 m x 4.4 m; max airspeed 30 m/s: closed-return.
Working-chamber as test-section : cut-off 500 lIz .

(7) RAE Farnborough (RAE 5 f t modi fied , late l976 )~
Open-section 1.5 m diam x 2.8 m: max airspeed 65 m/s ; closed-return.
Working-chamber 3 m x 3 m x 3 m ; cut-off 500 Hz.

(8) CEPr Saclay (CEPr/ ONERA . early h977 ) ’~
Open-section 2.0 m diam x 9 .0 m; max airspeed 100 m/s; atmos-return .
Working-chamber quarter-sphere 9.6 m radius ; cut-o ff 200 Hz.

Other existing aerodynamic tunnels of small-to-medium size have also been given partial acoustic tr eatment , either
around the test-section boundaries or inside the tunnel  circuit. These include :

( 1) NASA Ames 3.0 m x  2.1 m (7 ft x l O f t )  closed-section.
Test-secti on acoust ic lining .

( 2) NASA Lewis 4.6 m x 2.7 m (9 ft x 15 ft)  closed-section.
Tunnel circuit acoustic inserts.

(3) Boeing-Seatle 2.7 m x 2.7 m (9 ft x 9 f t )  closed-section.
Test-section acoustic lining.

(4) VKI Brussels 3.0 m diam open-section.
Working-chamber acoustic lining.

(5) DFVLR Porz -Wahn 3.3 m x 2.2 m open-section. 21
Tunnel circuit acoustic inserts.

5.2 Development of Large Tunnels

The onl y large European tum inel  currently incorporating acoustic treatment is the RAE 24 ft tunnel  with its open
test-section 7.3 m diam x 13 m length , max airspeed 50 m/s , and closed return-circuit .  The working-chamber boundaries
( 13 iii x 10 m x 13 m) are now lined with sound-absorbing foam sheet and wedges to provide a cut-off frequency as low
as 200 Hz. This 40-year old tunnel  has been employed successfully since 1971 for a variety of basic noise-model investi-
gations and for the improvement of associated testi ng techni ques 37 ’30 . Nevertheless , it is important  to stress that  the
available maximum airspeed of 50 m/s is not used currently for noise-model testing in general , because the tun nel back-
ground noise becomes excessive at airspeeds much above 30 rn / s. Furthermore , at all airspeeds , the aerodynamic flow
quality is considered to be relatively poor by modern tunnel  standards , so is unlikely to satisfy future noise research
demands. Some acoustic and aerodynamic studies have been made to assess possible practical modifications to the 24 ft
tunnel circuit and the 5 ft scale-model 33 , in order to double their usable noise-model testing speeds.

In the USA, at least two large aerodynamic tunnels  have already been used for noise-model testing. The NASA
Langley 30 ft x 60 ft tunnel , with its open elliptic test-section 18 m x 9 m x 17 m length , max airspeed 45 m/ s , and
closed return -circuit, now has its working-chamber boundaries (34 m x 23 m x 2 1 m) lined with foam sheet providing a
cut-off frequency about 500 Hz(Ref .65) .  Again , the usable airspeeds for noise-model testing in general reasonably —

canno t much exceed 30 rn/s. while the airflow quali ty must leave much to be desired in this very old tunnel .  The NASA
Ames 40 ft x 80 ft tunne l . with its closed test-section 24 m x 12 m x 24 m length , max airspeed 95 m/ s , and closed return
circuit has rather l imi ted acoustic lining of the test-section boundaries and sometimes none 66 : but special microphone
arrays and other schemes are used for some discrimination against reverberant field and background noise levels59 .
Planned improvements to this tunnel (Fig.9) include the installation by 1980 of low-noise fans with much greater drive
power to provide the existing test-section with higher max speed (24 m x 12 m , 150 m/s), and the incorporation of an
additional circuit leg w~th much larger test-section (36 m x 24 m, 55 m/s).

More generally, research is now being carried out on the possibility of limited noise-model testing in modern aero-
dynamic-tunnels , with m i n i m u m  or no acousti c treatment of their mainly closed test-sections and closed return circuits,
but taking advantage of their outstanding airflow qualities (turbulence u ’f U 0.05%) and higher maximum airspeeds
(> 100 m/s). Exp enmental investigations , for exped iency ofte n in small  tunnels  at this stage , natural ly include the
exploitation of directional acoustic receivers and other discrimination / correlation techniques to extract the true source
signal from test-section reverberation effects , t t~nne lfr ig hac¼ground noise , and instrumentation parasitic noise (in the
airstream). Ultimately, existing aerodynamic-tunnels with test-section airstream equivalent-diameters of at least 5 m may
be profitably employed for some aero-acoustic studies on noise-models using such techniques , appreciating that the latter
techniques tend to introduce much greater complexity of measurement , and that other noise-field diagnostic capabilities
may be i m pai red .

LI - - - _  ~~~. . .
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Such t unn els could for example include:

( I ) ONERA Modane SI Ma 8 iii diam close-section, max airspeed 350 m/s.
( 2 )  RAE Farnborough S ni x 4.2 iii closed-section , max airspeed I 10 m/ s.
( 3 )  NASA Langley 6.6 m x 4.4 ni closed or open-section , max airspeed 100 rn/s.
( 4 )  Bocing-Verto l 6.1 mn x ~.l in closed or ope n-sect ion , max ai rspeed 130 rn/s.
( 5 )  Lockheed-Georgia 7.1 m x 4.9 m closed-section max airspeed I 10 rn/s.
(6)  NA I Ottawa 9 .1 in x ‘

~ ~ mu closed-section , max airspeed 60 rn/s.

New large subsonic-tunnels . thoug h inte nded primarily for improved aerodynamic testing, are clearly also of impor-
tance for noise te s t im i g.  Iii par t icular , the DNW German-Dutch windtunne l28  is now to he built  by 1980 at NLR (North
Polder), with int erchangeab le closed and open test-sectio ns 8 rn x 6 m x I 8 m length , max airspeed 100 rn/ s. an d closed
return circuit of contraction -r: itio 9/ I . For aerodynamic testing, alternative closed test-sections may also be provided ,
probably 93 m x 9~ m with max airspeed 55 mIs , amI,~6 m x 6 m with max airspeed 130 m/s. A ‘ve ntilated ’ working-chamber
acoustically lined will be provided for noise testing with  the 8 m x 6 m open test-section configuration. The tunnel  is
expected to provide a reasonably quiet test -section primarily because the drive-fan has been designed with a lower tip-
speed and more moderate aerodynamic loading than previousl y, taking adva ntage of the large contraction ratio. But
acoustic i nserts within the tunnel  circuit to further reduce background noise at the test-section will be limited to absorber
treat ment of the corner vanes , to precl ude large power-factor penalties and other constructional difficulties.

The possible ‘European low-speed tunnel’  studied by the AGARD LaWs Group ”6 , was recommended to have a
closed test-section of up to 25 in x I~ ni and a maximum airspeed of 130 rn/s. From a noise-model testing viewpoint the
largest possible atmospheric design , w ith facility for providing an open test-section surrounded by an anechoic working-
cha m ber , wou ld be preferred rather than a smaller pressurised version and restrictive closed test-section. The tunnel
circuit should incorporate a high contraction ratio ( 10/ I )  and a quiet drive , with some in te rnal acou stic treat ment both
upst ream and downstream of the test-section , assuming that  the aerodynamic or cost penalties were tolerable.
Ad mit tedly,  si nce such tunnel  now seems unlikely to be completed for at least a decade , directional acoustic receivers
togethe r with other new discriminato ry techniques may then prove sufficientl y practical and flexible to allow substantial
relaxation of such acoustic treatments (for special tests at lea st), tho ugh other noise-field study capabilities could become
correspondingly impaired and more complex.

6. MODEL-SCALE SIMULATION OF PROPULSION AND POWERED-LIFT NOISE SOURCES

6.1 General Objectives

For clarification of relevant in-flight conditions , selective represe ntation of the primary noise contributions from
engi ne operation is require d including engine-airframe interac tions , with pa rticular emphasis here on the possible changes
in source noise generation and propagation characteristi cs resulting from the addition of the relative external airflow.
Complete aero-acoustic simulation of a practical engine at model-sc ale is hardl y feasible (Fig. I 0), nor is it necessar i ly
desirable fo r research aimed towards clarification and evaluation of individual major noise components and possible
alleviation, For example , it has already proved both expedient and profitable to simulate separately such specifi c noise
gene rators of interest as nozzle with jet efflux and fan with intake under forward-speed as well as static conditions.
Furth er en gine-com pon ents of in terest for sim u lation as ‘internal ’ noise generators include other turbo-machinery
(compre ssors and turbines) and combustion systems , while noise reduction devices and airframe interference also need to
be represented . For completeness , it  should be appreciated that many of the difficulties now raised in respect of model-
scale si mulation and relevant rig features appl y not only to windtunne l  facilities (‘fixed’-model), but often even more
acu tely to mo bile facilities , and particula rly if equally reliable results are required.

The relat ive airstrea m e ff ects to be ex pected , even for studies of noise fro m a particular engine-component , are not
si mple. They can comprise :

( I )  Changes in the source noise characteristics arising from the different local airflow and neighbouring surface
areas , both i nternal and external to the engine-nacelle duct.

(2)  Modif ied acoustic near-f ield development through the local flow field or fro m local airframe installation inter-
ference : including re fraction , diffraction , reflectio n , absorp t ion , sca ttering and possibly augmentation in the
vicinity of the nacelle installation.

(3) Unpredictable development fro m the acoustic near-field to the aircraft noise far-field , again par ticularly across
practical non-uniform airflow regions or solid surface areas , and wi th extended source s of a complex nature.

Fortunately, if acoustic and aerodynamic behaviour of the engine-component under static conditions is well understood or
can be thoroughly explored , only partial simulation at model-scale may be needed for comparative studies of the primary
changes due to forward speed, including the clarification and formulation of basic prediction methods.
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6.2 Noise Sources Independent of Tunnel Aicstream

Special noise generators whose sound emission characteristics at source are unaffected when placed in an airstream
(or change in a known manner)  can be profitabl y applied from at least two aspects , for noise tests in most facilities.
Firstly, the validity of conventional or novel noise measurement techniques can be checked when employed within or
ou tside the t un nel air st rea m , or with a mobi le model . Secondl y, the particular influence of neighbourin g surfaces
(e .g. shields) or of flow velocity gradients(e .g . vortex refraction), affecting the near-field and far-field propagation in the
relative airstream . can be isolated and diagnosed more readily without simultaneous unknown changes at the source due
to the airs t ream. Some electrodynami c noise sources. (e.g. loudspeakers), jet -resonators (e.g. Hartmann-type), and sirens
have already proved useful and are being further developed for such work , particularly with a view to improving their
per formance in respect of power and frequency range , and to permit controlled variation of their directivity characteristics .
However , for acceptable installations in close proximity to surfaces , inside or outside engine nacelles, more compact
sources are needed :woiding significant aerodynamic interference on the local airflow.

6.3 Jet Efulux Representation and Quie t Airfeed

Aero-engine jet -efflux development arid the associated external jet -mix ing noise-source distributions can be investi-
gated at model scale , in principle simply by a geometrically similar jet nozzle , with an appropriate airfeed arrangement
providing a quiet air supply to the model (negligible internally generated rig noise) and an acceptable j et-flow profile.
For static testing. this now usuall y presen ts a st raightforward tailoring problem for the particular experimental configura-
tion , involvi ng the incorporation of a silencer , burners or heaters , p lenurn chamber , and substantial contraction often in
close proximity to the nozzle. However, when forward-speed representation is require d , such bul ky bluf f rigs become
u nacceptable because of their spurious aerodynamic and acoustic effects arising fro m their interaction with the external
airstrea m. The introduct ion of conventional aerodynamic fairings to streamline or shield the rig in the airstream can
generate its own problems (acoustic , aerodynamic and mechanical), particularl y because of the relatively large sizes
involved. Such rig problems are naturally tending to become more acute with advances beyond isolated single cold-jet
models. Previous experience with jet aerod ynamic testing in wind-tunnels is helpful , but alone is completely inadequate
for noise-model and airfeed rig design , since good aerodynamic and acoustic simulation is simultaneously required without
the introduction of parasitic noise sources. For example , while compactness of the external airfeed arrangement can be
achieved in aerodynamic testing by very high pressure airfeeds to the jet nacelle , the controlled expansion (with pressure
drop and turning)  inside the nacelle to provide a representative flow at the nozzle must now not generate unwanted
noise internally, or such excess noise must be controlled by internal absorptive tteatrner~t. The difficulties become
aggravated with the demand for typical nacelle installations , heated jets , and coaxial or multiple jet arrangements.
Relevant practical studies have been started.

6.4 Combustion Simulation Needs

The combustion sy st em. in addition to producing steady-state temperature effects , can gen erate noise in at leas t
three other ways; directly from the combustion processes , fro m interaction with the turbine systems downstream , and
fro m interaction with the jet flow. For noise shielding investigations , the first two types (internally-generated noise)
may be simulated crudely by incorporating prescribed noise sources within the feed-pipe , for example from internal
loudspeakers , a jet hi t t ing a target plate , or even multiple air injectors. But further investigations seem necessary to
develop other more suitable devices for installation near to or within model nacelles. The third type , involving essentially
the interaction of the unsteady combustion processes with the jet development , probabl y ca n be sim u lated adequa tely
only by producing representative unsteady temperatures in the flow from actual combustion within the model. If this
noise generating mechanism is indeed of practical signi fi cance , then carefu l investigations are required to guarantee
reliable and controllable simulation of such source characteristics , particularly since external airflow can also affect the
characteristics simultaneously.

6.5 Fan Representation and Quiet Drive

Aero-engimi e ducted-fan representation by small-scale powered-nacelle units generally cannot be expected to offer
direct simulation and prediction of full-scale noise levels under forward-speed conditions , in respect of relevant discrete-
tones dnd broadband spectra . For engineering reasons , some important full-scale geometric features such as the number
of rotor and stator blades may not easil y be duplicated at small scale , the bounda ry-layer flow characteristics over the
duct walls and the blades can be unrepresentative at the low Reynolds numbers , and even the inlet-flow turbulence can
differ significantl y in intensity and relative length. Neverth eless , such models can be useful at least for diagnostic studies
and design gu ida n ce , particularly in respect of specific model -configuration changes for which results can be interpreted
using theoretical frameworks and thereby applied to estimate the corresponding influence full-scale. The required experi-
mental measurements can then necessitate not only the incorporation of a relatively quiet fan drive , but also the ability
to make both acoustic-pressure and aerodynamic-flow studies inside as well as outside the powered nacelle. Separately
from noise-source generation considerations , the engine-nacelle flow characteristics and geometrical shape can of course
affect the near-field acoustic development in the forward and rear arcs. In principle , for the investigation of such effects ,
simple high-frequency noise sources of broadban d or discrete-tone types can he located within a representative nacelle-
duct flow , with the location and directionality characteristics biased as appropriate ; naturally, the influence of any varia-
tion in duct flow on the noise-source properties must be appreciated. Again , a combination of complementa ry
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experimental and theoretical modelling on particular noise aspects is especially important here for analysis of model-
scale results and relevant full-scale interpretation.

6.6 Scaling of Noise Reduction Devices

Noise reduction devices which influence primarily the acoustic propagation toward s the measurement point , rather
t han effecting reduction of sound energy or other changes in characteristics at source , can be subdivided conv enie nt ly
here into noise absorbers and noise shields. Dissipative-type absorbers whose acoustical performance is determined
mainly by viscous flow resistance can often be simply scaled , though the levels of accuracy achievable in the presence of
different airfiows and at very small scale are not clear , particularly if substantial protective covering has also to be
simulated. Resonant-type absorbers currentl y in use , with perforated sheet facing, are especially subject to significant
Reyno lds nu mber effects, and it has been suggested that model scaling down below about one-third full-scale requires
very careful justi fication. Indeed , some lack of confidence has been expressed in the practical usefulness of modelling
liners in engine ducts at well below full-scale and without detailed engine component representation , for other t han basic
comparative tests. Shield-type devices usually need to be several wavelengths in size to be effective , so tend to be reason-
ab ly large and in principle can be readil y modelled if the noise source frequencies are also properly scaled. However , the
possible in teractions of any aerodynamic flow field with the acoustic field and shield have to be taken into account ; in
particular the shield boundary conditions should be adequately represented at the shield trailing-e dge or the ef fect of
possible variations investi gated. Thus, further research on how to model absorption treatmen t ofairframe surface and
special shields does seem justified , taking note also of the airframe/engine interference considerations referred to next.

6.7 Airframe Interference Representation

The airframe , apar t from providing direct shielding or absorption /reflection properties , can also affect the eng ine
noise characteristics by aerodynamic interactions with the exhaust or inlet flows , and by influencing the acoustic near-
field development. Correspondingly, engine airflow in the vicinity of airframe surface s or edges can introduce excess
noise from the airframe (even statically). The external airstream associated with flight conditions may radicall y m odi fy
these effects , whi le simultaneously generating noise from the airframe which can be significant with landing devices
deployed and quiet engine conditions. Here again , the comple xities of the related acoustic and aerodynamic effects are
so marked that carefu l selective modelling from both aspects is essential with realistic and well-defined goals. Because
of the small amount of experien ce yet accu mul ated , any fli ght research on aircraft noise should invariably be comple-
mented by appropriate model tests , to take full advantage of the possible correlation and clarification of experimental
results and the mutual improvement of measuring and anal ys is tech n iq ues. Such complementary experimental pro-
grammes have now been undertaken in the UK and USA at least. Moreover , NASA Ames have attempted with some
success a few direct tunnel-flig ht comparisons on small full-scale aircraft , even though handicapped by the high back-
grou nd noise and reverberat ion effects in th e closed test-section of their existing ‘40 ft x 80 ft ’ tunnel.

7. CONCLUDIN G REMARKS

Encouragingly successful noise experiments in subsonic windtunne l s have already included basic research studies on
single and co-axial jets , jet interaction with airframe surfaces , airframe shielding of engine noise , sou nd refraction by wing
vorte x fl ows , airframe self-noise , engine-fan and helicopter rotor noise. This is not to dispute that , as in the past with
aerodynamic and aeroelastic testing, difficulties of model-simulation , experimental measurement and analytical interpre-
tation results will continue to arise with aeroacoustic testing. For example , there have been apparent disagreements and
lack of understanding because some forward-speed effects from flight tests on engine exhaust noise and from spinning-rig
t ests on ex ha ust n ozzl e models wit h i n ter n al com bustio n system s h ave exhibited a noti ceab le i nc rease in noise over th e

j or wtj rd  arc , rather than the red uction expected from tunn el tests on simple pure jets. Such discrepancies tend to be
aggravated by the individual  l imita t ions  of the particular testing methods and analytical treatments which can be provided ,
taking practical account of complexity/ cost constraints. Overall , in order to ensure adequate and reliable R&D on air-
craft noise unde r fl igh t con di t ions, a jud icious combination of a wide range of groun d-based faci li ties mu st st ill be
utilised”5 . complemented by continual re-evaluation of tractable theoretical frameworks and by care full y-controlled
flight research experiments. Nevertheless the critical comments made earlier should be taken to signify realism not
pessimism, already implying the attainment of a much greater practical appreciation of viable techni ques and of potential
improvements than would have been possible a few years ago.

Following on the rapid developments in various acoustic tunnels and the further advances now technically achievable ,
the provision of noise-models with better selective simulation of engine noise sources ~in fti ght~ is next of vital importance.
Here the term model is intended in its broadest sense of both experimental and theoretical frameworks , for the comple-
mentary interpretat ion of results for small-scale and full-scale test conditions , fro m both ground-based facilities and flight.
This task presents problems perhaps at least comparable with the complex devel opments in aircraft aeroelastic models
some 40 years ago or in powered-lift aerodynamic models some 20 years ago. Simultaneously, the develop ment and
exploitation of directional acoustic receivers and of other discrimination /correlation techniques should also be expedited ,
to help diagnosis of the changes in noise characteristics with forward speed , a n d to he lp isolation of true model-noise
propagation cha racteristics from ‘environmental’ background-noise interference . An important compleme ntary topic is
then the possible aeroacoustic exploitation of modern aerodynamic tunnels , taking full advantage of their good flow
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quality and extensive speed range , but without costly acoustic treatment of the existing tunnel circuit and test-section
to overcome background noise and reverberation problems.

Finall y, I should recall that , under the auspices of the AGARD Fluid Dynamics Panel , informal two-day ‘Workshops ’
i nvolving a small number of specialists have been held on the present subject , in both North America and Europe ; the
fi rst pai r was held during October 1974 (Ref. I)  at NASA Langley and at VKI Brussels , the second pair during April/May
1976 at UTRC Hartford (USA) and RAE Farnboroug h . The resulting stimulating exchange of up-to-date experience,
accompanied by debates on controversial issues, proved timely and constructive toward s expediting a more integrated
and thorough appreciation of relevant technical difficulties and possible solutions. The supplementary Bibliography
included here lists about 80 papers issued in 1975/76 , which were declared to be of di rect technical releva nce, though
many were not available for reference during the preparation of this report . The principal features and capabilities of
app ropriate subsonic tunnels have also now been tabulated for circulation primarily to those who contributed (list
appe nded). In view of the still rapidly growing experience in this relatively new field and to help resolve some of the
i mportant controversial issues still existing, another International ‘Workshop ’ would be well worthwhile in late 1977 .

REFERENCES AND SUPPLEMENTARY BIBLIOGRAPHY (t97S — ’76)

AGARD (General)

I .  FDP A Further Revie w of current Research Aimed at the Design and Operation of Large
MiniLaWs Windtunnels . AGARD Advisory Report 83. September 1975 .

2. FMP Flight/ Ground Testi,zg Facilities Correlation. AGARD-CP-187 , June 1975.

3. Rekos , N .F. Aircraft Noise Generation, Emiss ion and Reduction. AGA RD-LS-77 , June 1975.
( Editor)

4. FDP Windtunnel Design and Testing Techniques. AGARD-CP- l 74 , October 1975.

5. Williams , J. Aerodyna,nic Noise. AGAI~D-LS-80, December 1976 .
( Editor)

6. FDP (LaWs) The Need for Large Wind Tunnels in Europe. AGARD Advisory Report 60,
December 1972.

7. Willia ms, J.E.F. Noise Mechanisms. AGARD-CP-l 31 , March 1974.
(Editor)

Canada

8. Kri shnappa , G. Background Noise Levels at the Open EfJlux fro,n a VTOL Cross-Flow Facility . NRC
Mech. Eng. Rep. LTR-Eng-33 , January 1975.

9. Johnston , G.W. Model Study of a Proposed Engineering Acoustic Research Facility . NRC Mech. Eng.
Rueter , F. Rep. ME-243 , July 1976.
Chappell , M.S.

tO. Not allocated

France/ONERA and CEPr

I I .  de Belleval , J.F. Investigation of In-Flight J et Noise Based on Measurements in an Anechoic Windtunnel.
Chen , C.Y. ONERA TP 1975—80 , September 1975.
Perulli , M.

12. Candel , S. Refraction and Scattering of Sound in an Open Windiunnel Flow. ONERA TP 1975—79 ,
Guedel , A. September 1975.
Julienne , A.

13. de Belleval , I F .  Analysis of Problems Posed by Simulation of Flight Effects in A nechoic Open Windtunnels .
et al. AIAA 76-533 , July 1976.

14. Candel , S.M. Radiation, Refraction and Scattering of Acoustic Waves In a Free Shear Flow. AIAA
Guedel , A. 76-544, July 1976. .
Julienne , A.

_ --.. —..
~~~~~~~~~~ ~~~~~~~~

-- -
~~~~~

--



__
~~~~ . ~~~~~ 

-

76

15. Bongra nd , I. CEPRA 19. soufj lerie anechoique pour la simulation de 1 ‘effet de vol sur le bruit des j ets.
Julienne , A. L’Aeronauti que et l’astron., No.60, 1976— 5 , pp.40-46 , 1976. Also ONERA TP 1976—6
Perulli , M. in English.

16. Not allocated

France/Bertin and SNECM A

17. loch , R.G . Use of the Bertin Aerotrain for the Investigation of Flight Effects on Aircraft Engine
Berthelot , M. Noise. AIAA 76-534, Jul y 1976.

18. Dre ve t , P. Effect of Flight on the Noise from a Convergent Nozzle as Observed on the Bertin Aero-
Duponchel , J. train. AIAA 76-557 , July 1976.
Jacques , J .R.

i9. Not allocated

Germany/DFVLR

20, Grosche , F ,R. Sound Source Location and Discrimination fro m Background .-Voise in Windtu,znel Tests.
Stiewitt , H. Proc. ICIASF 75, pp.301-3 10 , Ottawa , September 1975.
Binder , B.

21. Grosche , F.R. Experime nte zur Moglichkeit von aeroakustichen Messunge,m im 3 in —

Hoist , H. Nied ergeschw indigkeitswindkana l der DFVLR — AVA. DLR-FB75 -52 , 1975.
WuIf , R.

22. Dobrzynski , W. Freistrahlprufstand zur Durchfuhrung von akustischen Modeilversuchen. DLR — Mitt.
75-22 , 197 5.

23. Neise , W. The Change of Microphone Sensitivity under Mean Flow Conditions. DLR -FB 75-23 ,
1975.

24. Fuchs , U .V .  Turbulent Pressure Data relevant to A irframe Noise Sources. DLR -FB 76-09 , Janua r y
1976 .

25. Grosc he , F. R. On A em-A coustic Measurements in Windtu,znels by Means of a Highly Directional Micro-
Stiewitt , H. phone System. AI AA 76-535 , July 1976.
Binder , B.

26. Heller , H .H. Sound Radiatio n from Wheel Well/Landing-Gear configurations: a Loo.cr Bound to
Dob rz ynsk i , W. A irfra m e Noise. AIAA 76-552 , Jul y 1976.

27 . Schulz , G. The Low-Speed Wind Tunnel of the DVL in Porz Wa/zn: Improi ’enzents and Developments
Vie taweger , G. in Properties and Equipment. DFVLR Rpt 65-66, July 1965; RAE Lib . Transl. 1224.

Netherla nds

28. van Ditshuizen , J .C.A. Design and Calibration of the 1/ 10 Scale Model of the NLR Lowspeed Windtunnel LST
8 in x 6 m. AGARD-CP- l 74 , Paper 8, September 1975.

UK/RAE

29. Jeffery , R.W. An Experimental Investigation of Noise-Shielding Effects for a Delta-Winged Aircra ft in
Holbeche , T.A. F/ight , Windtunnel and Anechoic Room. AIAA Paper 75-513 , Marc h 1975.

30. Williams , J. Some Research Towards Quieter A ircraft. RAE TM Aero 1627 . April 1975; also NGTI~Armstrong, F.W. Note NT 966.

31. Fethney , P. An Experimental Study of Airframe Self-Noise. AI AA Paper 7 5 - 5 1 1 , March 1975.

32. Williams , I . Pro blems of Noise-Testing in Ground-Based Iaciliiie.c with F’~ rward-Speed Simulation.

33. W illia ms, I. Some Acoustic and Aerodynam ic A nalr s ic for  Proposed Thmproiemt ’nts to the R.~1E 24ft
Owen , TB .  Low-Speed Tunnel. RAE TM Aero 1669 , M ’ .ch 1976.



- ~--~~~~~~ . .---- . .--

77

34. Williams , J. Aero-A caustic Requirements for Forward-Speed Simulation in Aircraft Noise Research.
Proc. Inter-Noise ‘76 , pp.79-84 , April 1976.

35. Jeffery, R.W. A Windtunnel Investigation of Vortex Refractio n Effects on Noise Propagation. AIAA
Broadbent , E.G. Paper 76-558 , Jul y 1976 .
Hazell , A.F .

36. Edward s, J .B .W. Comparative Measurements of the Noise of Cold Air Jets fro m Three Nozzles Under
Static and Forward-Speed conditions. RAE TM Aero 1692 , Septe mber 1976.

37 . Holbeche , T.A. Acoustic C’onsideratio,zs for Model 1’Ioise Experiments at Model Scale in Sobsonic Wind-
Williams , J. Tunnels. Paper 8, AGARD-R-601; RAE TR 721 55 , July 1972.

UK/NGTE

38. Cocking, B.J. Subsonic Jet Noise in Flight Based on Some Recent Windtunnel Results. AlA ~ Paper
Bryce , W .D. 75-462 , March 1975.

39. Cocking, B.J. An Experimental Study of (~o-Axial Jet Noise. NGTE Rep R333.

40. Ma rt lew . D.L. The Design , (‘o,zstructio,i and Operation of t/ i c Noise Test Facilit at the .\ationa l Gas Tur-
et al. bine Establishment. Aeron . b urn. Roy. Aero. Soc., Vol .80, No.7 81 , pp .1- 19 , January 1976.

41. Arm strong, F.W. Some Research Towards QuieterAircra ft. NGTE Note NT 966 , April 1975; also RAE TM
Willia ms, J . Aero 1639.

4 2. Cocking, B.J. The Effect of Fligh t on Subsonic Jet Noise. AIAA 76-555 , July  1976.

43. Pinker , R . A. The Radiation of a Plane- Waz’e Duct Noise fro m a Jet Exhaust , Statically and in Flight.
Bryce . W.D. AIAA 76-58l , Ju ly 1976.

44. Not allocated

UK /RR. CNR , SU

45. Lowri e, B.W . Simulation of Fligh t Effects on ,.lero -E,,gj ,ie Famz Noise. AIAA Paper 75-463 , March 1975.

46. Bushell , K . W . Measur(’,nent and Prediction of Jet ,-Voise in Flight. AIAA Paper 75-461 , March 1975.

47 . Brooks , J . R. The Effects of Forward Speed on a Num ber of Turbo-Jet Sile,zcers . AIAA Paper 75-506.
Woodrow , R i .  March 1975.

48. Jacques. J. The Noise from Moving A ircraft; some Relevant Models . Chapter 4 — Wi,zdtunnel
Simulation of the Effects of Flight on Radiated Sound. Cambridge University Thesis. 1 975.

49. Crighton . D.G. The Outlook for Sim ulation of Flight Effects on A ircraft .Voist’ . AIAA 76-530 , July 1976.
Ff Williams , I .E.
Cheeseman , I.C.

50. Mo rfey, C.L. Noise Measurements in a Free-Jet Flight Simulation Facility: Shear Layer Refraction and
Tester , B. Static-to-Flight corrections. AIAA 76-53 1 , Jul y 1976.

5 1. Prichard , B. The New 7’ x 5’ Closed Section. closed Returm: Acoustic Windtunnet a~ Southampton
Cheeseman , I C.  University, England. SU Dept of Aeron. Unpublished Report , May 1976.

52. Not allocated

USA/NASA (Including Contractor Reports)

53. Davis , S.S. Measurements of Discrete Vortex Noise in a (‘hosed Throat Windtunnel. AIAA 75-488
March 1975.

54. Shearin , I. Air fram e Noise Measurement.c In a Quiet Open-Je t Facility . AIAA 75-509. March 1975.
Block , P.J.

55. Fratellow , D.J. A Preliminary Investigatio n of Rem otely Piloted Vehicles for Airframe Noise Research.
Sheari n , 1G. AI AA 75-5 12 , March 1975.

_



-~~ —- .——-~~~-— —  ~~-~~~~~~~~~ -~~~~~~~~~~~ —-.- -.---~~~—. —.— .-~~~ - -~~~~

78

56. Wilb y, J.F. Evaluation of the NASA Ames No.] 7 by 10 Foot Windtunnel as an Acoustic Test Facility .
et al. NASA CR-1377 1 2 , June 1975 , BBN Report.

57. Mort , K.W. The Rationale and the Sign Features for the 40- by 80-180- by 120-Foot Windtunnel .
Kelly, M W . AGARD-CP- 1 74 , Paper 9, September 1975.
Hickey, D.H.

58. Strout , F.G. Flight Effects on Noise Generated by the JT8D-1 7 Engine in a Quiet Nacelle and a
Conventional Nacelle as Measured in the Ames 4Oft x 80 ff Windtunnel. Summary report.
NASA CR-257 6, March 1976. Boeing Report.

59. Ahtye . W .F . Correlation Microphone for the Measurement of Air frame Noise in Large Scale Wind-
Kojima , G.K. tunnels. AIAA 76-553 , J uly 1976.

60. Lee . A. An Experimental Study of Helicopter Rotational Noise in a Windtunnel. AIAA 76-564,
Harns , W.L . July 1976.
Wid nall , SE.

61. Hodder B K .  An Investigatio n of Possible Causes for Reductio n of Fan Tone Noise in Flight. AIAA
76-585 , July 1976.

62. Plumblee , H.E. Effects of Forward Velocity on Turbulent Jet Mixing Noise. NASA CR-2702 , Jul y 1976,
et al. Lockheed-Georgia Report.

63. Ver . I .L. Exploratory Study to Reduce Fan Noise in the Test-Section of the NASA Langley Full-
et al. Scale Tunnel. NASA CR- , 1976. BBN Report ,

64. Chun , K.S. Effects of Motion on Jet Exhaust Noise from A ircraft, NASA CR-270 l , June 1976.
Berman , CU .  Boeing Report.

65. Not a l located

66. Not allocated

USA/NSRDC

67. Brownwe ll , W .F. An Amzechoic Test Facility Design for the Naval S/zip Research and Devclopment Center.
Carderock. NSRDC Rep. 2924 , Septem ber 1 968.

68. Brown , R .W. Sound Pressure Spectrum Level of Background Noise in NSRDCAnechoic Flow Facility .
Un published Communica t ion , November 1974.

69. Farabee , T.M. Measurement of Boundary-Layer Pressure Fields ~t’ith an Arra y of Pressure Transducers in
Geib , FE .  a Subsonic Flow. 6th ICIASF , Ottawa , Septe mber 1975.

70. Not allocated

USA , I TRC (UARL)

I Pj terson . R . W . Isolated Airfoil-Tip Vortex Interactio n Noise. J. Aircraft Vol .1 2 ( I ) ,  pp.34-40, January
A r i z i e t . R .K .  1 975.
Mur i , ...h , C L .

t K - K - Correctio n of Open Jet Wind Tunnel Measurements for Shear Layer Refraction. AIAA
Paper 75-532 , March 1975.

Development of the United Technologies Research Center Acoustic Research Tunnel and
,lssot iated Test Techniques. AGARD-CP- l 74 , Paper 7, June 1975.

1.fl ~’ I of Simulated Forward Flight on Subsonic Jet Exhaust Noise. AIAA 75-869 ,
June 1975 .

4

i -,~~g,, Ra~Jitsomi and Surface Pressure Characteristics of an Airfoil due to Incident
~~~~~~~~ AI AA 76-57 1 , Jul y 1976.

.-- - - -— -



1

USA/MIT

77. Harris , W .L. The Development of Experi mental Techniques for the Study of Helicopter Rotor Noise .
Lee , A. AIAA 75-455 , March 1976.

78. Bauer , P. The Development of a Wind Tunnel Facility for the Study of V/ STOL Noise. MIT FTL
Widnall , S. Rpt R-72-6 , August 1972.

USA/Boeing

79. Roundhill , J.P. Model and Full Scale Test Results Relating to Fan-Noise In-Flight Tests . AJAA 75-465 ,
Schaut , L.A. March 1975.

80. Bhat , W.V. The Effect of Forward Speed omz Jet Wing/Flap Interactiomz Noise. AIAA 75-475 ,
Rosso , D.G. March 1975.

81. Bohn , A.J . Model and Full-Scale Large Transport Airframe Noise. AI AA 76-550, July 1976.
et al .

82. Strout , F.G. Flight Effects on JT8D Engine Jet Noise as Measured in the 40 x 80 Foot Windtunnel.
Atencio , A. AIAA 76-556 , July 1976.

83. Not allocated

USA/BBN

84. Kadman , Y. Design amid Performance of a High-Speed Free-Jet Acoustic Windtunpzel. AIAA 75-53 1 ,
Hayden , R.E. March 1975.

85. Beranek , L.J. Noise amid Vibration Control. Chapter 15 , McGraw Hill , 1971.
Schult z , T.J.

86. Not allocated

USA/GE, Lockheed , Douglas

87 . Bauer , A.B. Acoustically Transparent Walls for Aeroacoustic Windtunnel Applications. AIAA 76-92
Janua ry 1976.

88. Clapper , W.S. Development of a Technique for In-Flight Jet Noise Simulation. Parts I and II. AIAA
Banenan , G. 76-532 , July 1976. .

Mani , R.

89. Tanna , H.K. In-Flight Simulation Experimnents on Turbulent Jet Mi.ving Noise. AIAA 76-554, July
Morris , P.J. 1976.

90. Merriman , J .E. Forward Motion and Installatio m~ Effects on Engine Noise. AIAA 76-584 , July 1976.
Low , K.C.
Yee , P.M.

91. Not allocated

__ -- ~~- . 

.
- -~~~~~--

-. -
~~

- 
~~

- , - - .
~~~~~~~ - ~~~ -- - -  



80

LIST OF A11’ENDEES AT ‘W ORKSHOP—76 ’

At UTRC East Hartford (USA) At RAE Farnborough (UK)
1 2 April 1976 24 — 25 May 1976

Mr R.O.Dietz (AGARD/FDP) Prof. M.Peru lIi (ONERA , Paris)
Mr F.C.DeMetz (NSRDC , Card erock) Mr J .Bongrand (CEPr , Saclay )
Dr J .Hardin (NASA Langley) Mr J .Hache (Bertin , Plaisir )
Mr D.H .Hickey (NASA Ames) Dr F .R.Grosche (DFVLR . Gottingen)
Mr R .Luidens (NASA Lewis) Dr H .HelIer (DFVLR , Braunschweig)
Dr R.W.Paterson (UTRC , E. Hartford ) Dr W .Bechert (DFVLR , Berlin)
Dr R .Amiens (UTRC , E. Hartfo rd ) Mr W.B. de Wolf (NLR . Amsterdam )
Mr R.Schlinker (UTRC , E. Hartford ) Prof. J .Sandford (VKI , Brussels)
Mr J .D.Chester (P&W , Hartford ) Mr R .Westley .(NAE , Ottawa)
Mr A.Peracchio (P&W , Hartfo rd ) Mr B.Schofield (HSA , Hatfield)
Mr W.S.Clapper (GEC , Cincinnati ) Mr M .Langley (BAC , Weyb ridge )
Dr H.K.Tanna (Lockheed , Georgia) Prof. l.Cheeseman (SU , Southampton )
Dr W.Bhat (Boeing Seattle) Mr B.Prichard (SU , Southampton)
Mr K .J .Young (Boeing Seattle) Mr M.Cox (NGTE , Pyestock)
Mr F .G.Strout (Boeing Seattle) Prof. i.Will iams (RAE . Farnborough)
Dr l.Ver (BBN , Cambridge) Dr T.A .Holbeche (RAE , Farnborough )
Mr R.West ley (NAE , Ottawa) Mr T.B.Owen (RAE , Farnborough)
Prof. J .Williams (RAE Farnborough )

~

- -- -

~ 

- ----- - ------.-- —-----——- - - --.-——-- —~~~ —- -------- -----~~----- ___



F,— - . -- . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —---.----- -- .-—. - -----—. — --- ~~~~~~~~~~~~~~~~~~~~~~~~~ ..—--. ..— --.--.- . .. . -.

81

IM~~~
su

~~~
m

~~~~i

L ~ cvicci

Fig. I Simplified interaction element diagram



- . - - , . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- —-- . -- — - .-— -----
~

---..-- -,-.— — 
~~~~~~~~~~~~~~ 

-— -—. - .— . - ---.----.— - - --

82

U VI
~, 0
VI U

+ +
V,-,—— %__ 0. 0

ii

i?

C
C 0 .— ~~~

4 
‘a ,yr I

, ,0 E I V

— — ,I~~~ ~~ — — —
•4 

-
~~~—

.~ U
‘a
U
0.
4,) ~(

E I

U

~~ ~4) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. .— ~~~ 



83

Wav efront

/ S N h

/ ,/~~~~~\ \
_______ I I $ Sourc e\

~~Mo 
~~~

- —  

j  
-

A i rs pe~’d \ 
\

\ 

\
‘

\

~~~~~~~
/

V

Shear \ \ Shear
Laye r N 

Om~ \’
1 \°~1 Layer

\ 0C~~~~~
Z4i ro

Aer~pe~d I

I ,
I —
L. 

°m Mic

Fig.3 Tunnel shear-layer refraction principle

__ —~~~~~
. - - --- - .- -—- -- - -----—— —-~~ -- -.- - --~~~-.- 



— —_—
~~~~~~~~

-.- --.--
~~~~~
—.-.

~~~~
-——

~~~~~~
—

~~~~~~~~~~~~~~~~~~~~~

.--- --—— 

-
~

84

— 1 I I s i i

h/ r — O~$5
£SPL. 8 -

20 log !. ~ 
M—O 5 0•3 0 $

(db)  

:1\ 
I

- 

~~~~~~~~~~~~~~~~~ Afl gle , O m (de;)

I I -

I I I I I I I

h/ r 0 ’ lS M =O
$60 - -

Corr. 0 1
A n g l e , - -

(‘C

(4~g) 0 3
$20 - -

— 
O S

6 0 -  -

4 0 -  -

I”
I _ l  I I

0 40 80 120 $60
Meas . An gle ,O~~(dsg )

Fig.4 Tunnel shear-layer refraction corrections

----

~

-—-- -,—— . - - - -- -- —- - . - - -  . - — -- - . -- — . ---
~~~~

- ---- - .  .- - ,



~~~~~
.. -

~~~~~-— -- . ---
~~~~~~~~~~~

-

85

V
C
0
0.
0
I-

~6’ U
/ E

/

/

-

~~I~~ 

~~~

\

\!
%

‘ T
H!U

— 

I ~~~~~~~~ ~~~~ 

—

C

E~~~. .E
E

>.. E ‘~~Z~~

~~ ~~Q_
~~~~~ ~~~~ ~~~ .

V •_ -~~~ 
ø) ed E ~~ E

4 U U) ~ a X In
C ‘- * 0

In • 0 1  (5)

E :2 $1 _; 0
.! A A A A.

~ L:_ .~~ .!: V .~ .‘:f
U U V E E

U.
a’
V V

__ -.. - -- . -  . - .-.-- -. - . --- --.- —— -- . .___



—— —. ~~~ .— ~~~-—— .—- —-
~~~~~~~~~~~

-..—-- fl— -. —. — — —  --
~~~~~~ —- —.— — ~~~~~~~~~~~~~~~ —,

--

86

VS
V
C

_____

‘WL~~~~~H ~~~~~~~~~~~~ / £
~~~~~~~ 

8 %~~\\\ /0’C

2

0 0o~~ .
C — a

4
— I.,

. -—- - ----

~

—.,- - - - - . - - - -- . .- .- -------------------- .- — - -.-- .— -~~



--- - .-—-~~~~~----

87

I-________ 0

MI
I i -  >

~T1 ~~~~ 

~1 
i
~kLI ii - . .  l~u. -.

I, 
- - , I ;~L ~~ ~~ I - 

-

~~~~~~~~~~~~~~~~~~~ f ~~~~~ ~~U ‘r 
~~ — ~~

. . p. > .~~U 
~~~~ o ‘~y In W 1  hI~ o 0 0

i- ~ L e O  I- )- — C)
ti) 0 u .U  z vi U)

8

I 
~~~~~~g~

J 
~
‘T

~
r

~~J

/0 ) - u. I

t

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ H



88

j  / /  —

E
#‘ / . V

,
#)/

‘~~ ll1flUJ 1ThDIiIIffluI

I

~~~ jj~~ 

.K 

~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~

~n os ~

-~ O _  (f) N
‘ y l n i  t, .c

I I I !  0’ 2
I __ .~~~~~ 

C
.0 .C~~~-’~~~~ ~~/ ~~ 0 .-I ~ —

E~~~~~~~’I “ 
~) L. X 

V
‘ A  A fl o r~~ .E cr 

~~~~~~_I’ - . Li 11......_I~I 4... 
V ~ c C

~~~
, ~j  ___ 

~~~~L

: — ~~ ____ fl ~: ~~~~~~~~ ~

__ 
lIE ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

2
• 0. ~~ L • 0’ 0

‘— Ifl tfl V °‘~~~~C ~

~~~ 
~~~~~~~~~~~~~ 

I-

~~~o o  ~~~~~~~~~~~
V

Z ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , ~‘ o u .2 ~~ 
C

i i  C 
~ ~~~~~ ~1~~ n O’~~~)

U D ~ 
-

cr c- v~ u

_ _ _ _ _ _ _ _ _  0 —  0 i y~~~~~~~~’~~~• r,
4) ~. J In U) ê Z ~

______ - . - .
~~~~~~~~~~~~~~~~~~ —-.- --



—.. --- - .- --. ---~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

89
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Fig.9 Modifications to NASA 40 ft x 80 ft tunnel
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APPENDIX 5

MODEL SYSTEMS AND THEIR IMPACT
ON THE OPERATION OF

PRESSURIZED W I NDTUNNELS

by

S.A.Griffi n — General Dyna m ics Convair
M.Brocard - - SESSIA/AECMA

M.Bazin - ONERA

This appendix is based upon the discussions of working experts in the subject field at the following three meetings:

( I )  West Atlantic experts , held at NASA Langley Research Center , Apr il 8 . 9, 197 6.

( 2) East Atlantic experts , held at AECMA , Paris , France , June 2 , 1976 .

(3) Joint meeting, NASA Ames Research Center , Septe m ber 27 , 28, 1976.

Forty specialists attended the April meeting, twenty the June meeting, a n d the joi nt m eet ing was restricted to
ten. Participants represented government research agencies , private i ndustry, and major educational institutions.

The stateme nts and conclusions in th is appendi x a re , in th e opi n io n of the a u thors , represe ntative of the partici-
pants views.

INTRODUCTION

The objective of these discussions was to determine the feasibility of designing and building model systems capable
of withstanding the loads and environmental conditions of High Reynolds Number Tunnels such as the National
Transonic Facility (NTF) now in development at NASA Langley Research Center . the Large European High Reynolds
Number Tunnel (L E H R T)  p lanned f or Europe , and other present day high pressure tunnels.

A review of the discussions held in Europe and the USA reveals that whereas the American NTF (a cryogenic
tunnel) is now in development , the European tunnel (LEURT ) , based upon the LaWs specification , is stil l in a con-
figuration development stage , and only recently has it become orientated toward a cryogenic concept. Researc h
rela tive to the problem of model systems in a cryogenic environment has , for the most part , taken place in the USA.
while in Europe efforts have been directed toward planning for low speed testing in a 5 meter tunnel at stagnation
pressures of six atmospheres.

With respect to high pressure testing, critical f actors in cl ude i n ternal bala nces and su pport  syste m s, while model
instr umentation and materials are considered to be critical to the feasibility of testing in a cryogenic environment.

It is evid en t that models wil l be m ore expensi ve , and schedules longer if Re approaching full scale are desi red.
Add itional cost is justified , however , by the need for these data in areas sensitive to Re.

Specifically, the meetings were directed toward identification of model system problem areas as follows:

• List primary problem areas.
• Identify existing work in progress and determine if additional effort is required in these areas.
• Determine problem areas where there is no currently planned effort.
• Determine a work-sharing plan for areas with no p lanned effort.
• Determine an approximate schedule for the above activities.

The conclusions and recommendations are summarized below , followed by a work-sharing pla n.

SESSION I .  MODEL DESIGN

A. Model Scale and Ulockage Cr iteria 505 ’

I .  As model scale is wall design sensitive , it is necessary to refe r to the A GARD FDP Transonic Working
Sectio n Design Group conclusions.
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TABLE I

Candidate Alloys For High Re Application

Requ ired Characte rist ics — Stre n gth - - Ductility — Fracture Toughness - -

Corrosio n -- Resista nce - M ach inabil i ty —

Weldabil i ty - - Stability Availability

300K 240K lOOK

1 tu (K SI) E.I O6 PSI Ft~ E Ftu E

PRECIP iTATION HARDENED
MATERIALS l 7-4PH 210 28 - — -- —

Pf-113-8M0 2 15 28 220 28 — —

A286 155 28.5 165 28.5 205 29.5

QUENCHED &
TEMPERED D6AC 230 29 230 29 — -

TITANIUM Ti-6A 1-4V 150 16 170 16 220 18

MARAGING STEELS
l8Ni-200 200 27 — — —

-250 250 27 270 27 330 28
-300 300 27 320 27 — —

2. A -1 % blockage level is presently considered to be standard for most development type aerodynamic models
in a ventilated wall transonic tunnel. It is believed that new wall concepts and/or rectangular test sections ,
will provide for large r scale models , with a significant increase in acceptable tunnel blockage.

3. An increase in acceptable model blockage is worthy of further effort , as the resu l tan t la rger scale p rovides a
bet ter oppo rtu nity f or more com ple x ity an d be tt er detail def ini t io n.

4. It would be advantageous to include removable walls in future transonic tunnels , to allow incorporation
of the latest wall designs.

B. Materials — Developme nts and Processes52

I . Some existing materials offer good potential for cryogenic application. 49 Of these , Maraging 250 Series
Steel is perhaps the best present day selection for high strength. Machineabi lity is good in the annealed
condition (Rc 33) with age hardening up to approximately Rc 55 possible after machining. (See Table I) .

2. For medium strength high stiffness , A 286 (precipitation hardened) is good over a broad temperature range.

3. Titanium is a potential candidate that is worthy of consideration where model elasticity is a factor.

4. The use of Composite materials in highly loaded models requires further study. Considerable effort is being
expended in the use of such materials on advanced airplanes and space vehicles and this work may be
benefi cia l i n p rod u ci n g com posite ma t erials su i table for use in w ind tun nel models . Prese n t com p osite
tech nology i nd ica te s tha t a level of sti ffn ess is obtai nable compa rab le with steel , bu t th a t st re ngth is
questionable. Strength and stiffness are proportional to the fiber-volume ratio. Its characteristics at
cryoge nic temperatures need verification , a nd costs tend to be extremely high.

5. In the case of testing under cryogenic conditions , consideration should be given to maintaining the sting
temperature above tunnel ambient by insulation to avoid embritt lement. Insulation would allow use of a
broader range of sting materia!s . and in addition , i n th e case of a hea ted bala nce , would reduce the likelihood
of an undesirable temperature gradient across the balance.

6. The data reduction is planned to include a correction for model size , based upon a constant temperature
change . Dissimilar materials and corresponding differences in coefficients of expansion , as well as potential
temperature gradients through the model will make corrections more difficult.

7. More research and development is needed in the area of use of dissimilar materials at cryogenic temperatures.
Manufacturers and the American Bureau of Standards should be consulted in this regard.

C. Candidate High Strength Materials for Use Over Broad Temperature Ranges

I . Many of the available steels offe r some of the characteristics required for use in a cryogenic environment. 9
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2. Discretion must be used when selecting a m aterial to assure m aking a proper choice for the specified task.
A n acceptable material for cryogenic use may be a poor choice for standard needs , and vice-ve rsa.

3. The values of ult imate tensile strength (UTS) and ‘SE” are lower at room temperature than cryogenic. While
the stiffness ( E) of a typical candidate is only reduced by 3% to 5%, the reduction in strength (IJTS) is 25%.
Whe n designing for a selected dynamic pressure in a present day transonic tunnel , (300K) and a cryogenic
tunnel ( lOOK),  t he 300K condition may be more critical.

4. The Maraging Steels (250 Series) offe r a good combination of high stre ngth , im pact resistance , a nd f ractu re
toughness.

D. Effect of Model Surface Conditions on Mach Number and Reynolds Number 53 ’4
~

I . Joint mismatches must be avoided. Design discretion will play a large part in alleviating the seriousness of
t his problem. Critical areas are Win g L.E , Forward Fuselage , Inlet Lips, etc.

2. Tunnel clea n liness is ex t remely im po rtant in order to retai n the mandatory high grade surface finish at the
model leading edges. A cryogenic tunnel such as the NTF should provide the desired cleanliness as the planned
ve nting of approximately l~ of m ass f low w ill tend to re move m uch of the tunnel con ta m i natio n.

3. The use of IN 2 ind irectly curtails the inducement of foreign matter into the test section .3’

4. The development of an acceptable model surface filler material for high pressure tunnels is extremel y im porta n t ,
pa r ticula rly i n the case of a cryogenic tunnel. Such a filler mater ial must possess the characteristics of
te nacious a dhesion , quick re moval , and a smooth hard finish. App lica tion should be simple and cure time
short. These characteristics must be mainta ined over a broad temperature range. The importance of the
tille r material should not be underestimated , and a n ex peri mental pr ogram to ver if y  the req u ired charac t eristics
is j usti f ied .

5. Polishing to a shiny finish does not necessaril y assure a high quality finish.

6. Admissible roughness estimates (surface finish), are di rectly related to model scale and desired Re. Studies
( Ref. 2) show that 16 micro-inches at the Wing Leading Edge would be acceptable in most cases. Experimental
studies are needed to verify this.

7. The location and size of pressure tube orifices requires special consideration , and work in this area is
presentl y planned ( Ref. 36). In the case of a chordwise row of orifices , the desired close spaci ng at the
leadi ng edge is a potential source of error and must be treated with caution. The present practice in 2
dimensiona l high Reynolds number tunnels of staggering the pressure orifices is a potential solution .
providing that corrections can be made for the difference in spanwise locations.

8. Special emp hasis shou l d be p laced on some basic design rules when designing a model for a high Reynolds
number test. Carefu l attention should be given to the design of wing/fusela ge attachment joints. Strea m wise
parting lines (located in the least critical flow area possible) should be used. It should be noted that the
de flection between two parts in a joint under load is much more critical due to the added emphasis on
surface finish. Basic sp lit lines a nd attachments will greatly influence the ultimate surface finish achieved
on the model. Tradeoff studies will be needed to obtai n the maximum versatility/structural integrit y/ surface
f in ish req u ired f or each test situatio n. This whole area is worthy of ex peri mental stu dy .

9. Pressure to meet design criteria will ‘ead to the evol u tio n of new tech n iques and methods i n m odel des ig n
and f ab r icatio n.

10. When considering composite materials for use in a cryogenic environment there was some concern about a
possible crystallizatio n of the local surface , a n d its ad verse ef f e c t  on the sur face fin ish .

E. Model Complexity, Cost, and Schedule54’55

I .  The degree of model complexity that can be achieved is directly related to configuration . model scale , and
desired Re (model load). The cryogenic tunnel offers a better opportunity to achieve a higher Re , providi ng
special atte ntion is given in the design to the environmen tal conditions.

• 2. The need for testing development models at higher Reynolds numbers was expressed)~ Such m odels u su ally
req uire variations in leading edge shapes , tr aili n g edge shapes , i n let l ips , etc. These variables are often in
areas where surface finish is critical. The alternative to the multi-piece model is of course other comp lete
models , or for examp le , alte rnate wings. Cost and schedule is impacted both in the model and in testing ,
and i n a similar manner to today, such costs will be reviewed during the initial stages of a model program.
Schedule improvement can be achieved by an early test of the model with less variables ; for example , a
less sophisticat ed wing.

3. The matchin g of inlets / exi ts , and the need for internal flow ducting within a fuselage greatly increases the
model design problem. It was generally felt , however , that they are required.
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4. Costs will increase if the flight Re for a given configuration is desired. Design costs may be 1 00% greater
tha n present day. 48

5. Fabrication costs may increase by approximately 30%. wi th overall model costs increasing by approxi mately
50%~ There was some concern that costs might be higher and possibly preclude a high Reynolds number
test. Generally speaking, however , it was f e l t  that such testing was hig h ly desirab le bu t that it wou ld be
li mited to conditions and configurations that were felt to be Re sensitive.

6. Schedules will be longer , primarily because of the need f or  additional anal ysis , (i.e., st ress, deformation pre-
dic tion, etc.), prior to the start of fabrication. In the case of development models , there was some feeling
that t he longer schedule could be more critical than the increased cost.

7 . Quality control and inspection of models will require a greater effort .

F. Design of Models for Cryogenic Environment

I . Model testing over a broad temperature range wil l result in model dimensional changes. Such changes , if not
take n in to conside ratio n , may directly affect the accuracy of test data. For examp le , internal flow measure-
ment is dependent upon the accuracy of the interna l duct geometry .

2. Model design specification will be highly definiti zed. It is acknowledged that for a given dynamic pressure ,
Re can be increased by a factor of 5 , simply by reducing temperature s from 300K to l OOK. This significant
adv antage can be achieved by designing a model for use in a present day transonic tunnel , comparable in
size with, f or  ex ample , a cryogenic tunnel such as the NTF. The model design criteria must be based upon
the selected d yna mic pressure of the present day tunnel and the cryogenic environment , which will
influence selection of materials .

3. Experiences gained in the first development models for NTF will undoubtedly offer a reduction in engineering
costs for subsequent models.

4. A development model designed for NTF is in the planni ng stages. 6 It will serv e to evaluate possible fabrication
problems and techniques in working with hi-stre ngth steels. Initially it will be tested in the NASA 8-foot
pressure tunnel.

S. It is generally felt that a cryogenic environment precludes the use of dissimilar materials. If true , this would
have a definite effect on the model cost factor. Further study of a more detailed nature is required , and an
experimental study is justified. It would be part icularly advantageous to be able to manufacture the difficult
low-load carrying areas such as the duct of more easily workable materials.

6. A de finition of baseline materials, procedures , use of  dissi m ila r m ate ria ls incl u di ng f astene rs, f illers , pote ntial
use of  com posite materials , etc., must be gathered together as the basis of a users handbook; contribut ions
should be sought from all sources.

G. Simulation of Inlet/Exit Conditions (Engine Simulators )56’62

I . Provision of inlet and exhaust simulation in those test programs where transonic flight conditions are a
major design consideration , is h ighl y desirable. This will require internal flow , with attendant instrum entation.

2. The use of engine simulators or ejec tors 42’6° is mandato ry for simultaneous matching of inlet/exit conditions.
Further investigation is needed to verify the feasibility of operating simulators in highly pressurized windtunne ls .
The cryogenic environment pre sently contemp lated for some high Reynolds number tunnels is another area
of concern in the use of simulators. It was generally felt , however , th a t whi le the prob lem is a real one in
future cryogenic tunnels , i t should be considered as secondary to more pressing problems.

3. The above models will definitely fit the category of being comp lex . Simulation of mass flow , inlet/ exit
pressure ratios , etc., will require design and fabrication techniques employing the use of multi-piece con-
st ructio n , possib ly di ssi mil ar mate ri als , and constraints which tend to complicate the end product. ”

4. Exit plane and internal duct drag rake instrumen tation should be of concern as regard s structural l imitat ions
due to air loads .

5. Proximity of balance to flow-through ducts and/or engine simulators provide thermal flow paths which will
indu ce the rmal gradie nt s ac ross th e balance , directly affecting accuracy.

6. The need for on-board compressed gas for simulator/ejector operation will necessitate use of an air balance
of small d iam et er(2  to 3 inches). The thin walled bellows used in such devices will require special attention
if used at low temperatures. Changes in spring constant will adversely affect accuracy.

H. Designing for Low Safety Factors

1. Standard practice in present day fan-drive n tunnels is a saf ety factor (SF) of 5 on ultimate or 3 on yield .
whichever is greater. Some exceptions are taken when proof loading is accomplishe d. If a SF of 5 is

_
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mandatory in the new high pressure t un nels , the allowable working stress of acceptable materials will severely
li mit our ability to achieve Re approaching full scale.43 No n-return type tunnels will accept a lower safety
f ac to r , u su al ly  3 on ulti mate , and in France in some cases an acceptable safety factor is I .33 elastic limit
and twice the breaking limit.

2. Today ’s S F is req u ired f or  p rotection of the tunnel f an , a n d ca n be attr ib u ted to q uestio nab le load prediction ,
including dynamic effects , i nsufficient quali ty control / inspection , etc . A lower sa fety f ac tor , while desi rable ,
can only be j ustified by m uch greater effort during design and construction. In addition , crit ical m odel
components must include the means of monitoring loads during a test. (Ref. Session 4 H I ) .

3. Improved and more in-depth model engineering will , it is f e lt , make lower SF’s more acceptable to the
facil i ty .

4. Devices are employed today within models and/or fac i lities , to rapidly reduce d yna mic pressure or change
m odel att i t ude to u nload the m odel .

S. The achievable degree of complexity in the model . ( multi-p iece) is directl y a function of design allowables.

6. To provide a better simulation of airp lane flight geometry, it may be advantageous to induce wing deformation
by increasi ng stress , (i.e., red ucing SF). While desirab le, the established SF design criteria must be met.

7. The question of acceptable safety fac tors needs to be resolved with the facility engineers; model failure is
unacceptable . Sa fety devices such as screens , or “Q Reducers ” sho u ld be co n side red , but the res u ltant
powe r loss is undesirable.

3. Quality Control and Inspection

I .  A much greater effort is antici pated in this area , fro m raw material procurement to final assembly.
Certification will be required as proof of satisfactorily meeting material  specifications and processes.

2. In certain cases , proof loading will be accomp lished a nd documented.

3. Inspection data will be recorded to demonstrate that model meets design criteria and safety standards.

4. In general , the models designed for high Re will be governed by similar constraints as an airplane with respect
to saf e ty  f actors , opera ting envelope , and quality control. The obvious im pact on m odel cost and schedule
is considered to be a necessary and acceptable penalty to pay for the added benefits of hig h Re testing.

K. Design of Aeroelastic Models for Testing at High Dynamic Pressures63’64

I .  No position has been established in the USA at this time as to the need for testing true aeroelastic models in
NTF. In Europe , however , it is felt that the abi l i ty  of  the R esea rche r to p rovide dy namic s imi la r i ty  of  f lu t t e r
models in a tunnel  operated at room temperature is limited both in Mach number and Reynolds number
scaling. These limitat ions can , it is be l ieved , be partially overcome as regards the Mach/alti tude flight
envelope , by testing at low te mperatures with a possible stagnation pressure of 6 bars.

* * * * * * *

SESSION 2. MODEL DEFORMATION

A. Measurement of Model Deformation and Attitude in the Tunnel65 66

I .  Model defor m ation will occur particularly at high Re , a n d the re is a need to meas u re it .49 The ul t imate
defor mation measuring system t DMS) has not been identified. Wo rk is cont inuing on various systems at
NASA-LRC ,7 AEDC ,4° (US), and in Europe. It is generally felt that this is an area of ex t rem e import a n ce
justi fying research on a broad front. The recent work of General Dynamics/Fort Worth with the stere o-
pho tographic sys t em 7’ a nd its use at NASA-Ames and NASA-Langley was recognized. Such a device has
also been used with success in th e ONERA-MODANE test center , to iden t if y the bending and torsio n of
helicopter blades on a 4 meter rotor.

2. A ste reophotographic DMS has been successfull y used in tra nsonic tunnels  at NASA-LRC , (8’ TPT), and
NASA-Ames ( I I ’ ) . The use of this system , however , i n a c ry ogenic envi ron me n t , or for that m atter , any
DMS presently under review is questionable , a nd deserves further attention.

3. The need f or on -li n e data i~ desirable. Tunnel  operating costs , however , woul d becom e pro h ibitive i f
ana lysis of on-line data were required before proceeding to the next test point.

4. Defor m ation data available w m t m ~~’1 I S to 30 minutes  may be acceptable for the moment. Real on-line data
will he necessary in the fu tu re .  

— - --- — -. - - - -,- ---- --—---- . - 
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5. The DMS will provide improved analysis and interpretation of test data by direct measurem ent of:

— Model attitude;
— Control surface deflection;
— Aeroelastic deformation;
— Direct sideslip measurement;
— Store separation characteristics.

6. Some DMS systems will require the installation of reference reflective inserts in the model surface.

B. Model Instabil’t, ilue i,.. ~~~~ Deformation

I . Failure of model components represents a potential problem; facilities may require users to install on-board
“rapid response” instr umentation devices (i .e., acceleromete rs), to in dicate im pending instabili t y of critical
component s such as wi ngs, tails, etc . This practice is relativel y common in present day facilities (Ref. HI ) .

C. Matching Model/Airplane Deformation in Tunnel

I . Future test requirements have indicated the desirabili ty for a better match of model/airplane deformation.
The DMS will provide the tool for comparison of predicted and achieved model deformation.

D. “Tuning” Model Deformation by Variation of Tunnel Temperature and Dynamic Pressure18

I .  Testing in a variable density /temperature facility provides the capability of independent control of Reynolds
number and dynamic pressure at constant Mach number in the aeroetastic mode of operation. Wing loading
can be varied while maintaining constant Re . providi ng the capability of tailoring a model wing shape to
more closely match the desired shape. Allowable wing stresses must , of course , be monitored.

NOTE: Deformation of models in a high pressure facility is a certainty. A means of accounting for model
elasticity is necessary before the test data can be rationally applied to the full-scale desig n problem.
Simultaneous solution of equations which contain both the aerodynamic influence function and the
st ructural influence function are necessary for this task. Methods do exist for the prediction of load
distrib ut ions on an elastic airp lane wing, and the correspond ing deformations due to twisting and bending.
A progr am based upon a modification of the Weising er L-Method is one examp le presently in use.

* *  * * *  * *

SESSION 3. SUPPORT SYSTEMS

A. conventional Support Systems — Sting/Model Interference — Divergence6’

I . Selection of an optimum support system to achieve the designated test objectives , remains as a critical
decision , subject to co nsiderable compromise. Conventional support systems such as stings , blades , struts ,
a nd wing-ti p suppor ts, will req uire evaluation , with a selection based upon test objectives , and an engineering
op in io n of least , or perhaps known ~alues of interference. This present day problem is accentuated in the
high-pressure facility, by the need for larger support systems. Uncertainty i n app lyi ng corrections may l imit
the size of the support and present the user from ut i l i i i ng the full capability of the facility. A better
understanding of support system corrections is mandatory .

2. Sting allowable stresses must remain comparatively low to avoid divergence. Each joint in the support
syste m is an additional problem, a nd “on e-piece ” sti ng/balances should be considered. For certain configur a .
tions, m ultip le stings are adva ntageous .

3. Information presented by NA SA-LRC indicated a need for a sting diameter approaching 5” for a max imu m
Re case (9 ba r) in the NTF. This is predicated upon the need for a constant sting diamet er all of the model
base. Such a sting would severely compromise the empennage of most configurations .

4. New materials are needed with greater allowable stress/stiffness characteristics. Composite materials are a
possibility .

5. In the case of a cryogenic high pressure facility, the low temperature does improve the properties of selected
high strength materials without adversely affecting ducti l i ty and fracture tou”t i ness.

6. Sting adapters will be necessary to allow smaller stings in the lower load cases.

7. Aerodynamic data is severely compromised by sting interference and a solution must be found . ’9 Sting
supported models designed for high loads will be basicall y sti ng/balance limited. ” With most sting support
m odels , internal flow passages , th e balance cavity, sting-to- model clearances , and model geometry combine to
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li mit the allowable size of the sting and balance . Acceptable distortions of the aircraft geometry are con-
fig uration oriented , and must be weighed against the need for high Re.

B. Dynamic Behavior of Model/Sting/Balance

For each support syste m , sufficient a n alyses must be performed to establish: 3’

Dynamic characteristics .
- Stability characteristics , static and d yna m ic .
- Induced angle of attack effects ,

Structural integ r ity.

C. The Magnetic Suspension System (MSS) and Its Influence on the Model System68

The successfu l development and operation of a superconductor magnetic suspension system has created new
interest in the feasibility of such syst ems , pa rticularly in view of its compatibility with a cryogenic tunnel.
The co nsensus of opi n ion , however , was that the MSS . while highly promising and desirable , does not of fe r
a new-term solution to the support system proble m , and that  i i , relatio n to other areas requiring further study,
it should be considered as lower priority. It was recognized , however , that a successful MSS does offer an
ideal solutio n to the support system proble m , and that a con tinuat ion of research effort is justified.

2. Feasibility of MSS for high Re facilities has been established on the basis of: 12

small-scale prototype demonst ration with super conductor system.
scaling calc ulations verified with small s u e  coils ,
assumed compatibility of MSS with cryogenic w mndtu n ne l  operation.

3. Outstanding problem areas where additional research work is required :

- - shape-indepe ndent model positio n sensors ,
detailed design of large aerodynamic models ,
aerodynamic measurements ,

- model launch techni ques.
reliability of MSS support.

4. Logical next steps:

imp lement MSS for LR( ’ cryogenic pilot t unne l  faci l i ty .
advance state of the art in outs tanding problem areas as much as possible.

5. Use of the Electromagnetic Position Sensing (EPS) system seems to be compatible wi th  the use of the
Deformative Measuring Systems (DMS) that were described . 28 The EPS operates at 20 Kilohertz in a
narrow band.  For extreme accuracy in determinat ion of angle of attack (± .Ol 5 degree) we use a lase r scheme.
In this  case the laser could serve as a reference for the DMS . or perhaps the DMS could also provide position
signals for the MBSS. In either case, no basic incompat ibi l i ty  exists .

6. The question of the model design itself and the model injection systems contain the most unresolved issues.
We have solved these problems a ’ the existing MBSS size. At this point in time , we are lea ning toward
elli pt ic magnetic cores and non-magnetic external contours . Again, we are leaning toward composites but
feel many  of these mat ters  should he exp lore d on the 15 inch scale.

Finally,  magnetic forces and moments are proportional to the volume of magnetic material while aerodynamic
forces are proportional to area: ratio of volume to area increases with linearity, with increases in size. Thus ,
by increasi ng tunnel  size from IS en~ to 50 cm t unnel , the vol ume surface ratio increases 10/3. In other
words, the problem of generating magnetic forces is simp lified with large r size m odels . From this standpoi n t
of i n creased R ey n olds num ber which im p lies a n increase in dynamic pressure . (w hich results in the need for
increased magnetic volume ), is partia lly compensated for by retaining the amount  of magnetic material in
some proportion as is common now. Since we operate a long way fro m sat u ratio n . I would guess the scale up
is possib le. Again , it wou ld be nice to do the i n te rm ediate step fi rst.

7. The influence of the MSS on the model system is cause for concern , a n d fur the r investigation is needed i n
the following areas:

use of magnetic material  in model .
- - on-board instrumentat ion ,
- - size of magnetic core in model ,

how data wi ll be recorded from on-board in s t rumentat ion (must it he t elemeter ed?)
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SESSION 4. INSTRUMENTATION AND BALANCES

A. High Capacity Balances

I . Current research toward higher capacity/improved accuracy/cryogenic compatibility, and new concepts , was
recognized as taking place in Europ~~* and the USA .8 I t was generally felt , however , that this was an area
req u iri ng specia l ef for t on a broad front , an d that coordination of the working engineers should take place
in the form of “workshops”, to facilitate an exchange of information.

2. Beam (one piece), tw o-shell (floating frame), and dynamometer assembl y balances ,” (with or without flow-
through), all have pote n tial for use in the high pressure tunnel. While the cryogenic tunnel does result in a
lower dynamic pressure (q) for a given Re , loads do remain h igh compared with today ’s transo n ic tu nne ls,
and high capacity in relation to diameter remains an important issue.

3. Model sizes for a 2½ meter tunnel (NTF) will be similar to those for Calspan. This size of model would typ ically
use a 2½” diameter balance for high load cases indicating the need for high capacity. High capacity must be
maintained in a combined load sense ; for examp le , pi tching moment and normal force must be high to
offset the need for moving a balance within the mnode l during a test. Balance stiffness is critical to alleviate
divergence.

4. Use of a 5 component primary balance with the drag measured at the sting, or by pressur es, offers additional
stif fness, and the potential for increased capacity.

5. The two-shell is a versatile design because of the relatively large hole through the balance center ,” which allows
passage of “on-hoard” serv ices , witho ut a significant decrease in capacity. This concept was shown to be
particul arl y suitable as an air balance. 4’8 A n earlier discussion indicated the need for matching internal flow .
and the use of engine simulators. For this type of testing, a n air balance is mandator y, and its use in a
cryogenic enviro nment needs investigation.

6. The variable range concept was discussed. While the purpose was recognized , the consen sus of op inio n was
that basic balance problems must first be resolved.

7. A sta ndard definition for balance capacity is needed. It should be established to include combined loads. ”

8. I ndivid ual elemen ts for each ba lance compo n en t provides a bett er st ress distrib u tio n and a red uced the rm al
gradie nt. Increased capacity relative to size is, however , q uestionable and needs further study.

9. Balance capacity to size ratio will limit the ability to use higher pressures in a windtunne l  and restrict the
simulation of the flight envelope for both fig hte r and commercial aircraft . Increasing Re by an increase in
tes t section p ressure onl y, is therefore li m it ed.

B. Environmental Control of Balances (lOO K to 300K)

I . The need for enviro nm ental con trol of the balance is not fina lly dete rmined. While it was generally agreed
that no con t rol simp lifie d the installatio n in the model , t he majority of specialists felt apprehensive about
achie vab le accuracy wi t hout cont rol .

2. Research is underway to determine the feasibility of allowing the balance to function at tunnel  temperature. 8
thus al leviat ing the need for inducing and controlling heat to the balance system. Accuracy was questioned .
particularly the  abil i ty to temperature compensate over a wide range of temperature.

3. With changes in tunnel  temperature , the model is likely to follow the tunnel much more quickly than the
bala nce, creating an unacceptable te m perature gradient. The time required to allow the model/balance
syste m to stabilize will be very expensive.

4. The 1/3 meter cryogenic tunnel of NASA Langley Researc h Center is an examp le of a n excellent test
facility for the resolution of the aforementioned balance problems. 35 Research is recommended using a
bala nce size compatible with use in future 2½ meter tunnels. A test of a 2½ inch diameter balance covered
with a si mple cylindrical body shape was suggested as a research test for the 1/3 meter tunnel.  It was felt that
the la rger balance would provide more meaningful data on temperature gradients.

5. Temperature compensation should be preformed incrementally for the full temperature range of each tunnel .
(+15 5°F to —300°F) . The increments are important , since thermally induced microstrain curves are non-
linear.

6. A temperature  gradient is l ikely to occur with or without env i ronmenta l  control and is a function of the
model/balance . and sting/balance a t tachment .  This again justifies research on a number of balance concepts
where a t t achments  vary, and where different methods of heating can be employed. For exam ple , te m perat ure.
control of a beam balance revealed that  it was di f f icul t  to heat the balance uni formly because the balance to
model taper remained colder. The two-shell or floating-frame concept with its center hole offers the al ternative
of in te rnal hea t ing  through the length of the balance, and a different model to balance at tachment.  Mode l/ 
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bala nce and balance/stin g attachments modified for inclusion of thermal insulation to reduce temperature
gradients . may be weake ned unacceptabl y.

7. It was generally agreed that the balance and its accuracy is a very key unit  in the model system , and t h at research
should be pursued in all areas: heated /non-heated balances and various concepts. The use of cold flow
(cryogenic ) pipes should be considered as a means of low cost research.

C. Balance Accuracy — Contributing Factors

I .  Accuracy requirements for future high pressure tunnels will be at least as good as those specified for present
day tr ansonic tunnels.  This would be 1/2 of 1% of maximum , under combined loads. A requirement of 1/ 10
of 1% was demanded for one European transport program.

2. Contributing factors resulting in degradation of accuracy:

- Temperature gradients across balance.
Operation of a balance at less than full scale loads.

-- Insuff icient  calibration.
Inadequate calibration equipm ent .

- High stresses.
- Calibration under cryogenic conditions will be needed to determine effectivity of the

heat ing system.
- Operatio n at hig h pressur es effect on strain gages.
- Temperature compensation , if heat jacket is not used.

Most of the factors listed above are present-day problems that  are likel y to be accentuated in the future  hig h
pressure tunnels.  A better understanding of them is part of the additional effort requi red in engineering
that  results in the aforementioned increased costs and sch~~ ules.

D. Fatigue -- Use of Karma Gages

I .  The Karma gage has a significantl y better fatigue life at higher strain levels. This substantial gain becomes j
very important when fatigue is used as a criteria for allowable gage stress. The Karma gage allows the
designer to make better use of high strength steels in the design of high capacity balances.

2. Karma gages can be compensated for modulus and zero shifts.

3. The cost of compensation and instal lat ion of Karma gages was thought to be higher than the standard
Constantan gages; however . NASA-Langley is now using it as their standard gage on all balances. 8

E. The Magnetic Balance and Suspension System M BSS) as a Force Measuring Device

I .  Actual  exper iments  at M.I.T. give confidence that the accuracy of MBSS as a force balance is acceptable
amid practical. The accuracy is at least equivalent to sting systemns . in small scale facilities.

F. Instru m entation -- Miniaturized Instru m entation

I .  As indicated earlier , there is a need for development testing in high pressure cryogenic tunnels .  Models for
such tunnels  will not be large . and space will be at a premium. Minia tur ized  ins t rumenta t ion with  no loss 9
in qual i ty  is highly desirable. An examp le of effort in this direction is the work in progress at NA SA-Langley
on a mul t i port electronically -scanned pressure sensor (MESPS ) , capable of operating over a wide temperature
range. ’ Progress is also being made by transducer amid scanivalve companies.

2. The use of actuators wi th in  a development model is a common occurrence , particularly in the case of high
cost facilities where entry into the tunne l  for model changes is expensive. Compatibility of actuators and
bearings with a cryogenic environment , however , is cause for concern , and justifies investigation. Hydraul ic
fluids tha t  ma in ta in  their properties under  high pressure and at cryogenic temperatures are available.

G. Flow Visualization

I .  A need for this  was expressed. The 1/3 meter cryogenic tunnel  offers an excellent tool for a study of varmous
tech niques. Some of these techniques do require modifications to the model.

H. Model Surface Instrumentation in a Cryogenic Tunnel

I .  Previous discussions indicated the need for various types of surface instrumentat ion in the model. For
example , wi ng bending moment strain gages , acce leromete rs for buf fet , and local pressure tra nsducers. It
wi ll be very dif f icu l t  to thermally protect such instrumnentat ion . a nd their  operational characteristics over
a broad te mperature range needs further stud y.
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2. The need for local balances for measuring/isolating the forces on indiv idual components was indicated. Such
balances and/or root bending moment bridges were suggested as a means of monitor ing critical component
loads, the reby allowing a reduction in safety factor. Again , the en viron m ental im pact on accu racy needs to
be addre ssed because thermal control is not feasible for this type of instrumentation.

J. Effect of MBSS on Model Instrumentation

I .  The compatibility of MBSS and model instrumentation is of very real concern. On a near-term basis, models
will be sting supported in the new high pressure facilities; however , the MBS S does ha ve signi fi ca n t adva n tages,
and its future use will certainly be curtailed if there is an adverse effect on model instrumentati on.

* 4 * 4 * 4 4

SESSION 5. TECHNIQUES AND SPECIALIZED EQUIPMEN T

A. Use of a DMS in the New HIgh Pressure Facilities45

I . There is general agreement that a DMS is necessary in the new facilities , and while the ult imate system has
not been de termined , considerati on must be given to providi ng for its installation. Each potential system
must be reviewed in relation to difficulty of insta llation and its compatibility with the cryogenic environment.

B. Model Handling Techniques in a Cryogenic Tunnel’

I .  Present plans are to pre-assemble the model and support system in a preparation area. Checkout of all
systems will occu r in that  area , with the complete model system then transported to the test section. An
ide ntical electrical hookup would be provided in the preparation are a and the test section.

2. The extremel y high load cases may require a one-piece sting, necessitati ng transportation of the complete
model and 12 foot long sting from the preparation area to the test section.

3. Model changes in the tunnel  can be accomplished by extending an access tube into the tunnel.  The tunnel
will include a localized model heating system. With the exception of the working area in the test section ,
the tunnel  will be maint ained at a low temperature. The hi gh cost of cooling emphasizes the fact that model
changes will be extremely expensive , and that confi guration development in a cryogenic tu nnel will be
minimized. In addition , the more complex models discussed previously must be reasonably trouble-free , again
emphasizing the need for a very thorough pre-test checkout of all model systems, possibl y under cryogenic
conditions (stati c) .

4. It has been shown that model handling and configuratio n change s in a cryogenic tunnel  can be very expensive
beca use of the cooling-down and warming-up sequences. It may therefore be worthwile to consider two
similar models. The advance use of N/C in model manufacturing may result in a relatively cheap second
model allowing one to be tested while the other is modifi ed. 48

C. Balance Check Calibrations in a High Pressure Tunnel

I .  Af ger some discussion , it was agreed that 50% of full load should be applied. For examp le in high load cases
in the NTF this is 5000# to 8000#. Special provisions wil l be needed in the test section to apply such a load.

2. Support system deflections need to be verified , a nd this can be done during the check loading. Consideration
must be given to the change of modulus at low temperatur es , and this m ust be accounted for.

D. Auxiliary Flow in a High Pressure Tunnel

I .  The need to test complex models with eng ine sim ulation has been discussed. Provision of the necessary
au x ilia ry flow systems is man dat ory, to provide inlet and exhaust simulation in those test programs where
t ransonic fligh t conditions are a major design consideration. A large portion of the B-I windtun nel test
program , for example , was comprised of inlet and afterbody testing. The necessi ty of providing transonic
exhaust simulation for launch and shuttle vehicles is questioned , however , since in the context of other
major design considerations , the transient transon ic operating regine would not seem likely to be of critical
importance.

At t ransonic test conditions , ex ha ust su cti on wi l l be desirab le for increased inlet  m ass flow . This requirement
should be considered from both the model and facility points of view.

E. Model Filler Materia ls in a Cryogenic Tunnel

I .  Regarding the development of model filler materials , it is believed that such effort is of major importance to
the successfu l ut ilization of the cryogenic transonic tunnel.  Filler material must possess the characteristics of
tenac mous adhesio n and quick removal. Applicati on should be simple and cure time short.

_ _ _  

- _ _  
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CONCLUSIONS AND RECOMMENDATIONS

it is highly recommended that coordination in the field of model systems be continued. This need is emphasized by
the fac t that subsonic high Re tunnels are now operational in Europe , that the Natio nal Transonic Facility in the USA
wifl be operationa l in 1981 , and that a decision on LEHRT is forthcoming.

Research in this field on both sides of the Atlantic appears to be increasing, and a sound plan for coordinating
that effo rt is mandatory. The work-sharing plan described in this report f orms the basis f or a unified effort. Certainly
it should be our goal to eIin~inate as many problem areas as possible prior to operation of the new high Re tunnels .

* * * * *  * *

WORK SHARING PLAN
ACTION ITEMS

Listed below are the tasks identified as specific problem areas , that are worthy of special ef for t . Where applicable
t he coun try or agency planning, or performing research in a specific area is identified. The column “no p lanned action ”
indicates a n area that deserves attention. Areas of high priority are those that are considered to be important enough
to merit research on as broad a base as possible. In these cases consideration should also be given to establ ishing a
meeting of the working specialists , where indi v id u al research ef forts ca n be com pared , revie wed and discussed , for the
benefit of all pa rticipants and their respective agencies and countries.

U SA No Pl an ned Area of
Task Canada Eu rope Actio n H igh Prio rity

Session I
A4 •
B4 S

D4
D7 .
D8
F4 .
F5
G3 •

Session 2
Al • *

A2 • *

Session 3
Al • • •
Bl * *
Cl *

C6 *

C7

Session 4
AI , A8 • •
AS
B l *

B2 *

B4 S

B6 •
B7 • *

Cl *

F2 •
GI •
HI
K l  S

Session 5
Al *

B *

E • •

* Work planned for the future dependant upon available funds. 
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APPENDIX 6

DESIGN OF TRANSONIC WORKING SECTIONS

by

T.W.Binion , Jr and J.L.Jacocks , AEDC
i.P.Cheval lier , ONERA

I .  INTRODUCTION

Under the auspices of the AGARD Fluid Dynamics Panel Subcommittee on Windtunne l Testing Techni ques and in
harmony with the recommendations of the second report of the MiniLaWs Working Group, AGARD-AR-83, meetings of
vari ous experts on the Design of Transonic Working Sections were held. Representatives of European and USA and
Canadian agencies held meetings almost simultaneously on February 23 , and 24, 197 6, at NLR , Amsterdam , and Calspan
Corporation , Buffalo , New York , respectively. A subsequent meeting was held on May 25 and 26 , 1976 , at ONERA ,
Chatillon , betwee n the co-conveners of the two groups and the representative from the United Kingdom who was unable
to attend the previous meeting.

The meeti ngs were concerned with discussion on the resea rch activities affecti ng t he design of transonic working
sections which have been accomplished since the information in AR-83 was compiled. In addit ion , the group began to
formulate a generalized plan to attack the wall interfer ence problem. A summary of the discussion with conclusions and
recommendations is presented herein.

2. CURRENT RESEARCH

Although these activities are summarized in Section 5 , it is worth including here some of the com men ts pu t forward
at the two meetings of the working group.

Theoretica l Studies

The relationship between the Davis and Moore and the Chen and Mears modeling of the slotted wall bounda ry condi-
tion has been clarified by Barnwell) The Chen and Mears rod-doublet representation in effect form s a dividing stream-
line around the slat , Figure 1 , reducing the effective slot width. Barnwell interprets the boundary condition in term s of
the radius of curvature of the dividing streamline at the slot location , R , and the wall porosity, 6/a . As the slat end
radius approaches zero (an inherent assumption in the Davis and Moore anal ysis) the two formulations are shown
approachi ng one an other , Figure 2.

Significant advances in the development of numerical relaxation schemes as applied to transonic wall interference
e ffects have been repor ted by M urma n ,2 et al., with the TSFOIL computer code , by personnel3’4 of NASA Langley. and
by Kacprzynski of NRC , Canada. However , these procedure s must be used with caution. Steinle , NASA Ames , noted
some numerical instabilities had been encountered with the TSFOIL code at large values of wall porosity. Kemp, NASA
Langley, reported that because of mass addition the use of non-conservative finite difference formulations , su ch as the
original Newman -Klunker 4 coding, yields large errors in the flow field away from the model. An example of the
d ifference in the solution given by the conservative and non-conservative formulations is shown in Figure 3. It is ironic
that the non-conservative formulations tend to predict experimental shock locations on windtunne l models better than
the conservative formulations.

Steinle , NASA Ames . is formulating a theoretical representation of a test section and plenum to investigate the
effects of plenum configuration on blockage buoyancy . Source panels and vortex sheets are being used to repre sent the
plenum and test sect ion walls, respectively. The f ormu lation will employ the homogeneous slotted and porous boundary
conditions. Data from three airfoil tests in the 2 x 2 ft tunnel will be used in support of the work.

Following the lead of the several researchers examining the adaptive wall concept in two dimensions , Lo and Kraft ,
AEDC , have begun prelimina ry work on the 3-D adaptive wall problem. Their examination of the 2-D theoretical formu-
lation has led to an analytical proof-of-convergence of the inner and outer flow field solutions. In addition , an ana lytical
expression for the optimum relaxation factor has been found for one modeling techni que.

Experimental Studies

FlOW Quality

The primary function of the transonic test section ventilated wall is the generation of unifo rm flow. Accordingly .
this characteristic is one of the fi rs t properties which should be evaluated for any new wall geometry . Reference 6 

_ _  _ _ _ _  -
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presents data on five wall geometries consisting of a thin-wall variable-porosity specimen , an axially-distributed-porosity
pe rforated wall based on the results of Reference 7 , a rod-wall similar to that developed by the National Bureau of
Standards , a low-noise modification to the six-percent inclined-hole perforated wall ,8 and a slotted wall based on t he
design being considered for the National Transonic Facility (High Re). Measurements fro m a centre line static pressure
pipe and total pressure were used to calculate the longitudinal Mach number distribution. All of the walls yielded
basically the same subsonic axial flow uniformity with an evident improvement being noted with walls which had long
smooth transition regions from the solid to the ventilated portions. The rod and slot walls were clearly superior at
M I .1 , all walls were basically the same quality at M = 1.2 and the perforated walls were better at M 1.3 . Model
blockage effects on the tunnel calibration were better at M = 1.3 . Model blockage effects on the tunnel calibration
were examined for all walls by placing a 2% blockage cone-cylinder around the static pipe. It was shown that a signifi-
cant change in the approach Mach number occurred at values of less than 3% porosity with the perforated walls and all
slotted wall porosities. However , at porosities above 3% with the perforated configuratio ns, no effects of model blockage
were observed. The flow downstream of the model returned to the calibrated free-stream conditions for all wall confi-
gurations and porosities.

Of the three modes of flow unstead iness , turbulence , noise an d tem perat ure spotti ness, no ise appears to be the most
important in transonic testing.9 Noise levels of only .35% and .6% Cp rms were found to affect the tran sition location
about 4% of the chord on a supercritical airfoil but did not change the trailing edge or shock induced separation.

A study of the relation between flow quality and the time require d to achieve a given level of accuracy for various
measurements is presented in Reference 10. Quantitative requirements for turbulence level as well as pressure fluctua-
tio ns have been developed .

Current work at NLR on noise and its effects on turbulent boundary layers development and separation leads to
the conclusion of a decreasing influence of noise with increasing Reynolds number. lt was suggested that a slightl y
blunted cone (nose radium 0.5 mm) be used to study the effects of turbulence on transition and to detect transition by
cone surface fluctuating pressure measur ements rather than by probing the bounda ry layer. The NLR cone and
associated equipment may be offered for use in other facilities.

The RAE is study ing the possibility of designing working sections for transonic windtunne ls which will have small
dynamic interference effects on the relat ively large models used for flutter and buffet tests. The dynamic interference
effects of acoustic resonances and excessive noise within the working section are being considered. Preliminary tests
have been made in a small windtunne l using circular cylinders operating in the subcritical range to provide a source of
pressure fluctuations. The propagation of the pressure fluctuations away from the cylinder has been studied at Mach
numbers up to 0.5. The prelimina ry results both with respect to the elimination of acoustic resonances and the reduc-
tion of noise in the empty tunnel at Mach numbers up to 1.0 are encouraging.

Wall Boundary Conditions

Correction for wall interference effects are not routinely applied to data taken in ventilated transonic tunnels in spite
of the large volume of related theory and the need for such corrections. One of the reasons corrections are not applied
is a lack of knowledge of the prope r boundary condition to describe the tunnel walls in calculations of the interference.

Redeker , at DFVLR , is using different size models of the NACA 001 2 airfoil to study the slotted wall boundary
condition with slotted walls of 2 to 10% porosity. The airfoil data are being compared with theoretical computations ,
which include the effect of the boundary layer displacement , to assess the wall interference.

Smith reported good agreement is obtained on the bounda ry condition determined by the drag balance method
and lift curve slope following the NLR internal note AC 75.14. However , with di fferences of pressu re between the
ple n u m a n d the test section , i t seems better to measure the perturbation components at some distance from the wall.

A new test technique has been developedU to determine the pressure/flow angle relationship for any ventilate d
wall within the constraints imposed by the small perturbation assumptions. To avoid the necessity of obtaining high
accuracy flow angularity measurements , an indirect approach was selected wherein sufficient other diagnostic measure-
ments would allow calculations of the compatible flow angles. The relaxation method of Muram and CoIe i2 provides
the calculation tool to solve the two-dimensional nonlinear transonic small perturbation equation , subject to bounda ry
conditions derived from static pressure measurements as indicated in Figure 4. Preliminary results show the true wall
boun da ry condi t ions to be n on linear , spa tia ll y va r iant  and mode l depende nt.

The measured pressures and inferred flow angles have been used to compute the boundary layer growth over
(and the mass flux through) a perforated wall , subject to a variety of model disturbances. The ratio of displacement
thickness to hole diameter for typical experimental configurations may vary in order of magnitude , e.g., 2.5 to .25 , with
axial position . It is anticipated that anal ysis of the results , st ill i n progress, will produce a semi-empiri cal correlation of
the mass flux with the pressure drop across the wall and local boundary properties. Given the correlation , i t would t hen
be possible to calcul ate the wall boundary conditions for any model-imposed pressure distribution. 
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The results from tests of models of the I I  ft and 2 ft transoni c windtunne l  walls at NASA Ames using an average
mass flow technique indicate a classical wall porosity parameter . R , is not a function of Mach number.  A technical note
desc ribing the experiment and present ing the results is forthcoming.

Experimental data from a small perforated Ludwieg tube tunne l i 3  were obtained wit h varying wall boundary layer
disp lace ment thickness. Static pressures on a cone-cylinder model were compared with data fro m a conventional tunnel
for 0.95 ~ M~~ ~ 1 .15 to infer that  a factor of two variation in the wall displacement thickness (0. 12 ~ b/ho le dia meter

~ 0.28 at one tunnel station ) results in an equivalent wall porosity change of about one percent.

Experimental Wall Interference

l~xperim ents with an idealized wing-tail pressure model utilizing a variety of wall configurations have recently been
comp leted. Typ ica l pressu re distrib ut ions on the wi n g upper su rface are sho~.9 in Figure 5. The major conclusion of the
st udy is that the transonic wall interference is practically independent of wall geomet ry provided the ve n ti latio n is
ho mogenous . The finding is applicable to all of the slotted , fixed poros ity, and variab le porosity, walls tested. There
appa ren tly is no wall geometry of uniform porosity which will yield interference-fre e data at transonic speeds with
models of reasonable size ( 1% blockage ) . Axial variation of wall geometr y as predicted by Lo i4 can influence the wing
shock posi~.on as shown i n Figure 6. The variations explored were obtained by using perforated wall sections with
differing hole incli nation angles. The most notable shift in the wing shock position for the condition shown resulted from
the use of a sol id-wall section directly above the model. The optimum wall configuration, however , was fou nd to be a
fun ctio n of Mach nu mber a n d model at t i tude , he nce probably also model configuration.

A study of the drag on short conical bodies ’5 has yielded additional insight into the wall interference problem near
Mach I .  It was found that the percentage of drag reduction with increasing solid blockage is nearly ide n tica l t o that
reported by Couch and Brooks ’6 for long slender bodies of revolution.

Reference 17 presents a study of the experimental effects of varying wall porosity ( 1.3 to 10%) on the pressures and
forces of a 10% thick 2-dimensional supercritic al airfoil at transonic spe_ Js and high Reynolds number. The results show
t he eff ect of porosity is significantly larger at transoni c than at subsonic speeds , the effect of Reynolds number  (7 to 30
million) on the wall interfe rence is small , and that conventional subcritical AGARD wall corrections ’8 arc , in general .
inadeq uate at both subsonic and transonic speeds. The NAE wall matching meth odi9 yie lded reasonable Mach number
corrections but the incidence corrections did not appear to be uniforml y applicable. However. M ach nu mber and ang le
of attack adjustments did appear to neutralize the porous wall interference effects even though the proper values could
not be dete rmined a priori. It was also noted that significant differences in the far field pressure distribution both above
an d below t he air foi l can occu r at t ranson ic speeds wit ho~i t seriously affecting the measured airfoil characteristics.

ONERA Model Correlation Tests

Analysis is not yet complete of data from tests of the ONERA M3 , M S. and CS models in the NASA Ames lI-TWT
and the AEDC l6T and 4T wherein extreme care was taken to have exact similitud e in the models and test conditions.
Sonic concl usions , howeve r , are ev ident .  The effects of Reynolds number at M = 0.84 with free and fixed transition
a re su m mari zed i n Fig u re 7 whe rei n th e va riation of a ngle of attack , axia l force and pi tchi ng momen ts at constant values
of normal force are presented versus Reynolds number.  For a given model , the data with fixed transition are more sensi-
tive to Re than with free transition. Further , the va riation of the data tunnel-to-tunnel is greater with fixed transition.
Close examination of Figure 7 will reveal that the data from 4T are essentially the same whether transition is free or fixed.
whe reas there is a significant variation in the larger tunnels. Even though state-of-the-art manufacturing tolerances were
used in model manufacture , the pitchi ng moment data indicate the M3 and MS models evidently have a slight
differe nce in tail incidence which created difficulties in attempting model-to-model comparison. Analysis of the MS
wi ng pressure data from l6T and 4T with fixed transition shows that  the data diffe rence are manifested by spa n wise
depe ndent differences in shock-boundary layer interactio n and trailing edge separation. An example is presented in
Figure 8 wherein the leeward surface wing pressure at x/C = 0.1 is presented as a function of angle of attack along with
i nferred separation patterns at three spanwise stations. It is the investi gato r’s rel uctant opinion that because the ONERA
mode l data are very sensitive to the state of the local boundary layer an d th e appa ren t lac k of si m ila rity bet ween mode ls.
they may not he suitable for evaluation of wall interference until  tunnel flow qualities are significantl y i mproved. The
results do ve ry dra maticall y show , ho wever , the necessity of evaluating the susceptibility of model data to tunnel flow
qual i ty  be fore at tempting to lump all data discrepancies measured between two tunnel tests into a sing le category .

3. PLANNED RESEARCH

New or Modified Facilities

A new blowdown transonic windtunn el  will  be in operation during 1976 at DFVLR. The test section will he 0.6
by 0.34 meters . Maximum stagnation pressure wil l  be 5 atm. The work planned for the tunnel concerns noise level
measurements and the efficiency of the sett ling chamber.

.
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The design of a new blowdown facility is underway at FFA which will have convertible slotted/perforated walls in
a test section 1 .5 by 1.5 meters. Maximum stagnation pressure will be 7 atm. The tunnel will be used for 3-dimensional
and ha lf model tests. No decision , however , has yet been taken on whether or not to build the tunnel.

A FFDL has under construction a 9x 9-inch transonic blowdown facility with a 48-inch long rod wall test section
havi ng the capability of non-ventilated contouring or variable distributed porosity . Research efforts are planned to
inv estiga te call corrections , wave attentuation , acoustic and support interference problems. Shakedown tests are
projected to begin in December 1976.

The NASA Ames 2 x 2 ft tunnel is being modifi ed for 2-dimensional wall interference and wave attenuation studies
of various slotted wall configurations. Work is planne d with NACA 64A0 10 and 001 2 airfoil sections. Follow-on work
wi th 3-dimensional configurations is anticipate d.

Flow Quality

Studies to understand the mechanisms of and methods to suppress wall generated noise for several wall configura-
tions are continuing at both AEDC’ and NASA Langley.

Measurements are planned for the AEDC transonic faciliti es and the FDL transonic wiri dtunne l to determine the
spa tial distribution (x , y, z) of Mach number and flow angularity in the test region , the mecha nisms producing excessive
gradients if they exist , and means for reducing same. Spatial un iformities of 0.001 in Mach number and 0.05 deg in angle
of attac k are considered reasonable goals. Initial tests in the FDL program will concentrate on various types of flow angle
sensors.

Tests are planned at ONERA to determ ine the effect of suppression of the wall generated noise by gauze on flutter
and b uffet onset with different planfor m models . I n add i tion , tests are being considere d to determine if gauze is effective
in eliminating perforated wall edge tones over the full range of normal velocities through the holes.

Wall Studies

Calspan plans to resume 2-dimensional iteration for the moderately suhcr itica l flow case but with subcritical flow at
the tunnel wall (M = 0.7 2 5) ,  a 2 and 4 deg ) using present accuracy criteria. Both multipole and vortex distribution
methods 2° will be used to define the unconfin ed conditions. All of the available data will be anal yzed to deter m ine
practical convergence criteria with further experiments if necessary . Experiments will also be conducted for the sub-
critica l wall case to determine the influence of vari ah le distributed porosity wi thin  the segmented plena . The work will
then he extended to the case with supercriti ea l flow at the tunnel  hounda ry ( M ~ = 0.85 and 0.90 with 2- and 4-deg
incidence),  test ing new accuracy cri teria wi th  the t ranso n ic  small disturbance methods. The influence of variable distri-
buted porosity wil l  also be assessed for the supercr itiea l wall  case.

For the adjustable solid wall configurat ion , Goodyer plans to extend work with the NACA 0012-64 airfoil to higher
Mach numbers , higher lift coe fficients , i n to stall , and perhaps to higher blockages . The next step at ONERA , after a
short atte mpt on a 3-D case, is to apply the concept to the NACA 0012 airfoil at t h e  Mach numbers and angles of attack
of the Calspan experiment . -

ONERA also plans to test an “opti m u m ” 2-D test section configuration to reduce interference developed from
theoretica l parametri c studies~ . The new 2-D confi guration has a solid lower wall and a low porosity upper wall.

A EDC plans to continue development of the adaptive wal l concept with emphasis on the 3-dimensional problem.
Initial  e fforts will  be directed toward software development and numerical studies with follow-on experiments in future
years . Continued evaluation of new ventilated wall configurations is also planned.

NASA Langley plans the continued refinement of 3-D rectangular tra nsonic codes with both slotted and perforated
wall houndary conditions. Experimental efforts will include investigations of 2-D contoured walls and rod walls in the
16 x 1 9-inch tunnel , 3-D slotted and rod walls in the pilot model of the National Transonic Facility and slot flow
diagnostics in the H-ft tr ansonic pressure tunnel .

A FFDL plans to continue ohtaining ba seline pressure and flow angularity data for use in development of adaptive
wall control logic. The next series of tests in the tri sonic facility will use axisymn ietrie models at zero and small angles
of a t t ack .  In addi t ion , FDL is supporting research by Dr John Lee, Ohio State U iiiv er~i ty ,  in the use of isolated plena
(top isolated from the bottom ) as a means of wall interfe rence reduction.

The slot flow model developed at the FFA 32 is bei ng extended to the 3-D and non-steady cases. This was reported
at ICA S 1976 in Ottawa. Subsequently the study will be oriented toward the use of pre-computed , model-adapted slot
geo metries , monitoring the wall interference by measured wall pressures.



I I I

4. CONCLUSIONS AND RECOMMENDATIONS

W hile progress is being made , m uch of the current research work is in the ‘cra wl before walking ” stage wi th
speciali zed problems receiving, i n some i n sta n ces, con siderable atte n t ion . N eve rtheless , i t should be kept in mind tha t  the
ove rall goal of the effort is to arrive at a best working section configuration for testing models of reasonable size over a
Mach number range from about 0.6 to 1.2 and angles of attack which include large regions of separated flow. Each
researcher should be cognizant of that  goal in the design and accomplishment of his particular facet of the problem.

Wall Interference

It was unanimously agreed that the most pressing problem in transonic working section design is to understand the
mechanisms and develop means for relieving wall interference with supercritica ( flow over lifting models. In many
insta n ces , particu larly with large regions of supercritica l flow , t heoretical data corrections are impossible because there is
no equivalent unconfined flow field to that experienced by the model in the windtunne l .  For example , if for an aircraft .
i nterference effects cause the wing terminal shock system to he signi fi cantl y displaced , correctio ns to M ach nu mber ,
i ncide nce , cu rvatu re , etc. will not result in the empennage being i n a comparable unconfirsed flow field. It is felt the
adaptive wall concept holds the greatest promise for solving that problem. Given the present state of knowledge. however.
both numerical and physical experiments in both 2-D and 3-D are justified and should he pursued with vigor.

For the 2-dimensional case concept demonstration should cont inue into the highly supercritica l flow range . When
possibility has bee n shown , work should proceed to i mprove the speed and minimize the program size for the flow field
calc ulations. establish reasonable convergence criteria, and make systematic variations of the tunnel geometrical para-
meters including test section length to optimize the various configuration variables.

The first step for the 3-dimensional case is obviously the selection or development , if necessary, of computational
techni ques for calculation of the flow field from the interior measurements. Interior measured quanti t ies , their number .
locatio n s, and required accuracies need investi gation. Test section shapes which are not square should not be discarded
a p riori.  Obviously, concept de monstration experiments must be performed following essentially the same sequence
used in the 2-D work , b ut with the added complication of how to treat the sidewa lls. It is recommended that exp lo ra-
tory experiments he designed to determine if solid or passive slotted sidewalls can he use d in the 3-D case to allow the
use of shadowgraph , schlieren , or laser techniques with the adaptive wall . The possibility of correcting for side wall
effects if they are not fully adaptive or of using contoured sidewalls should be explored. Once feasibility has been
demo nstrated , syste matic variab le-opt imization experiments and computational refinements should be performed.

It should not be construed , ho weve r , that adapt ive wall configuration studies arc the only fruitfu l areas for investi-
gatio n. Studies of the basic wall interference mechanisms , disturba nce generation and propagation. wall bo unda ry layer
effects , wave/wal l interactions. etc . which will provide a better phenomeno log ical u nderstanding of flows throughout the
transonic Mach number  range are still  needed.

Standardization

In order that  wall development work have a common basis , standard models , test techniques a nd instrumentat ion
must he adopted whenever possible. Toward that  end, the follo wing comm ents and recommendations are made, wi th
the research objectives of Section 4. 1 in mind:

( I )  It is unfortunate  that transonic airfoil sections are inherentl y sensitive to the effects of both Reynolds number
and tunnel  flow quali ty.  Therefore , it is recommended tha t  both 2-D and 3-D ini t ia l  waIl development work
he acco mplished with the NACA 001 2 airfoil which seems relatively insensitive to both e ffects. Once a basic
solution has been found , more rep resentative airfoils should be tested.

( 2 )  While excellent base line force and pressure data from the Calspan 8-ft tunnel  are available in tabular form for
a 6-i nch chord , 001 2 sectio n , manuf acturi n g tole ran ces are n ever suf ficient to d u pli cate model conto urs to the
precisio n required for model to model comparisons. There fore , it is reco mmended that  interference free data
be obtai ned on each model to be used in wall development work in the transonic range. In addition, both 2-D
and 3-D model surfaces should be sufficiently hardened and corrosion resistant to prevent erosion during
testi ng, ha ndling and storage.

( 3) It is recommended that a standard 3-D model which is easil y mathematically modeled be designed and adopted
fro m the following criteria:
(a) A small as practicable cylindrical centrebody with an ogive nose.
(b) A NACA 001 2 airfoil wing at zero incidence with respect to the centerbody and zero taper , sweep ang les

of both zero and 25 to 35 deg would he useful to investigate the effect of lift on axial interfe rence
g radients.

(c) An instrumented empennage at least the horizontal tail with a constant chord 001 2 airfoil and sweep
si milar to the wing.

(d) A standardized sting configuration. The model instrumentat ion should include a direct measurement of
Mach number and angle of at tack.
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(4) 11 is recommended that where possible both pressure and force measurements be obtained simultaneously.
Such a practice will clearly be impossible in the smaller facilities. In those cases, it is recommended that initial
development work be done with pressure models because so much more information can be gained therefrom.
Pressure instrumentation for the 3-D model must include at least three spanwise stations on the wing and two
on the horizontal tail in addition to orifices along the centerbody. The model or sting must be instrumented
to allow incidence corrections caused by load deflections in the pitch plane. Provisions for the measurement
of unsteady pre ssures would also be useful.

(5) Test Reynolds must , of course , be determined by the capabilities of each facility. Nevertheless, once detail
design of the “standard ” 3-D model has been established , tests with both free and fixed transition should be
conducted over a range of Re in more than one large facility to assess the configuration ’s susceptibility to Re
and flow quality effects. State-of-the-art methods of fixing transition should be used.

(6) in addition to model data , pressure measurements in the inviscid portion of the flow field near the tunnel
boundaries and wall boundary layer data would be useful for validating interference flow field models and
assessing t he “correc tab ili ty ” of the data. Flow visualization of the transonic flow fields is recommended
whether the investigation concerns adaptive or conventional walls to aid in interpretation of the data.

(7) The responsibility for a detailed design study leadi ng to a standard model for 3-D wall interference evaluation
shou ld be unde rtake n by a sing le agency rather than an interagency committee.

Wall Boundary Conditions

Both theoretical and experimental work to define the true boundary conditions or the variety of walls in present
use should continue. Such information will allow a more accurate evaluation of the interference in and the limitations
of present facility , provide guidance toward selection of an adaptive wall configuration , and possibl y lead to a decrease
in the number of iterations require d for adaptive tunnels. The condition of the local boundar y layer as infl uen ced by
model imposed pressure gradients throughout the flow field must be considered in such research.

Correlation Studies

It is recommended that more 2-D and 3-D tunnel-to-tunnel correlation studies , such as the ONERA model program ,
be undertaken in order to gain more insigh t into , as yet , not fully identified transonic testing problems. Models with
extensive pressure instrumentat ion would be preferable over force models. In every case it is necessary to provide along
with the experimental results as many details of the flow conditions in the windtunne l as possible. Correlation testing
with bot h fix ed and free t ransition should be done wit h t he t u nn els Rey nolds nu m bers adjusted to be consistent with
the findings of the cone correlation study. 22 Extensive pressure measurments in the inviscid portion of the flow field.
particularly in the vicinity of the tunnel boundary , would be most useful in providin g data for comparison with and
development of theory.

Flow Uniformity

In most tunnels it is assumed that if the centerline Mach number distribution is satisfactory and model integrated
pitch plane flow angularities are low and flow throughout the test region is also satisfactory. While such an assumption
is probably j ustified in low subsonic flow , a growing amount of generally unpublished data indicate it is not necessarily
true for transonic speeds. Therefore , it is recommended that spatial Mach number and flow angularity measu rements he
made in the test region of existin g tunnels to identify problem areas so that corrective action can be taken if necessary.

Noiae and Turbulence

While significant advances in wall-generated noise-suppression devices have been made , work should continue to
assess the effect of such devices on other wall properties. Experimental data providin g criteria to establish acceptable
tunnel noise levels for various types of measurements and sampling times is needed . The influence of noise and turbulence
on bounda ry layer development is still a fruitful area for research.

Rela ted Problems

Although not a topic for consideration by the Working Group, we urge that:

( I )  Work should continue to define the effects of both the amplitude and frequency of acoustic noise and
turbulence on transonic aerodynamic phenomena in order to help establish criteria for acceptable flow
environments in transonic tunne ls.

(2) More definitive work be done on the effects of boundar y layer transition devices (gri t , glass heads, etc.) on the
development of turbulent boundary layers with both favorable and adverse pressure gradients.

(3) Methods be found to compensate for the effects of model supports. Such data would be most helpfu l in
sorting out phenomena which could be erroneously construed as wall interfere n ce effects. 
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APPENDIX 7

LAMINAR-TURBULENT TRANSITION IN BOUNDARY LAYERS

by

E.H .Hirsche l . DFVLR , KöIn , W . Genilany
E.Reshotko , Case Institute , Clevela nd , Ohio , USA

I . INTRODUCTION

The US Boundary Layer Transition Study Group represented by its (‘hair man , E .Reshotko , and the Eu rovisc
Wor ki ng Party on Transition in Boundary Layers represented by its Chairman , E.H .Hir schel serve as consulting groups
for the AGARD Subcommittee on Win dtunne l Testing Techniques. The US group met the last time on July 13 , 1976 ,
and the Eur ovisc Worki n g Party on June 21 and 22 , 1976. The chairmen of the two groups met on April 26 and 27 ,
19 76, in Cleveland a nd discussed the work of the groups. In the following a summary of the results of the meetings
and discussions is given.

2. GENERAL RESULTS

Develop men ts in aero nautics show more an d more that viscous effects will p lay a large role in future aerodynamics.
These effects which were for a long time considered as higher order effects in ordinary aerodynamics (with few but
important exceptions) are now becoming key phenomena in many respect s:

(a) In general , airp la nes fly at much larger Reynolds numbers than can be reached in windtun ne l s today.

(b) With the supe rcritica l wing, a very com plicated viscous interaction problem is being posed.

(c) Fuel conservation in aeronautics will certainly become a significant problem in the future.
(d ) Military airplanes and missiles will operate increasingly at high angles of attack (post stall) where large

sepa rated flow areas exist.

In all these instances the viscous effects are coupled predominantly with the boundar y-layer development. Even if
f ull scale models at the right Mach a nd Reynolds n u mbers cou ld be tested in windtu nn els, design goals could be
reached only to a certai n degree since th e windt unn el poses an environnient for turbulent boundary layer development
that is dif ferent from the free-t light situation , and t he handling of certain effects could only be achieved by very
expensive para metric studies because not enough is known today about turbulent three-dimensional boundar y layers
and thei r development as well as possible laminari zation by means of suction. Considering only the many possible
tra nsition mechanisms on a swept wing ”2 one eve n has to conjecture that  the turbulent bounda ry laye r on the wing
or at least parts of it , w ill be differe n t i n str u ctu re, dependi ng on the mechanisms which led to its creation. All
these poi nts lead to the conclusion that not only must significant efforts be given to the study of turbulent boundary
laye rs but also the study of their initiation through instability and transition.

Another point of concern is that today almost all work on turbulent  modeling is done with windtunne l data ,
This is true also for work on transition criteria and prediction methods. Since this work is being done in order to be
ab le to predict perform a nce in fl ight i n the at mosph ere k nowledge of the free-flight environment will have to be
pursued more intensely. It is reasonably well known how the windtunne l  environment a ffects the transition process
as well as turbulent boundary laye r development but almost nothing is known about the free-flight situation.

(‘ertainly other large proble m s in aerodynamics exist , bu t the problem s disc ussed here mu st be conside red as
very basic .

3. EUROV I SC WORKING PARTY ON TRANSITION IN BOUNDAR Y LAYERS

The Eurovisc Working Party uses as the point of focus for its work the transition on swept wings at transonic
speeds. The scope therefore is limited in speed range to incompressible and compressible subsonic and transonic flow.
At the last meeting many different problems have been considered3’4 , but coordinated work on the swept wing
problem is only developing slowly. In September 1975 recommendation s for research work on transition were
pub lished. 3 Publication of some of the mem bers of the Working Party will be reviewed in the forthcoming Eurovisc
Report 1976 (Ref. 6).

Both theoretical and experimental work on transition in two-dimensional flows especially at ONERA/DERAT
make the following ideas apparent:
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(a) For the moment , the transport equations for turbulent flow are a transition prediction tool of high potential.
The mean flow properties in the transition region can be calculated with reasonable accuracy while taking
into acco unt  tree-stream turbulence , pressu re gradients , a nd general boundary conditions . The amount of
empi r icism to be introd uced is relatively smal l , especially at the basic level.

(b) On the other hand , exp erimental observations gave new insights which clearl y indicate that the methods
mentioned above will have to be superseded by new methods with much different modeling.

For th ree-di mensional flo w t he situat ion is differe n t si nce on swept wi n gs especiall y, the mechanisms leading to
transitio n are entire ly diffe rent from those in two-dimensional flow . The difficulties already encountered for two-
dimensio nal flows suggest that the approaches to be followed be at least systematic as those followed in the two-
dimensional case.

(a) Acquisitio n of emp irical cr i t er ia .
(b) Wo rk on basic problems such as stability which will lead to a better understanding of the flows as such.
(c) Finally perhaps also modeling of transport equations , arriving subsequentl y to highe r levels of understanding

and prediction capability.

Considering th e new techni ques available and in development for expe r imental  and theoretical work , it should be
possible to make progress although too much optimis m should be avoided. From the side of the design aerodynan iici sts .
demands will arise in any case for a better understandi ng of the phenomen a and for better prediction methods.

4. US BOUNDARY-LAYER TRANSITION STUDY GROUP

The US Boundary-Layer Transition Study Group was founded in late 1970 (as the NASA Transition Stud y Gro up)
to develop and imp lement a prog ram that would do something constru ctiv e toward resolving the many observed anomalies
i n boundary layer transitio n data and that might provi de some basis for future es t im at ion of transi t ion Reynolds
numbers. The group formulate d specifi c espe ri mental programs emp hasi ,ing carefu l a nd redundant measurements.
doc umentation of the disturbance environment and e l imina t ing  wherever possible , facil i ty ind uced transit ion. It
recommended continued study of stability char act er i st i . s as wel t as theor et ical  studies of the coupling of various
types of dist urbances to boundary layers.

Reports of the initial results of the programs of the Transitio n Studs Group app eared in 1974 (Refs 7 .8) . These
pape rs pointed out the need for careful measurement an d car t ’ luI  :;~!. r p r ctat io n ut  resul ts. E ven experienced
investigators were found not to be infall ibl e . 9 The effects ut  t u n n e l  sounu on Zr , i ns i t i on signature and on transit ion
behavior generally were cla rified for supersonic Mach numbers b etwe en 3 and 8 The mechanisms by which t u nnel
sound excited disturbances in a supersonic bounda ry la y er  was identified hut not y e t  in all of its det ail s . ’°’ ’’ The
previousl y obse rved unit  Reynolds number anomaly iii ballistic ranges ’2 was exte ns ivcl ~ re checked ’3 but not resolved.
The results of investigations aimed at developing a high Reynolds number “quiet ” supersonic windtu nnel were
presented . i4 .is Such tunnels would operate without the dominat in g influen c e of the sound radiated by turbul ent
boundary layers on the tunnel walls. Last but not least it was shown how disturbance env i ronmen t  could be
incorporated into a transition prediction procedure tm ° p roviding the first step toward development of a rational method
for transition prediction. An account of the foundations of the program of the US Boundary Layer Transition Study
Group appears in a review article by i ts chairman. ’6

Presen t ly the Transition Study Group is underta king two additional programs both of which are in the advanced
stages of pla nning. The first is a flight-test of a cone at M 2 .  This is a cone that  has already been extensivel y
tested in windtunne ls all over the world. The proposed tests should provide some clues on the relationship between
flight environment and tunnel environmen t. The second progra m is on the fundamental processes underlying the effects
of small bluntness on transition. Work continues on the attempts to develop rational procedures for transition prediction.

For purposes of record , the US Boundary Layer Transition Study Group has since the fall of 1974 operated under
the auspices of the Arnold Engineering Development Center of the US Air Force.

S. SUGGESTED AREAS OF INVESTI GATION

Based on results to date , the following areas of further work are suggested:

Basic Mechanisms

( I )  Linear Stability — Expand the catalog of norm al modes results through exact numerical solution of the
appropriate sets of disturbance equations. Obtain experimental corroboration as necessary or desirable.
Most available results are for zero pressure gradient cases including heating and cooling but with constant
wall temperature. Factors that require consideration are : three-d imensional effects such as those introduced
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by ang le of attack and sweep, blu ntness , suction and blowing, pressu re gradient and longitudinal temperature
variations.

1 21 Receptivit y l’he understanding of the coup ling of radiated sound to a boundary layer is fairl y well
understood. More must be done however both by theoretical modeling and by care l ’ul experimentation to
acquire understanding of how free-stream turbulence, entropy disturbances , roughness , model vibrations .
etc. introduce disturbances into  a develop ing laminar boundary layer. In all cases including that  of tunnel
sounds , it is important  to understand how a t’orcing disturbance of a given frequency and prescribed phase
velocity excites a t’ree disturbance of the same or related frequency but of different  phase velocity.

Nonlinear Processes Further understanding is needed of all aspects of behavior subsequent to the growth of
infini tesimal  disturbances. Some of the important  feature s of non-linear growth are the changes in t’requency and
orientat ion spectra of disturbances through distortion of the m ean h o w , gener ation of harmonies , m ode-mode coup ling.
secondary instabilities . etc. leading perhaps to turbu l ent  spot formation and eventual  transit ion.  From the viewpoint
of transition prediction , the important contr ibution from non-linear studies might be in the development of amp li tude
criteria to be used i n the various transition prediction procedures now being developed.

Tra nsitio n Predictio n

All t ransition prediction theories , whe ther based on linear stability considerations or on turbulent  model
equat ions , should have ways of incorporating input  disturbance in f ’ormation.  It  is also desirable that  the amp litude
criterion developed for and compatible with a give n method have some physica l a n d or correlation basis. One mi ght
also contemp late at this point a turbulence model procedure as a follow-on to a linear s tabi l i t y  calculation.

Transition Testing

In experimental  studies of transition , there should be cont inued improvement  in esp cr im enta l  technique displayin g
sensit ivi ty to potential difficulties and care in overcoming them. It  is recommended tha t  such work be conducted
with in  the following guidelines as formulated by the US Boundary Layer f r am i s i t ion  Studs Group.

( I )  Any e ffects specifically and onl y associated wi th  test fac i l i ty  characterist ics mus t  he ident i f ied  and if
possible avoided. This points to emp hasizing studie s in ballistic ranges and “qu ie t ” tunne l s .

12 1  At tent ion must be given to disturbances introduced by model surfaces , model mater ia l ,  and in t e rna l  st ructure .
Experimental  studies should include documenta t ion  of these various factors.

(3 )  Details of co u p li ng of disturbances of various kinds to the boundary layer m u s t  be understood theoreticall y
and experimentally ,  so that  the sensit ivi ty of the t rans i t ion  process to the tl ight env i ronment  might be
determined.

(4) Whenever possible , tests should involve more than one fac i l i ty .  Tests should hav e ranges of overlapp ing
parameters , and whenever possible , experiments  should have redundancy in t ransi t ion measurements.

6. CONCLUSIONS

The importance of viscous effects in aerodynamics is fu l ly  appre ciated nowadays. While numerical  methods exist
f or prediction of the properties of laminar  and tu rbu l en t  boundary layers , th e methods cur ren t l y being used for
transition prediction have severe l imita t ions .  Much work , both theoret ica l  and exper imental .  is necdcd to provide the
basis of a rational prediction procedure for boundary layer t ransi t ion.  However deficient  our knowledge is for two-
dimensional flows , it is even more so for three-dimensional tiows such as encountered for examp le on swept wings.

Assuming that  a better capabi l i ty  of transition prediction is desirable for fu tu re  aerodynamic design , it is necessary
to define a research progra m ut i l i z ing  the best methods and t e chniques available today: and which makes use of the
possibilities of coordinated work in different  countries on both sides of the A t l an t i c  Ocean as outl ined in the text  and
references of this Conveners report.
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